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Foreword

In ordinary speech, “feet” are something we share with other animals, but “hands” 

are something peculiar to humans. The hands of other mammals are generally 

referred to as their forefeet or paws. We regard our dexterous hands, along with our thinking brains, as uniquely human organs that make us exceptional and give us 

dominion over the world. 

And yet, as any comparative anatomist can tell you, the human (hind) foot is 

uniquely human in a way that the hand and the brain have never been. Our brain is 

basically an upgraded chimpanzee brain and our hand is a refined version of the 

hand of a Miocene ape, but no other animal has a foot like ours. And as any paleo-

anthropologist can tell you, the distinctive peculiarities of the human foot appeared in the course of human evolution long before those of the human hand and brain. In 

point of fact, two functionally crucial features of the human hand—the divergent 

and opposable first digit, and the short fingers and elongated thumb that give us our precision grip—may have originated as secondary effects of similar changes in 

the foot. 

In this excellent volume, the foot receives the spotlight that it deserves. The 

book’s authoritative opening review of the foundational literature on the human foot and its evolutionary antecedents is followed by sections on foot anatomy in modern 

primates, on experimental studies of foot function during locomotion, and on the 

functional osteology of the foot in fossil hominins and other primates. As readers 

proceed through the book chapter by chapter, they will be struck not only by the 

importance of the grasping foot as a fundamental adaptation of the primate order but also by the primate foot’s sensitive adaptations to subtle diversities in locomotor 

behavior. They will be impressed by the catalog of bony morphologies that repre-

sent distinctive signs of divergent locomotor adaptations: the trochlear shelf on the talus that betokens vertical clinging and leaping, the internal torsion of the second metatarsal that signals an ape-like grasping hallux, the domed lateral metatarsal 

heads that proclaim the advent of striding bipedality in hominins, the articular facets between the bases of the first two metatarsals that attest to the loss of pedal grasp, and the downward inclination of the head of the talus that signifies the presence of a human-like longitudinal arch of the foot. By recognizing these and other key 

v

vi

Foreword

anatomical signals, scientists today can read ancient behavior from fossil morphol-

ogy with a precision that was beyond the reach of their predecessors 50 years ago. 

This book is a thorough and up-to-date compilation of what we now know about 

the function and evolution of the foot in humans and other primates; but it is more 

than that. The authors of each chapter provide a closing section on “Future 

Directions,” in which they pose novel questions and identify novel methodologies 

that may allow future researchers to answer them. In doing this, the book’s editors 

and authors have made it not only a comprehensive summary of past and present 

research on the foot but also an aspirational guidebook to the future of the field. 

Anyone with a personal or professional interest in human or primate evolution 

needs to have this volume on the bookshelf. 

Durham, NC, USA

Matt Cartmill
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Chapter 1

Introduction

Angel Zeininger, Kevin G. Hatala, Roshna E. Wunderlich, and Daniel Schmitt

“Man’s foot is all his own. It is unlike any other foot. It is the most distinctly human part of the whole of his anatomical make-up. It is a human specialization and, whether he be proud of it or not, it is his hall-mark and so long as Man has been Man and so long as he remains Man it is by his feet that he will be known from all other members of the animal kingdom. 

He may speak slightingly of feet of clay and imagine his form to be devine with perhaps the exception of his feet, but with all conceit he must not ever forget this it is, in fact, his feet that confer upon him his only real distinction and provide his only valid claim to human status.” 

Wood Jones, F. (1944: p. 2).  Structure and Function as Seen in The Foot. 

The primate foot with its grasping hallux has long been recognized (Morton, 

1922, 1924, 1935; Wood Jones, 1944; Cartmill, 1974) as a defining feature of the 

Order Primates. This volume, which is meant to be a companion to the “Evolution 

of the Primate Hand” (Kivell et al., 2016), takes readers on a journey through the evolutionary history of the distinctive primate foot. This journey includes many 

paths, most of which include grasping feet of different designs. However, the path 

that led to us included revolutions through which adaptation and evolution con-

verted a grasping foot into various designs that enabled our ancestors and relatives to become terrestrial bipeds. We hope that at the end of this volume, the reader 

emerges with the perspective that the foot stands alone not only as one of the defining features of our Order, but also our species. 

For most people, and even most anthropologists teaching today, the human hand, 

with its opposable prehensile thumb, is seen as a defining character of humans. But 
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as many authors, including John Napier (1956, 1960, 1961, 1993) and subsequent researchers (see Kivell et  al., 2016 and chapters therein for review), have noted, other primates can use manual precision grips and oppose (or at least pseudo-oppose) their thumb with other fingers. In fact, Wood Jones (1916) and Napier 

(1956, 1960, 1961, 1993) consider the human hand fundamentally “primitive.” The human foot is a different story. It is a derived shock absorber and lever that defines our genus and our unique form of locomotion. The farm animals in George Orwell’s 

political allegory  Animal Farm famously had the motto “Four legs good, two legs bad,” inadvertently capturing the singular defining character that separated them 

from their oppressors. They were right: Bipedalism defines our species and the large group of fossil human ancestors and relatives that we call hominins, and all of our 

feet are diagnostic of that unique behavior. 

Many other books and monographs have been written on the human and nonhu-

man primate foot that have laid the foundation for this volume and greatly improved 

our understanding of the primate foot from different perspectives. These include the pioneering books on the human foot by Dudley Morton (1935) and F. Wood Jones (1944), and later contributions by Lewis (1989) and Klenerman and Wood (2006). 

These authors merged clinical and evolutionary perspectives, as we try to do here as 

well (see Chap. 2 for a review). In short, we hope this volume builds upon these and other foundational books, to provide researchers with an easy-to-understand, comprehensive, and current summary of what we know (and do not know) about primate 

foot anatomy, function, and evolution. We cover all extant primate clades, from 

strepsirrhines to hominoids, and extinct groups from the earliest potential primate 

fossils to the remarkable subfossil lemurs to the fossil relatives of modern  Homo sapiens. 

Our aim is to have created a comprehensive review and scholarly discussion of 

the primate foot from multiple perspectives (i.e., anatomical, biomechanical, and 

palaeontological) that is accessible to readers at different levels of inquiry (e.g., undergraduate/graduate students, postdoctoral researchers, other scholars outside of biological anthropology). We hope this edited volume provides an all-in-one 

resource for research on the comparative and functional morphology, biomechanics, 

and evolution of the foot for all primate clades. It is meant to provide not only a 

complete reference for scientists new to the topic, but also to present information 

within the context of overarching questions and themes that will stimulate new 

research on yet-unanswered questions. 

Many of the chapters in this volume were written by groups of coauthors at dif-

ferent stages of their careers so that the information presented is thorough and as 

unbiased as possible, presenting multiple perspectives on controversial ideas and 

concepts. The inclusion of young scientists as often as possible avoids the repetition of previously published perspectives. In short, we designed the book that we wish 

we had when we began our own research on the comparative anatomy, functional 

morphology, and evolution of the primate foot. 

With that in mind, we asked our contributors to explore various aspects of pri-

mate foot anatomy and function in ways that were aligned with their own interests 

and expertise. We also asked our contributors to address these topics in a 
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straight-forward, accessible language with data-rich tables and figures that will 

serve as a comprehensive guide for any researcher interested in the primate foot. 

Importantly, we asked our contributors to comment on what they perceive as the 

most exciting future directions for research and discovery in relation to the discussions within each chapter. We are delighted with the chapters that our contributors 

produced. 

This volume addresses three fundamental questions: (1) How does the anatomy 

of the foot differ among primates and how is the primate foot specialized or unique 

compared with the feet of other mammals? (2) How are foot biomechanics and the 

ecological context of foot use in primates specialized and how do they vary among 

primates? and (3) How have primate feet changed over the course of our evolution-

ary history? 

We have divided the book into two introductory chapters (the one you are read-

ing now and a chapter on the history of research on the primate foot), three main 

sections addressing our three fundamental questions, and a concluding chapter. The 

first section compares foot anatomy across primates and with other pentadactyl 

mammals. Chapters 3, 4, and 5 review the ankle and hindfoot (distal tibia, talus, and calcaneus as well as the talocrural and subtalar joints), the midfoot and arches (the navicular, cuboid, and cuneiforms), and the forefoot (metatarsals and phalanges, 

associated joints, and intrinsic musculature). Chapter 6 reviews the extrinsic and intrinsic muscles of the primate foot, while Chap. 7 explores the primate foot integument (macro- and microanatomy of the volar skin and nail/tegular morphology as 

well as heel pad morphology). 

The second section covers biomechanical, experimental, and behavioral evi-

dence. Chapters 8, 9, 10, and 11 explore primate foot use during climbing, primate foot postures during quadrupedal arboreal and terrestrial walking, foot use during 

bipedal walking in nonhuman primates and humans, and foot use during running in 

humans, respectively. All of these chapters emphasize the interaction between the 

foot and the substrate, the foot and the rest of the leg, and the foot and the whole body. 

One of the challenges of chapters like these is their discrete nature: one on climb-

ing, one on quadrupedal walking, one on bipedalism. These capture much of the 

variation in primate motion. Leaping, however, is a locomotor form that is common 

yet variably defined across primates. As such information on the foot and leaping, 

rather than being reviewed in its own chapter, appears throughout the book in chap-

ters on anatomy and in chapters on early fossils. Similarly pedal adaptations for 

bipedalism appear in chapters on anatomy and later fossils. This represents a broader challenge throughout the book: The foot is complex and directly influences and is 

influenced by locomotion. It is hard to separate discrete behaviors. It is also hard, in the same vein, to separate forefoot, midfoot, and hindfoot, though we have done so, 

because these regions interact functionally. These challenges illustrate exactly what makes the foot such an exciting area for study. 

The third section is palaeontological evidence and is arranged somewhat chrono-

logically. Chapters 12 and 13 explore the feet of primates from the Paleocene to the Oligocene and the feet of Miocene hominoids from Africa, Europe, and Asia. 

Chapters 14 and 15 compare the feet of fossil hominins, focusing respectively on 
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the feet of early hominins from the late Miocene through the Pliocene, and feet 

attributed to the genus  Homo. Chap. 16 reviews the feet of the subfossil lemurs, particularly the suspensory taxa. 

To conclude, Chap. 17 discusses recent technological and methodological 

advances and how these developments may open new directions for research on the 

anatomy, function, and evolution of primate feet. Together, the chapters of this book demonstrate how the anatomy of the primate foot reflects behavior and how it has 

changed over 65 million years. Our goal was to understand how the primate foot 

works, how it evolved, what past research has shown us, and what the future of 

research on the primate foot might reveal. We are delighted and grateful that all of our contributors have gone above and beyond our expectations and allowed us to 

reach this goal. 
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Chapter 2

Clinical and Evolutionary Perspectives 

on the Primate Foot: A Historical 

and Contemporary View

Daniel Schmitt, Bernhard Zipfel, and Roshna E. Wunderlich

Abstract  Over the past 100 to 150 years (last year being the sesquicentennial anni-versary of Charles Darwin’s “Descent of Man” and this year being the 100th anni-

versary of Morton’s first “Evolution of the human foot” contribution), the evolution of the human foot, and by extension the evolution of the primate foot, has been a 

central topic in studies of human evolution. Indeed, scholarly interest can be traced back even earlier, at the very least to discussions of human foot evolution by 

Aristotle ( Parts of Animals, part IV). Since the early 1900s, research on the evolution of the human foot occurred in concert with considerations of injury and pathol-

ogy in living people. Some of the notable scholars in the field at the turn of the 

twentieth century—F. Wood Jones, Dudley Morton, and Gerritt Miller—had differ-

ing perspectives on human foot evolution, and their ideas formed two or three com-

peting schools of thought. These different scholars argued, respectively, that the 

primate foot was retained in a relatively primitive form until the origin of human 

bipedalism, that the primate foot remained primitive until the evolution of a goril-

loid ancestor that gave rise to the human foot, and that several intermediate stages of evolution preceded the emergence of the human foot. Here, we explore those 

arguments and extend their evolutionary-clinical approaches to consider modern 

problems related to foot pathology and injury. 

Keywords  Foot · History · Morton · Jones · Podiatry · Injury · Evolution · Stress fracture · Turf toe · Gorilla · Chimpanzee · Anthropoid · Origins
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2.1   Introduction

The primate foot has been a source of interest and study since Darwin wrote  The 

 Descent of Man and Selection in Relation to Sex (1871). As one of the defining features of our lineage, the human foot has generated deep speculation on its origins and transformations throughout our evolutionary history. Along with this evolutionary focus, there has always been an important focus on clinical pathologies of the 

human foot. These two perspectives—evolutionary and clinical—have been inter-

twined for the past 150 years, and each sheds light on the other in a genuinely sym-

biotic way. 

Some of the earliest scholars of the evolution of the primate foot—F. Wood Jones 

and Dudley Morton, both writing in the early and middle parts of the twentieth cen-

tury—were surgeons trying to understand human foot pathology, with the former 

writing in the shadows of the traumas observed in both World Wars. Much of their 

exploration of the foot was focused on humans and our recent evolution and pathol-

ogies, though they also considered the earliest primates (Jones, 1916) and other 

“stages” of primate evolutionary history (Morton, 1922, 1924a, b). More recently, features of the foot have been used to infer and interpret patterns of primate and 

anthropoid origins (e.g., Lewis, 1980a, b; Szalay & Dagosto, 1988; Gebo, 1988; Bloch & Boyer, 2002). These questions and issues are well represented and extensively reviewed in chapters in this volume (Chaps. 12 and 13), and we refer readers to them. Here, we want to explore the earliest foundational studies of primate pedal evolution that marry clinical and evolutionary approaches and have relevance to our 

understanding of both those domains today. 

Our understanding of our own evolution has always been deeply entwined with 

the clinical consequences of the bodies we possess. What is now called “evolution-

ary medicine” was simply called medicine at the turn of the last century and since. 

Many of the anthropologists of the day were clinicians who understood and wrote 

about the evolution of the human body and embraced a comparative perspective. 

Neither of these two domains have priority over the other. Instead, they form a dis-

tinct and powerful synergy in which an evolutionary perspective informs clinical 

outcomes, and a clinical perspective helps us understand anatomical and functional 

design (see Klenerman & Wood, 2006 and Venkadesan et al., 2020 for recent examples). We should not have one without the other, and therefore we wish to begin this book with that synergistic perspective. 

The combination of evolutionary and clinical approaches is well suited to the study 

of the primate foot because the relative novelty of some of the evolutionary innova-

tions associated with the distinctiveness of the human foot seems to leave it vulnerable to an extensive array of clinical pathologies. The human foot is seen as highly specialized among primates, with its high arch and robust and adducted hallux, to meet the 

requirements of habitual bipedalism. But it also retains much of the flexible bauplan of an arboreal ape foot. In that way, our foot is dynamic; capable of shifting from 

compliance to stiffness within each step. The pathway for the evolution of the human foot, both within the past seven million years of bipedalism and before that, has long 
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been a subject of debate and is part of what we try to cover in this book. In addition, this evolution has had profound implications for the health and success of modern 

humans, with the design of our foot producing clinical pathologies alongside func-

tional successes. We suffer a wide variety of pains and injuries in our feet associated with our unique pattern of loading our feet during bipedal walking and running. We 

injure our feet on a regular basis, even during “normal” activities. Ankle sprains, 

metatarsal fractures, turf toe (sprain at the MtP1 joint), and plantar fasciitis are common and debilitating injuries for professional and recreational athletes of all ages. 

Weakness of the arch of the foot, often associated with long laborious standing as well as obesity, is a frequent problem in Western societies. 

This prevalence of foot and ankle injuries, especially overuse injuries, calls for a careful regard for the evolution of our feet, how we got here, and what makes our feet so capable yet so vulnerable (note that the same may be said of the knee and the spine, but that is a subject for other books). In the early twentieth century, Frederic Wood Jones and Dudley Morton, both leading post-Darwinian evolutionists and both physicians, came to the same conclusion: The human foot is remarkable, and its deviation 

from the generalized primate grasping design is the key to understanding our origin 

story. Both Morton and Jones took it upon themselves to advocate for the foot as a 

“proper subject for examination” (Jones, 1944: 1), and indeed, Morton (e.g., 1922, 

1924a, b, 1935) made it his life’s work in the way that John Napier (e.g., 1956, 1960, 

1961, 1962) made study of the evolution of the human hand his life’s work. 

Both Morton and Jones thought that the foot was understudied and unfairly 

ignored. Jones took up the lament first and most clearly, complaining in 1916 that 

the foot is seen as “a poor relation of the hand” (Jones, 1916: 73), and later in 1944, he wrote that “For the most part we have little pride in our feet and it is a pity that 

this is so” (Jones, 1944: 1), although he went on to admit that hands were prettier than feet, writing “Once babyhood is passed, there is little that is particularly pleas-ing in the appearance of most people’s feet” (Jones, 1944: 1). 

Morton had a different complaint. He was frustrated that scholars of his genera-

tion could not see how beautiful the human foot was nor appreciate how clearly it 

was derived from that of a gorilla. In 1922, he attempted to adjudicate a debate 

between his friend and supporter William King Gregory of the American Museum 

of Natural History and Gerritt Miller of the Smithsonian (United States National 

Museum). The debate about the evolutionary history of the human foot was unset-

tled at the time, as it remains today. At the time, there appeared to be a blurry mix of ideas about when the derived features of the modern human foot first appeared. 

Wood Jones, as is detailed later, held a view that much of the foot retained basal 

features throughout primate evolution and that the human foot underwent rapid evo-

lutionary change in  Homo  sapiens alone. Gregory (1928), in comparison, articu-

lated a simian view that the human foot retained a resemblance to the grasping foot 

of arboreal primates, and the origins of many features of the human foot were at 

nodes associated with later stages of human evolution. Morton (1922,  1924a,  b, 

1935) stands out, not for making a simian argument, but for arguing that the human foot originated in a gorilloid form, establishing another locus for the origins of the human foot. 

8

D. Schmitt et al. 

At roughly the same time, Weidenreich (1923) published his seminal description of the comparative anatomy of the foot. This remains a brilliant and thorough 

description with both details and prescience about what features were important and 

would, in fact, remain important in the century of debates that followed. Weidenreich, however, limited his speculation on the origins of the human foot to a single paragraph, and he made few claims about injury or foot health. In his closing paragraph, Weidenreich (1923: 10) argued that “Hominidae must have formed very early an independent branch of primates, which must have passed by itself through 

Anthropomorph stage, without, however, having stood in closer relation to the 

recent anthropoid apes” and also that the structure of the human foot is most like 

that of the chimpanzee. Yet, Weidenreich also saw the “Hominidae” as emerging 

with long legs and the capacity for upright walking at its origin point. In that sense, he seems to argue that the human foot has not changed much from its primitive form 

at the divergence of the separately evolving apes. 

While the focus of this chapter is the more well-known and earliest scholars of 

the foot—Jones (1916) and Morton (1922) as well as Weidenreich (1923)— it is 

worth noting that Gerritt Miller’s (1920) contribution perhaps deserves more attention than it gets. Miller, most famous for his role in resolving the Piltdown controversy, was an early and enthusiastic writer about human evolution, covering many 

characters including the evolution of the foot (Miller, 1920). Miller’s (1920) paper 

is much less well-read than either Jones (1916) or Morton’s (1922) work, partly because it is aggressive and sometimes makes huge leaps. But it is provocative and 

we think it should be read by all students of human evolution for both its historical value and the nature of its arguments. The positions taken by Morton and Miller in 

these debates, and the related works of Jones, focus heavily on questions of where 

the human foot “comes from” and when and why we saw an evolutionary shift 

toward the human-like form. Jones (1916: 17) hypothesized a shift to the “servile function of weight support” for the hind limb at the origin of primates and argued 

that a relatively primitive foot was retained until the point of modern humans. Jones would argue that no living ape foot served as a good model for the origin of human 

feet, which were in his view a purely human invention. Instead, as he did with the 

hand, he sees a primitive foot that, unlike the hand, underwent innovation when 

 Homo  sapiens evolved. Morton (1924b) argued that the complexity of the human foot could only be understood if it is derived from a foot approximating that of a 

gorilla. This is not that different from the position Weidenreich (1923) would take in the following year in commenting about the similarities of the human and chimpanzee foot. Weidenreich, however, seems to argue for the origin of the basic aspect of the human foot at an earlier stage of ape evolution. 

Miller (1920) and others had a more middle-ground view. He viewed the human foot not as retaining a primitive arrangement and then rapidly developing human 

specialities as argued by Jones (1916) or as developing human specialties in a closely-related African ape. Rather, he mapped the pathway of human foot evolution as progressing through different stages. Miller specifically argued that the 

human foot was derived from that of an ape, but one whose form represented a stage 

before that leading to African apes, a more generalized ape-like last common 
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ancestor maybe not that different from the description of  Ardipithecus   ramidus (Chap. 14). This view would also match that of Weidenreich (1923). 

Jones (1916, 1944) finds primitiveness and arboreality, evidence of our arboreal origins, even in the human foot. He lays out arguments about the grasping foot of all primates and examines contours of the human foot, declaring that the arrangement 

of the toes (with the second toe being the longest, which he calls the “Greek ideal”) has exactly the same contour as in the hand and is the typical one seen in the 

Monkey’s (sic) foot. It is the outline of the foot preserved in its primitive condition by arboreal life (Jones, 1916: 82). In that sense, Jones sits squarely on the “simian 

origin” side of the argument but invokes a very early stage of evolution, essentially arguing that the primate foot evolves at the origin of primates and remains the same form until we become humans. In fact, in his 1944 book, which details much of the 

debate, Jones argues that it is “impossible that Man (sic) has been developed from 

any animal that, if living today, would be regarded as an anthropoid ape” (Jones, 

1944: 2). 

In that same vein, Jones recognized the massive changes—the reorientation of 

the hallux and the development of arches—that he saw as exclusively derived in the 

human lineage. He succinctly argues that humans “inherited a primitive and arbo-

real foot; purely human modifications are obviously at work producing a very typi-

cal human type of structure which, adapted in the first place for support in an 

arboreal habitat, is now fitted for terrestrial progression” (Jones, 1916: 82). Two things are worth noting here. First, Jones sees the foot as a uniquely defining feature of human evolution, what Jones (1916: 83) called a “definite human evolution.” 

Second, he links the role of support (weight-bearing) as the unifying role in all primate feet, the majority of which he sees as arboreal in form. 

Morton (1922, 1924a, b) might be said to have made the opposite arguments to those of Jones. It is true that he embraces a long lineage of primate feet and draws a line from one to the next. But where Jones sees retention of form followed by a 

singular evolutionary event, Morton, in contrast, sees changes upon changes and 

progressive stages in the evolution of the foot. In an extensive section of his 1924 

paper, he details “the mechanical phenomena directly affecting the foot structure” 

(Morton, 1924: 6). That section of his paper reads like a textbook on functional 

anatomy and is as fresh and relevant today as it was then. In it, he lays out some of the earliest detailed descriptions of variables related to primate foot use: (a) the nature of the grasp, including the hallucial clinging or perching grasp (concepts 

Weidenreich (1923) emphasizes and to which Gebo (1986, 2011) would return), the suspension grasp, the ground-ape (read as “gorilla”) grasp, and the human foot 

grasp, (b) the position of the fulcrum, defining the tarsi-fulcrimating (tarsiers) and metatarsal-fulcrimating group (every other primate) and their relationship to leverage and toe length and proportions, (c) the size of the animal, and (d) modes of 

locomotion including leaping, slow crawling, cursorial quadrupedalism, brachia-

tion, and bipedalism. Drawing on these principles and rigorous comparative anat-

omy, along with a large dose of assumptions about terrestrial behavior in gorillas, 

Morton concludes that the human foot is derived from a gorilla-like form. Like 

Jones, he acknowledges the apparent complexity of the human foot and what 
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appears to be a big gap between it and what may have come before it. But Morton 

(1924b: 48) asserts “that their complexity vanishes readily under a mechanical anal-

ysis which is greatly aided by the terrestrial changes observed in the feet of the 

gorilla,” thereby championing the gorilloid origins of the human foot with zeal. 

Miller (1920) takes a complex position that, like that of Weidenreich (1923), is hard to summarize. Miller recognizes the primitive arboreal aspects of the human 

foot and changes in early ape evolution that may have led to the human foot. He 

argues without much data, and with a wide range of assumptions, that “the distinc-

tively human line branched off from the generalized primate stock at a point near 

that at which the line leading to the gorilla and chimpanzee originated and at a time when the great toe had not lost its simply divergent character” (Miller, 1920: 244). 

It is possible then to argue for three prominent views on the role of the foot and 

the pathway by which it evolved to its modern form in humans. These three perspec-

tives persist today, as do the discussions (and disagreements) about human foot 

evolution. The story of the primate foot is framed by three time points where “inno-

vations” are commonly assumed: the origins of primates, the origin of hominoids, 

and the origins of hominin bipedalism. All three points involved, to different 

degrees, reorganizations of the foot—from the basic clawed lever-like mammalian 

foot to a grasping clawless primate foot; to a broader, stouter but still “arboreal” 

hominoid foot; and then to a lever-like human foot. To follow this story, one can 

explore osteological and muscular anatomy which is a primary focus of this book. 

More than 100 years later, the sequence of evolutionary changes that eventually 

led to a modern human foot remains an unresolvable debate, made even more com-

plex as we add more hominin fossils (from the Laetoli footprints to  A. ramidus to the Burtele foot) that illuminate the multiplicity and complexity of the pathways of human foot evolution. This lack of simple linear pathways does not make the evolu-

tionary story of the human foot less remarkable, as Chaps. 12, 13, 14 and 15 of this 

volume discuss. At the same time, as did Jones and Morton and others, we argue 

here that the evolutionary history of our lever-like and longitudinally-arched foot 

manifests itself as the source of contemporary clinical concerns, and those are what we focus on in the section that follows. 

The human arched foot must serve as a shock absorber and a lever, and its rela-

tive stiffness is central to the evolution of human bipedal locomotion (Morton, 

1924a; Day & Napier, 1964; Susman, 1983; Ker et al., 1987; Bramble & Lieberman, 

2004; Harcourt-Smith & Aiello, 2004; DeSilva, 2010; Pontzer, 2012). The reason for this is that during the walking gait cycle, when the heel contacts the ground, the foot is required to be fairly stiff as it is dorsiflexed, then quickly becomes more 

mobile on foot flat, so that it may “absorb” the ground reaction forces, and also 

adjust to uneven surfaces. As the stance phase of a walking gait progresses to pro-

pulsion, and the heel lifts, the longitudinal arch helps convert the foot into a stiff lever allowing the heel and midfoot to be lifted off the ground simultaneously during push-off (Elftman & Manter, 1935). This dynamic lever, facilitated by the longitudinal arch and plantar aponeurosis, is recruited even more extensively during 

bipedal running where the plantar aponeurosis and plantar ligaments are loaded 

immediately upon landing with the heel already elevated. The medial longitudinal 
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arch is therefore dynamic in its “high-stiff-arch” and “low-mobile-arch” movements 

throughout stance (during supination and pronation, respectively); however, exact 

patterns of arch loading and arch motion are variable among individuals. This is to 

a great extent due to variation in the subtalar joint axis (Bruckner, 1987; Kirby, 

2001) and may lead to less than ideal timing of these motions. For some people or in some situations, one’s foot may not facilitate optimal shock absorption during 

foot-flat or stiff-lever action during heel lift and toe-off. The compressing and 

stretching of the plantar ligaments and the plantar aponeurosis may lead to strain- 

related injury and enormous disability. The pain and dysfunction of plantar fasciitis are debilitating and difficult to treat as the etiology may be uncertain; however, 

hyperpronation in stance (a less stiff foot) is thought to be a common contributing 

factor (Taunton et al., 2002; Pohl et al., 2009; Stovitz & Coetzee, 2004). In this way, the foot mobility that we have inherited from our primate ancestors and that we 

operationalize to absorb the heavy loads of walking and running bipedally can lead 

to debilitating injuries that compromise our locomotion, reflecting a complex 

tradeoff. 

The so-called “windlass mechanism” hypothesized by Hicks (1954) (see also 

Welte et al., 2018) appears to have evolved to increase the speed and energetic efficiency of bipedal gait in hominins (Griffin et al., 2015). In clinical studies of this 

mechanism, Dananberg (1986, 1993a, b) proposed that the effective functioning of the medial longitudinal arch depends on the adequate dorsiflexion of the first metatarsophalangeal joint (as well as the lesser toes). Others have proposed that the 

evolution of this feature would have been critical in enabling humans to walk and 

run bipedally (Bojsen-Møller & Lamoreux, 1979; Susman, 1983). When the windlass mechanism fails, the arch does not function effectively as a stiff lever, and the body uses various mechanisms to compensate elsewhere in an attempt to retain 

locomotor efficiency (Dananberg, 1993a, b). These compensations may lead to postural pain, unrelated to what Dananberg (1993a, b) referred to as a functional sagittal plane blockade of the metatarsophalangeal joint. More recently, Sichting et al. 

(2020) showed a critical role for intrinsic foot muscles in maintaining the foot arch (see also Fiolkowski et al., 2003; Kelly et al., 2014). In addition, they showed that there are negative effects of toe springs in footwear that unnaturally limit toe dorsiflexion. The combination of a long-duration activation of muscles supporting the 

arch and limits in foot motion in shoes may serve as a cause of pain for long-term 

weight-bearing. Similarly, Farris et  al. (2020) dispute that the “windlass mechanism” is solely responsible for maintaining tension across the plantar aspect of the foot, and they argue that active muscular contraction of plantar flexors and plantar intrinsic muscles are required to stiffen the arch during push-off. Further verifica-tion from dynamic in  vivo locomotion, however, is necessary, and the windlass 

mechanism remains a widely utilized model for understanding the functional sig-

nificance of the longitudinal arch and its clinical sequelae. 

The importance of the transverse arch of the human foot to the mechanics of the 

human foot has received increased attention (Asghar & Naaz, 2021; Venkadesan et al., 2020). Venkadesan et al. (2020) studied mechanics of the human foot’s transverse arch and applied their results to both the treatment of human flat footedness 

[image: Image 11]
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and to understanding the evolution of hominin feet. They maintain that the trans-

verse tarsal arch, not the longitudinal arch, dominates the stiffness of the foot. Using the analogy of a folded dollar bill, they demonstrate geometrically that transverse 

arching, rather than longitudinal arching, provides more significant resistance to 

sagittal plane bending. Their study calls for clinicians to focus more (or equally) on the transverse tarsal arch, instead of their current disproportionate focus on the longitudinal arch (Venkadesan et al., 2020). In contrast, others focusing primarily on the metatarsal longitudinal arch (e.g., Kanatli et al., 2003) suggest no anatomical or 

functional relevance to a transverse arch. Using plantar pressures under the metatarsal heads, they conclude that “anterior flat foot” is not a pathological condition in itself and requires no treatment (Kanatli et al., 2003). This use of a transverse metatarsal arch is anatomically different than the transverse tarsal arch discussed by 

Venkadesan et al. (2020) and Asghar and Naaz (2021). Morton (1922) illustrated almost a century ago (Fig. 2.1a, b) that even though nonhuman primates have a transverse metatarsal arch, the torsion of the metatarsals in humans forms a prominent osseous transverse arch architecture in the mid-tarsus that could not exist without a medial longitudinal arch and vice versa (see also Drapeau & Harmon, 2013). 

Metatarsal torsion has also been instrumental in the interpretation of the hominin 

fossil record to infer the presence of a transverse, and by implication, longitudinal arch (e.g., Zipfel et al., 2009; Ward et al., 2011; DeSilva et al., 2012; Drapeau & 

Harmon, 2013; Harcourt-Smith et al., 2015; see also Chap. 4). 

Fig. 2.1  Images from Morton 1922 (A), and 1924b (B) illustrating metatarsal torsion in  Pan, Gorilla and  Homo. (a) Morton noted the importance of metatarsal torsion for aligning the digits such that their plantar surfaces faced one another and/or the substrate. In the same paper, he illustrated an ontogenetic sequence of  Gorilla arguing for the phylogenetic ontogenetic recapitulation of the ontogenetic “correction in an arboreal foot towards a bipedal terrestrial one” (Morton 1922: 

316). (b) This figure illustrates Morton’s (1924b) concept for the process by which metatarsal torsion occurs. He argued that the adductor hallucis muscle becomes the fulcrum in hominoids and its pull on the metatarsal heads twists them such that they face the substrate
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Interestingly, Drapeau and Forgues-Marceau (2019) found that stiff-soled shoes affect torsional values of all the metatarsals except the second due to its “keystone” 

position. The clinical implications from such acquired transverse arch modification 

are as yet unknown. However, stress fractures of the second metatarsal are most 

common, partially because this metatarsal is slightly recessed and wedged between 

the medial and lateral cuneiforms and is therefore the most stable of the metatarsals (Zipfel & Berger, 2007). The second metatarsal is also the most gracile metatarsal, yet it experiences strains twice as high as the fifth metatarsal during walking 

(Donahue & Sharkey, 1999; Griffin & Richmond, 2005). Stress fractures of the metatarsals are commonly caused by repetitive strain in walking and running, and 

because of that are also known as march fractures. The fifth metatarsal experiences 

the second most stress fractures. Stress fractures of the first metatarsal are more 

common than reported in the literature, and may go undetected (Levy, 1978), as it is 

thought to be less likely due to compliance and robusticity of the first ray. Multiple metatarsal fractures are common, with 63% of third metatarsal fractures being associated with either second or fourth metatarsal (Petrisor et al., 2006). Proximal fifth metatarsal fractures are also common, and can be very complex, consisting of at 

least three and possibly more fracture patterns (Quill, 1995; Rosenberg & Sferra, 2000). 

This discussion of metatarsal loading patterns brings to mind an intriguing evo-

lutionary question regarding the lateral part of the foot which has been hypothesized to have evolved a stiff column first, while the medial column remained ape-like well into the Pleistocene (Kidd et  al., 1996; Zipfel et  al., 2009; McNutt et  al., 2018; DeSilva et al., 2019). The phylogenetic implications of this arrangement are that the lateral part of the foot became adapted to terrestrial bipedalism first, followed by the 

medial part. Kidd (1998) suggested that pathology resulting from disturbances of normal ontogeny should reflect this trend with mild disturbance affecting the medial column alone and severe disturbance affecting both medial and lateral columns. 

More specifically, a mild delay or arrest in ontogenetic development would lead to 

defects on the medial side of the foot, appearing more “ape-like” and manifesting as mobility in the medial forefoot (Kidd, 1998). Typical signs and symptoms expected would include bunion formation, hallux (abducto) valgus, together with a large 

range of motion at the talo-navicular joint. As far as forefoot pathology is con-

cerned, the medial column appears to be most commonly affected, and more par-

ticularly, the first metatarsophalangeal joint (DuVries, 1973; Zipfel & Berger, 2007). 

A more severe, or perhaps earlier ontogenetic disturbance, would in addition to 

the medial column, also involve the lateral column, and would also be more “ape- 

like,” with an excessive mobility at the calcaneo-cuboid joint and cuboid-metatarsal 

joint (Kidd, 1998; DeSilva, 2009). Both components of the midtarsal joint complex would therefore be excessively mobile and may result in a “midtarsal break” during 

heel lift and a host of associated symptoms and resultant deformities. DeSilva and 

Gill (2013) report plantar pressure and video evidence, that a small percentage of modern humans present with elevated lateral mid-foot pressure, and even midfoot 

dorsiflexion characteristic of a mid-tarsal break. Bates et al. (2013) also found these increased pressures in healthy humans, which to some extent overlapped with those 
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found in apes. They suggest that there is a level of detachment between foot stiff-

ness during gait and osteological structure, therefore questioning the value of fossilized bone morphology in interpreting hominin midfoot function (Bates et al., 2013). 

They propose that the musculoskeletal conformation of the modern human midfoot 

evolved under selection for a functionally tunable, rather than obligatory stiff, structure (Bates et al., 2013). This may explain why some humans adapt relatively well to increased foot mobility, while others develop pathologies. 

As hyperpronation is a very common condition in modern humans, it is thought 

to be the source of a host of signs and symptoms in the foot and elsewhere. In real-

ity, excessive, prolonged subtalar joint pronation causes problems in some individu-

als and is of little to no consequence in others. This may be a reflection of how the body compensates for it, individual variation in anatomy, and of course physical 

activity and extrinsic factors such as substrate and footwear. With this in mind, it was hypothesized that the 1.98 ma old  Australopithecus  sediba was a hyperpronator with evidence from the primitive calcaneus suggesting a “calcaneo varus” resulting 

in compensatory eversion of the rearfoot (Zipfel et al., 2011; DeSilva et al., 2013). 

This was based partially on the presence of a superiorly positioned lateral plantar 

process (LPP), placing the plantar surface of the calcaneus in a “valgus” position, 

that may contribute to an inverted heel strike and eversion of the subtalar joint on weight-bearing in order to make the foot plantigrade. Subsequently, this was thought to be an unlikely primary etiology as the LPP was found to be very variable in 

humans, sometimes approaching and even overlapping with the lower range of 

chimpanzee “LPP” values (Boyle et al., 2018). Kirby et al. (1988) found no relationship between this variation and foot posture. Nevertheless, in  Au. sediba there is anatomical evidence for midtarsal joint hypermobility and internal rotation of the 

leg commonly associated with hyperpronation (Zipfel et al., 2011; DeSilva et al., 

2013). Specifically, there is a high lateral lip of the femur, most probably countering patellar subluxation and dislocation. In this instance, it appears that the lower limb mechanics accommodate normal patellofemoral function while hyperpronat-ing (DeSilva et al., 2013). 

Although hyperpronation can have pathological consequences in modern 

humans, DeSilva et al. (2013) propose that the skeleton of  Au. sediba reveals a suite of anatomies that are adaptive for, or consequences of, this kind of walking. In modern humans, this is often not the case, with abnormal foot pronation and subsequent 

exaggerated internal rotation of the lower extremity contributing to patellofemoral 

subluxation and possible anterior knee pain (Juhn, 1999; Barton et al., 2009, 2010, 

2012). However, this is an oversimplification of a complex problem, and the association between excessive pronation and its timing in the stance phase of gait and 

patellofemoral pain has been questioned (Powers et al., 2002; Hetsroni et al., 2006). 

Finally, our foot is held together by ligaments that are easily sprained. A reten-

tion of a laterally-positioned or inverted heel strike may predispose individuals to a high frequency of inversion ankle sprains and chronic ankle instability (Monaghan 

et al., 2006). Our enormous big toes are easily pulled laterally or plantarly to sprain its ligaments in what is known as turf-toe. This common injury of football players 

and other field athletes was first identified in the 1970s. Turf toe injury occurs when 
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an axial load is delivered to a foot in a fixed equinus position when upward motion 

(dorsiflexion) of the ankle is limited and when the hallux is extended at the MTP. You can imagine this in a squat posture with the heel off the ground as a player is driving forward against resistance. The load drives the hallux MTP joint into hyperextension. This tears the ligament and capsule at the joint. This is associated in part with the high load we apply to the big toe when we propel ourselves and differs from the 

pattern in many other primates. Despite the much heralded robusticity of the hallux 

and its joint, this joint can be damaged under high load as in this case. 

Clinical practitioners like Jones and Morton and modern podiatrists benefit from 

an evolutionary perspective and gain a better understanding of some common 

human foot disorders, thus providing a framework for planning the treatment of 

those disorders (Morton, 1935; Olson & Seidel, 1983; Moorhead & Wobeskya, 

1995). Likewise, anthropologists and anatomists benefit from this clinical perspective to understand the functionality of our remarkable feet. 
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Chapter 3

The Primate Ankle and Hindfoot

Anne Su and Angel Zeininger

Abstract  The primate hindfoot consists of only two bones—the talus (ankle) and the calcaneus (heel bone). Yet, the hindfoot is a keystone of the foot that serves as a lever for multiple muscles. While many bony features of the hindfoot have been 

found to significantly covary with locomotor behavior, they also show a significant 

phylogenetic signal, indicating that closely related species tend to show similar 

traits due to common ancestry. As such, the hindfoot has been one of the most infor-

mative and diagnostic features for understanding foot function and inferring behav-

ior in both extant and extinct primates. 

In this chapter, we discuss the anatomy of the hindfoot from a proximal to distal 

direction, beginning with the distal tibia and fibula, passing through the talus, and finally to the calcaneus. We highlight the fact that, compared with other mammals, 

primates are characterized by elongation of the tarsal elements, including the neck 

of the talus and distal calcaneus. These traits are believed to relate to pedal grasping and powerful leaping, locomotor behaviors which may have been important for the 

earliest euprimates. We compare the whole-bone morphology, projections and artic-

ular facets, and internal trabecular microstructure of each hindfoot bone across primate species and locomotor mode. 
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3.1   Introduction

Although the primate hindfoot consists of only two bones—the talus (ankle) and the 

calcaneus (heel bone)—it has been one of the most informative and diagnostic fea-

tures for understanding foot function and inferring behavior in both extant and 

extinct primates. Both bones exquisitely reflect the movement and loading of the 

foot. The hindfoot serves as a critical lever for muscles and a keystone structure of the foot. 

The talus and calcaneus articulate with each other at the subtalar joint where 

most of the inversion (positioning the sole of the foot medially) and eversion (positioning the sole of the foot laterally) and supination/pronation of the foot occur. But to understand the comparative anatomy and mechanics of the hindfoot, we need to 

discuss the proximal articulations of the dorsal talus (talar trochlea) with the distal tibia and fibula. It is at these tibiotalar and tibiofibular joints that ankle dorsiflexion and plantarflexion (pointing the toes superiorly and inferiorly) occur. Similarly, we need to discuss the distal articulations of the talus and calcaneus with the bones of 

the midfoot (Chap. 4) at the transverse tarsal (e.g., the talonavicular, calcaneocuboid) joints. In this sense, the functional anatomy of the hindfoot is much more 

complex than it might at first appear. 

In this chapter, we discuss the anatomy of the hindfoot from a proximal to distal 

direction, beginning with the distal tibia and fibula, passing through the talus, and finally to the calcaneus. 

The distal tibia and fibula are bound together by anterior and posterior tibiofibu-

lar ligaments. Equally importantly, the fibula and tibia are bound to both the talus and the calcaneus with articular surfaces and ligaments. These joints and ligaments 

are central to providing stability and guiding movement at the ankle. The medial 

malleolus of the tibia is held to the talus by a series of ligaments collectively called the deltoid ligament: the posterior tibiotalar, anterior talofibular, tibiocalcaneal, and tibionavicular ligaments. The lateral malleolus of the fibula is held to the talus by the posterior and anterior talofibular ligaments. 

The talus is the intermediary bone between the leg and foot, and therefore, it 

forms a keystone of the ankle and influences movement in that joint. The talus 

articulates proximally with the tibia and fibula and distally with the calcaneus and navicular. Thus, weight-bearing forces (from the weight of the upper body and legs) 

that are ultimately distributed between the foot and supporting substrate are trans-

ferred through the talus. The trochlea of the talus is the proximal (dorsal) convex 

articular surface that articulates with the tibia (Fig. 3.1). Its shape has a powerful influence on movements—flexion/extension and inversion/eversion—at the ankle. 

The medial tibial facet of the talus articulates with the medial malleolus of the tibia and the lateral fibular facet of the talus articulates with the lateral malleolus of the fibula. The talar head projects distally (toward the midfoot) from the medial side of the trochlea to articulate with the navicular and the dorsal surface of the calcaneus. 

The talus articulates with the calcaneus via three facets to form the subtalar joint: the anterior calcaneal facet, the middle calcaneal facet, and the posterior calcaneal 
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Fig. 3.1  Talus. (a) Superior view. (b) Inferior view. (c) Lateral view. (d) Medial view. (Reproduced with permission from Gray’s Anatomy for Students)

facet (Fig. 3.1). Along the posterior edge of the talus, medial and lateral talar tubercles form a groove that helps guide the tendon of the flexor hallucis longus muscle. 

The calcaneus, immediately inferior to the talus, plays central roles in the foot’s 

motions and is an important attachment site for muscles and ligaments, including 

those that contribute to the arches of the human foot (see Chap. 4). The calcaneus is attached to the talus by the lateral talocalcaneal, posterior talocalcaneal, and interosseous talocalcaneal ligaments. This combination of ligaments provides a stable joint and limits movement at the joint to mostly the sagittal plane. Dorsally, the calcaneus articulates with the talus at the subtalar joint via the anterior and posterior talar facet (Fig. 3.2). The proximal calcaneus is the lever for the plantarflexor muscles of the ankle which attach to its proximally projecting calcaneal tuberosity via the calcaneal (Achilles in humans) tendon. Distally, the calcaneus articulates with the cuboid to form the calcaneocuboid joint. The plantar surface features an anterior tubercle 

and a groove that transmits the tendon of flexor hallucis longus. Originating on the plantar surface of the calcaneus, long and short plantar ligaments stabilize the longitudinal arch of the foot in humans and the plantar calcaneonavicular (spring) ligament runs beneath the head of the talus from the sustentaculum tali of the calcaneus to the plantar surface of the navicular. 

While many bony features of the hindfoot have been found to significantly 

covary with locomotor behavior, they also show a significant phylogenetic signal, 

indicating that closely related species tend to show similar traits due to common 

ancestry. Compared with other mammals, primates are characterized by elongation 

of the tarsal elements, including the neck of the talus and distal calcaneus (see 

Moyà-Solà et  al., 2012 for a review and references therein). These traits, more accentuated in prosimians than anthropoids, are believed to relate to pedal grasping 
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Fig. 3.2  Calcaneus. (a) Superior view. (b) Inferior view. (c) Lateral view. (d) Medial view. 

(Reproduced with permission from Gray’s Anatomy for Students)

and powerful leaping, locomotor behaviors which may have been important for the 

earliest euprimates (see Chap. 12). Also in common to all primates, the joints between the talus and the navicular, and between the calcaneus and cuboid, enable 

the movements of inversion and eversion essential for a foot used in grasping. The 

talar neck is obliquely oriented for a grasping divergent hallux (big toe). 

3.2   Distal  Tibia  and Fibula

The fibula of most mammals is fused to the tibia which strengthens the bony support 

of the leg for propulsion and provides a broad surface for muscle insertion (Barnett 

& Napier, 1953). Primates, except tarsiers, are characterized by a mobile fibula as are cats and bears among the Carnivora. Fibular rotation is thus possible throughout the range of ankle joint movement, which allows the foot to better conform to arboreal and/or rocky substrates. This limits abduction or lateral deviation, restricting the ankle joint to parasagittal movements and aiding in the stability of plantar- and dorsiflexion (Jouffroy et al., 1984). 
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 3.2.1   Articular  Surfaces

The distal tibia of primates is unique among mammals in the conformation of the 

articular surfaces for the talus (Dagosto, 1985). The distal tibiae of strepsirhines (lemurs and lorises) have strongly rotated anterior parts of the medial malleolus and inferior tibial surfaces with anterior and posterior edges that diverge laterally making a triangular shaped articular surface for the talus. The distal tibiae of haplorhines feature moderate rotation of the medial malleolus (Dagosto, 1985). In humans, the distal tibial articular surface is orthogonal to the long axis of the shaft in the coronal plane (DeSilva, 2009; Latimer et al., 1987). 

Venkataraman et al. (2013) found significant differences in the articular surface of the distal tibia between great apes from wild and captive settings. Unlike in the distal tibia and in the talus, no significant differences in distal fibular morphology were found between eastern mountain gorillas ( G. beringei) and western lowland gorillas ( G. gorilla) (Marchi, 2015), the latter of which climb more frequently (Remis, 1998). Nor were there differences found in the distal fibula between wild-shot and captive chimpanzees (Marchi, 2015). 

 3.2.2   Whole-Bone  Morphometrics

Surface laser scanning has allowed for 3D geometric morphometric quantification 

of whole-bone shape and size rather than traditional morphometric comparisons of 

isolated metrics. Studies of the distal tibia have found differences between arboreal and terrestrial primates and between apes and monkeys that are associated with differences in pedal function during locomotion. The overall shape of the distal articular surfaces of the tibia is reflective of substrate use, irrespective of body mass 

(Turley et al., 2011). Compared with more arboreal primates, the great apes ( Pongo, Gorilla, and  Pan) have more potential for lateral rotation (torsion) and more medial angulation of the distal tibia (Turley et al., 2011). In addition, the distal tibial facet differs significantly in all comparisons of apes with monkeys. More terrestrial taxa also have a tibiotalar joint surface that is flatter in the medial to lateral plane, a more trapezoidal trochlear facet, and a low and flat medial malleolar facet with a concave base compared with more arboreal taxa (Turley et al., 2011), reflecting more limited ranges of motion.. 

Arboreal cercopithecoids have a more distally projecting medial malleolus of the 

tibia that may help stabilize the medial ankle (Tallman et al., 2013). Arboreal quadrupeds also have a well-developed intercollicular groove for the posterior tibiotalar ligament which may limit dorsiflexion (DeSilva, 2008; Tallman et  al., 2013). 

Cercopithecoids and leaping platyrrhines have a large, round medial malleolus that 

may stabilize the ankle in dorsiflexion and plantarflexion (DeSilva et al., 2010). 
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3.3   Talus

 3.3.1   Articular  Surfaces

The shape of the trochlea varies in degrees of wedging, both along the anterior–pos-

terior axis and the medial–lateral axis. Greater medial wedging (shorter medial 

trochlear margin relative to the lateral margin) has been noted in great apes when 

compared to humans and has been discussed as a character related to the inverted 

posture of a grasping foot (Latimer et al., 1987; Lewis, 1980). With plantarflexion at the ankle, this wedging thus results in concomitant medial displacement and eversion of the foot; dorsiflexion is accompanied by lateral displacement and inversion 

(Lewis, 1980). However, Langdon (1986) observed that within cercopithecoids, the more terrestrial cercopithecines (baboons and patas monkeys) have more asymmetric trochleae than do colobines. 

The medial talar trochlear rim has also been described as distinctly curved in 

African apes (Latimer et al., 1987). In chimpanzees, the shape of the trochlear sur-

face promotes medial mobility during dorsiflexion and lateral mobility during plan-

tarflexion, therefore causing the tibia to trace an arcuate shaped pathway as it moves over the stance phase foot. In contrast, the lateral and medial borders of the modern human trochlear surface constrain the tibia to a straighter path as it moves over 

the foot. 

Greater posterior wedging (posterior margin narrower than anterior) has also 

been noted in great apes in comparison to humans (Langdon, 1986; Latimer et al., 

1987), allowing for greater degrees of movement when the ankle is in plantarflexion. In dorsiflexion, both the human and ape ankle joints are close-packed with the 

wide anterior trochlea wedged between the tibial and fibular malleoli. Within platyrrhines, more arboreal atelines have more posteriorly wedged trochleae than non- 

ateline platyrrhines but within cercopithecoids, more terrestrial cercopithecines are 

more posteriorly wedged than colobines (Langdon, 1986). Thus, functional interpretations of trochlear wedging are unclear based on opposing behavioral differ-

ences in these pairs of taxa. 

In arboreal quadrupeds, the lateral margin of the trochlea is higher than the 

medial margin, also thought to reflect the inverted posture of the grasping foot 

(Fleagle, 2013). In suspensory primates, the trochlea is relatively flat which allows for unrestricted movement in all directions. Squatting facets where the talar body 

meets the neck characterize leapers and are thought to be a consequence of the 

highly dorsiflexed ankle posture during the clinging that precedes leaping (Conroy 

& Rose, 1983). 

The orientation of the lateral fibular facet separates extant haplorhines and strep-

sirrhines despite differences in locomotion and body size (Gebo, 1986, 2011; Boyer 

& Seiffert, 2013). Haplorhines exhibit the ancestral state of a relatively vertically-oriented, steep facet while strepsirrhines possess the derived character of more shallow, laterally sloping fibular facets (Fig. 3.3). Boyer and Seiffert (2013) found no 

relationship between fibular facet angle and leaping frequency. However, within 

lemuriforms and platyrrhines there is a significant correlation between body mass 
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Fig. 3.3   Anchomomys frontanyensis tali. (a) IPS-7713 (left talus). (b) IPS-7748 (right calcaneus) and IPS-7745 (left calcaneus, reversed). Reproduced with permission from Marigo et al. (2016)

and facet angle (Boyer & Seiffert, 2013). Among hominoids, the fibular facet is flared more laterally in African apes compared with humans, receiving the fibular 

malleolus during dorsiflexion. Similarly, the tibial facet is flared more medially in African apes, receiving the tibial malleolus during dorsiflexion and inversion. The 

medial tibial facet is generally relatively larger in extant strepsirrhines and tarsiers compared with anthropoids (Boyer et  al., 2015; Dagosto, 1988; Gebo, 1986) (Fig. 3.4). Among strepsirrhines, taxa that engage in frequent grasp-leaping have relatively larger medial facets (Boyer et al., 2015), possibly reflecting higher loads 

in leaping. 

The combined articular surface area in strepsirrhine primates has been shown to 

predict body mass (Dagosto & Terranova, 1992). The species mean talus centroid size within hominoids scales isometrically with body mass and can thus be used as 

a proxy for body size (Parr et al., 2014). However, species residuals show terrestrial bipedal humans having substantially larger tali for their body size than other extant hominoids, perhaps a reflection of overall greater mechanical loading. 
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Fig. 3.4  Features of the  Donrussellia provincialis (MNHN RI 428) talus compared with other fossil (gray boxes) and extant (colored boxes) taxa. Reproduced with permission from Boyer 

et al. (2017)

 3.3.2   Talar Neck and Head

The talar neck–body angle is defined as the angle formed at the intersection of the 

median sagittal talar plane and the median talar neck plane. In humans, the talar 

neck is more aligned with the long axis of the foot. Several investigators (Straus, 

1927; Lisowski, 1967; Day & Wood, 1968; Clarke & Tobias, 1995; Kidd et  al., 

1996) have suggested there is a functional relationship between the orientation of the neck of the talus and the degree of divergence of the hallux and presence of a 

longitudinal arch, but Lewis claims that torsion of the talar neck is only relevant to the orientation of the subtalar axis (Lewis, 1980). 
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The neck-torsion angle is defined as, from an anterior view, the angle made by 

the long axis of the head of the talus and the plane tangent to the superior trochlear margins, at the anteroposterior midpoint of its trochlea (Day & Napier, 1964; Day 

& Wood, 1968). African apes have smaller torsion angles than humans (Day & Wood, 1968; Kanamoto et al., 2011; Parr et al., 2014). However, when considered relative to the axis of the subtalar joint, the long axis of the talar head is similar in orientation between African apes and humans (Elftman & Manter, 1935). 

 3.3.3   Posterior  Tubercles

Medial and lateral posterior talar tubercles form between them a groove for passage 

of the flexor hallucis longus tendon (FHLG). The FHLG lies in a midline position 

in extant haplorhines but is significantly more laterally positioned in strepsirrhines 

(Gebo, 1986; Yapuncich et al., 2017). Contrary to others, Yapuncich et al. (2017) did not find support for a functional relationship between a laterally-positioned FHLG 

and inverted and abducted foot postures, Rather, they suggest that the width and 

depth of the FHLG indicate postures that require strong flexion of the pedal digits 

(e.g., Yapuncich et al., 2017). Slow climbers and other species that engage in hind limb suspension have deeper grooves than leapers and more generalized pronograde 

quadrupeds (Seiffert et al., 2015). Specialized leapers especially are characterized 

by shallow FHLG; indeed, FHLG depth decreases with increasing distal calcaneal 

length (Yapuncich et al., 2017). Yapuncich et al. (2017) compiled their data on the 

FHLG position with data on the lateral fibular facet angle (Boyer & Seiffert, 2013) and medial tibial facet morphology (Boyer et al., 2015) into a principal components analysis which clearly delineated the major primate taxa. The groove is oriented 

vertically in humans, versus it being obliquely oriented in African apes (Latimer 

et al., 1987; Clarke & Tobias, 1995; Deloison, 2004). 

A prominently projecting posterior trochlear shelf is found in lemuriformes and 

lorisiformes and is thought to be a derived crown-primate trait (Dagosto & Gebo, 

1994; Szalay & Decker, 1974; Yapuncich et al., 2019). The flexor fibularis tendon (i.e., FHLG) runs under the posterior trochlear shelf. The posterior trochlear shelf is most well-developed in primates that use highly dorsiflexed ankles during pedal 

grasping on vertical supports (Yapuncich et  al., 2019). This led Yapuncich et  al. 

(2019) to hypothesize that the posterior trochlear shelf functions as a cam mechanism that increases the length of the flexor fibularis tendon when the ankle is dorsiflexed and helps enhance digit flexion and pedal grasping on vertical supports. 
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 3.3.4   Whole-Bone  Morphometrics

In agreement with the traditional linear metrics described above, new techniques of 

whole-bone shape comparative morphometry have also supported an association 

between talar shape and locomotion behavior. In a study of platyrrhines, Püschel 

et al. (2017) demonstrated that the most suspensory species had features related to highly flexible subtalar and transverse tarsal joints: a broader talar head, greater trochlear wedging, a longer trochlea and a shorter anterior, and longer posterior 

calcaneal facet Figs. 3.5 and 3.6). The most frequent leaping species had anteroposteriorly shorter trochlea with more parallel medial and lateral rims and a longer 

anterior calcaneal facet. 

Generally, variation in talar shape among hominoids has been found to be pre-

dominantly related to foot function and substrate type (arboreal vs. terrestrial) 

(Turley & Frost, 2013; Parr et  al., 2014) (Fig. 3.7). Harcourt-Smith (2002) and 

Turley and Frost (2013) implemented landmark-based geometric morphometric approaches to study variation in talar shape. Parr et al. (2011, 2014) compared tali 

among hominoids using a canonical method that characterized articular facet sur-

face area, curvatures, and orientation. Within hominoid species, facet surface area 

scales isometrically (Parr et  al. 2011), while scaling of articular facet curvatures varies with species (Parr et al. 2014). Interspecifically, scaling of both articular facet area and curvature are not straightforward but rather suggest an influence of locomotion and habitual substrate use (Parr et al., 2011, 2014). The human talar head and sustentaculum facet are particularly low in curvature, perhaps related to the 

reduction in mobility (and increase in stability) in the transverse and subtalar joints, although those of  Hylobates moloch were found to be low as well.  Pongo pygmaeus were quantified with the highest curvature values for all talar facets except the calcaneal facet, perhaps reflective of the highest joint range of motion among 

hominoids. 

Turley and Frost (2014) examined the catarrhine tibiotalar joint from an ontogenetic perspective which further supported a relationship between overall shape and 

substrate use. All subadults from 12 catarrhine taxa grouped as having an arboreal 

morphology (Turley & Frost, 2014). However, analyses of adults from the same taxa fell into either an arboreal group (e.g., bonobo [ Pan paniscus] and gibbons and siamangs [ Hylobatidae]) or a terrestrial group (chimpanzee [ Pan troglodytes], hamadryas baboon [ Papio hamadryas], Tibetan macaque ( Macaca thibetana) (Turley & Frost, 2014). This study suggests that overall shape of the distal tibia and talus are plastic features that change throughout life based on loading patterns associated with substrate use. 

Comparisons across subspecies of gorillas also suggest that talar shape differs in 

response to foot posture use on different substrates (Dunn et al., 2014; Knigge et al., 

2015). Western lowland ( Gorilla   gorilla   gorilla) and Cross River ( G. g. diehli) gorillas, who may spend more time climbing with their foot in an inverted position 

(for the sole of their foot to be directed medially so that it can wrap around the tree trunk), have more mediolateral curvature of the talar trochlea and relative surface 
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Fig. 3.5  Canonical variate analyses of the platyrrhine talus using (a) taxonomic family categories and (b) locomotor classifications. Reproduced with permission from Püschel et al. (2017) area of the lateral malleolus than Eastern mountain ( G. beringei beringei) and Grauer ( G. b. graueri) gorillas (Dunn et al., 2014). On the other hand, mountain gorillas that are thought to climb less often than lowland and Cross River gorillas 

have adaptations to terrestrial locomotion and load transmission (Knigge et al., 2015). 

[image: Image 18]
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Fig. 3.6  Phylomorphospace of extant platyrrhine tali. Reproduced with permission from Püschel 

et al. (2017)

 3.3.5   Internal  Microarchitecture

The tarsal bones are filled with trabecular struts that are thought to remodel throughout life and thus may be indicative of external forces that occur during locomotion 

(Barak et al., 2011; Huiskes et al., 2000; Ryan & Krovitz, 2006; Ryan & Shaw, 

2012). Trabecular struts that are highly organized are called anisotropic while ran-domly oriented struts are isotropic. The degree of anisotropy (DA) in a volume of 

interest (VOI) quantifies how well organized the struts are (0 = isotropic, 1 = anisotropic). The relative density of trabecular struts in a VOI is measured as the bone 

volume fraction (bone volume/total volume, BVTV). Other trabecular variables 

include the relative thickness of each strut (trabecular thickness, Tb.Th), the number of struts in the VOI (trabecular number, Tb.N), and the elongation index (E, how 

rod-like or plate-like the trabecular struts are shaped). In the primate talus, trabecular thickness is positively correlated with the log of body mass, while trabecular 

number is negatively correlated with body mass (Hébert et al., 2012). Bone volume fraction, degree of anisotropy, and elongation are not significantly correlated with the log of body mass. While no differences were found in the fabric orientation 

among primates with different locomotor classifications, slow climbers exhibited 

more variation (Hébert et al., 2012). 

In highly specialized climbers, such as  Perodicticus or  Loris (slow and cautious climbers), but also in some frequent climbers, the increase in the Tb.N in the medial 
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Fig. 3.7  Catarrhine talus. Whole-bone variables that separate catarrhine tali by (a) centroid size, (b) body mass, (c) substrate preference, and (d) superfamily. Reproduced with permission from Turley and Frost (2013)

aspect of the talus is also generally associated with an increase in the thickness of these trabeculae. This local increase in bone volume density in tali of small frequent climbers therefore reflects a specific reinforcement of the trabecular structure in 

response to the apparent strong magnitude of loads engendered in habitually sus-

tained foot inversion. Conversely, in medium-sized taxa characterized by less sus-

tained or less frequent inverted foot posture (e.g.,  Cebus, Pithecia, Lemur,  and Daubentonia), such a mediolateral variation in the trabecular volume density is not so marked or even is absent. In these more generalized quadruped taxa, which are 

capable of climbing and leaping, although not particularly specialized for either of these activities, the bone volume fraction is rather mediolaterally uniform. Primates who leap frequently tend to have more anisotropic trabecular bone in the talar body 

than less frequent and nonleaping forms. 
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Although it has been argued that the trabecular morphology in the talar body 

cannot distinguish among baboons, great apes, and humans based on locomotor 

preference (DeSilva & Devlin, 2012), certain trabecular properties such as the 

degree of anisotropy, elongation, and primary orientation of the struts in the trochlea are consistent with loading patterns during locomotion (Su et al., 2013). Humans 

have highly anisotropic talar trabeculae (DeSilva & Devlin, 2012; Su et al., 2013). 

In the anteromedial portion of the trochlea, these highly organized trabeculae are 

oriented in the direction of the talar neck, consistent with the stereotypical single plane ankle movements and trochlear loading during bipedal walking (Su et  al., 

2013). Similarly, the more isotropic and varied trabecular orientations in great apes are associated with varying ranges of motion and loading at the ankle during climbing and quadrupedal. 

3.4   Calcaneus

 3.4.1   Length  and Projections

Relative to both total calcaneal length and body mass, prosimians as a group tend to have a longer distal calcaneus than anthropoids (Gebo & Dagosto, 1988; Moyà-Solà et  al., 2012). Furthermore, among prosimians, specialized vertical clingers and leapers (tarsiids and galagos) display an extreme degree of distal calcaneal elongation (Moyà-Solà et al., 2012). Indeed, tarsiers are so named for the extreme length of their tarsal bones. Suspensory primates have a short calcaneus which allows a 

great range of movement at the ankle joint (Fleagle, 2013). Terrestrial anthropoids also have a relatively short calcaneus. 

An elongated calcaneus and navicular have been generally understood to increase 

the propulsive load arm for rapid leaping (Fleagle, 2013). Boyer et al. (2013) further resolved the relationship, finding that within all primates, variance in calcaneal 

elongation is strongly related to body mass rather than any simple behavioral cate-

gory. Larger taxa have predictably lower degrees of calcaneal elongation. But at any given body size, different locomotor repertoires are associated with different degrees of calcaneal elongation in prosimian primates; acrobatic leaping is associated with 

greater calcaneal elongation, while slow, cautious climbing and terrestriality is 

associated with lower calcaneal elongation (Fig. 3.8). However, in anthropoids, arboreal quadrupeds have a longer calcaneus than slow-climbers or terrestrial quadrupeds but a relationship with leaping taxa was not found. 

The calcaneal tuberosity in humans is relatively robust, with a large cross-section 

area for its length (Prang, 2015a). Human calcaneal tuberosities are also smooth 

superiorly marking the location of the retrocalcaneal bursa between the calcaneus 

and Achilles tendon. In humans, the insertion of the Achilles tendon is indicated by Sharpey’s fibers. Great apes, in contrast, do not show evidence of a retrocalcaneal 

bursa or Sharpey’s fibers. The Achilles tendon moment arm in humans is relatively 

[image: Image 20]

3  The Primate Ankle and Hindfoot

35

Fig. 3.8  Morphology and posture of the calcaneus in leaping animals. (a) A leaping animal. (b) Calcaneal measurements: CD cuboid facet depth, CW cuboid facet width, TL total proximodistal length, DL distal segment length. Left feet showing the relative size of the calcaneus. Reproduced with permission from Boyer et al. (2013)

long due to a long calcaneal tuberosity, a feature that has been associated with 

reduced energy costs during endurance running (Raichlen et al., 2011). 

The tubercle on the plantar surface of the calcaneus is the origin of the flexor 

digitorum brevis muscle. An enlarged plantar tubercle is characteristic of suspen-

sion and climbing because it reflects the enhanced grasping function of the flexor 

digitorum brevis muscle (Fleagle, 2013; Gebo & Simons, 1987). In the human foot, a large calcaneal plantar tubercle is associated with the longitudinal arch (Susman, 

1983). While Stern and Susman (1983) associated a sustentaculum tali oriented perpendicular to the long axis of the calcaneus with a plantigrade bipedal foot, 

Aiello and Dean (2001) caution that the orientation of the sustentaculum tali does not differentiate modern humans and chimpanzees. 
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Apes possess a prominent lateral peroneal tubercle (Godfrey et al., 1997) to aid in directing the path of the peroneus (fibularis) longus tendon. Stern and Susman 

(1983) interpreted this feature as indicative of an increased role of the peroneal musculature during arboreality. The peroneal tubercle is also thought to support 

weight during the stance phase of gait with an inverted foot (Deloison, 1985; Lewis, 

1983). However, the actual position of the calcaneus and the role of the underlying heel pad during heel strike in apes have not been tested experimentally. In addition, the degree to which the hindfoot is inverted during walking may vary across among 

great ape genera. 

All primates have a medial plantar process on the plantar side of the calcaneal 

tuberosity. But a weight-bearing lateral plantar process (LPP) is a characteristic of the human calcaneus that has been thought to help distribute the force of heel-strike across an increased surface area (Latimer & Lovejoy, 1989; Zipfel et al., 2011). The plantarly positioned LPP (Boyle et al., 2018) is connected to the peroneal trochlea in humans by an obliquely oriented retrotrochlear eminence. In humans, the size of 

the lateral plantar process is correlated with body mass and with the size of the 

peroneal tubercle (Gill et al., 2014). Presence of the LPP gives the human calcaneus a relatively wide base of the calcaneal tuberosity. Among hominoids, the relative 

width of the calcaneal tuber and relative length of the calcaneal body are most similar among adult humans and gorillas (Straus, 1927). Gebo (1992) also noted that although all African apes lack an LPP, compared with chimpanzees, gorillas have 

more bony development on the lateral side of the plantar aspect of the calcaneal 

tuber (i.e., the medial plantar process), and thus, similar to humans, have a wider 

base of the calcaneal tuber. A relatively wide base of the calcaneal tuber may allow for a larger contact area of the heel and the substrate, suggesting that, compared 

with chimpanzees, gorillas may not be able to invert their foot as much (Crompton 

et al., 2012). Since the lateral border of the foot often contacts the ground in chim-

panzees (Elftman & Manter, 1935), Lewis (1983) proposed that the chimpanzee calcaneus itself is rotated within the heel at touchdown. Placing cadaveric chimpanzee feet in simulated walking positions, Lewis (1983) suggested that the calcaneus 

may be rotated to such a degree that even the lateral aspect of the calcaneus, including the peroneal trochlea, may be weight-bearing. However, this hypothesis has not 

been tested as the exact position of the calcaneus within the foot at touchdown is 

hard to determine in living animals without cineradiography. 

 3.4.2   Articular  Surfaces

The calcaneus has three articular facets; the cuboid facet articulates with the cuboid while the anterior talar and posterior talar facets articulate with the talus. On the calcaneus, the cuboid facet and the anterior talar facet are concave while the posterior talar facet is convex (Sarrafian, 1993) (Fig. 3.2). 

The radiodensity of subchondral bone in the cuboid facet in chimpanzees and 

baboons is higher in the dorsal region relative to the plantar region, suggesting 
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higher compressive strength dorsally during the early stages of a midtarsal break 

while walking quadrupedally (Nowak et al., 2010). Unlike the coronally-oriented cuboid facet in baboons and chimpanzees, the cuboid facet is angled plantarly in 

modern humans in association with an arched foot (Berillon, 2003). Finite element models of the human calcaneus predict that maximum force at the calcaneocuboid 

joint occurs at 70% of stance, when the foot is preparing for push-off (Giddings 

et al., 2000). At this point, the calcaneus exorotates and swings laterally, causing the calcaneocuboid joint to become close-packed (Sammarco, 2004). The fact that humans show no significant regional differences in subchondral bone radiodensity 

across the cuboid facet is consistent with an evenly loaded calcaneocuboid joint and a stiff midfoot during the push-off phase in bipedal walking (Nowak et al., 2010). 

The anterior talar facet is distinctively separated into two facets in cercopithe-

coids,  Daubontonia, East African Miocene lorisids, and occasionally in  Homo 

(Gebo & Simons, 1987; Strasser, 1988). The angle of the anterior talocalcaneal facet is similar among orangutans, gorillas, and humans, suggesting that this feature 

does not distinguish the presence of a longitudinal arch in humans (Prang, 2015b). 

The shape of the posterior talocalcaneal facet is unusual in cercopithecoids (Gebo 

& Simons, 1987). Along the lateral margin of the posterior talocalcaneal facet, the surface area is increased by a pressure facet in anthropoids (Strasser, 1988). 

The concave/convex nature of the talocalcaneal facets results in a screw-like 

motion at the subtalar joint (Manter, 1941). For African apes and humans that put their heel down at the beginning of a step (heel-strike plantigrady), movement at the subtalar joint occurs when the foot is in a weight-bearing position and thus, abduction/adduction and dorsiflexion/plantarflexion are restricted (Prang, 2016). This is further supported by high levels of talar and calcaneal joint convexity/concavity 

congruency at the subtalar joint in gorillas and humans (Prang, 2016). More arbo-

real apes, gibbons and orangutans, show less subtalar joint congruency and this 

should allow for more sliding/translation particularly on the posterior talocalcaneal facet (Prang, 2016). 

The anteroposterior angle of the posterior talar facet relative to the cuboid facet 

has been used as a measurement for the degree of habitual dorsiflexion of the talo-

crural joint (Gebo, 1992). The posterior calcaneal facet in humans is unique among primates in shape and is oriented in a much more mediolateral plane to the long axis of the calcaneus than in other primates (Gebo & Simons, 1987). The posterior talar facet is flat in humans to stabilize the talocalcaneal joint (Latimer & Lovejoy, 1989; Stern & Susman, 1983). 

 3.4.3   Whole-Bone  Morphometrics

Three-dimensional geometric morphometric analyses have shown general shape 

differences among samples of primate calcanei (Fig. 3.9). Some strepsirrhines have a distally elongated and narrow calcaneus while hominoids have a distally short and 

wide calcaneus (Gladman et al., 2013). The peroneal tubercle is positioned distally 
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Fig. 3.9  Principle components analysis of the primate calcaneus. (a) Principle components 1 and 3. (b) Principle components 2 and 3. Reproduced with permission from Gladman et al. (2013)
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in cercopithecoids and some platyrrhines while is more proximally in strepsirrhines 

and hominoids. Cercopithecoids have an overall flexed shape in lateral view in 

which the dorsal heel process projects, and the cuboid facet is oriented dorsally 

while the posterior talar facet is flattened (Gladman et  al., 2013). Strepsirrhines, 

platyrrhines, and hominoids, on the other hand, have a more unflexed calca-

neal shape. 

Calcaneal morphology also differs among gorilla species in a way that is consis-

tent with mountain gorillas being the most terrestrial, lowland gorillas being the 

most arboreal, and Grauer gorillas possibly transitioning to a more arboreal habitus from a terrestrial ancestor (Harper et al., 2021). Compared with mountain gorillas 

and Grauer gorillas, the calcaneus of Western lowland gorillas is relatively long 

(Harper et al., 2021). The posterior talar facet is flattened mediolaterally in lowland gorillas, angled medially in mountain gorillas, and morphologically intermediate in 

Grauer gorillas. The cuboid facet is deep in lowland gorillas and the most flat in 

mountain gorillas. Grauer gorillas also have a medially-angled calcaneal tuberosity 

and an elongated peroneal trochlea (Harper et al., 2021). 

 3.4.4   Internal  Microarchitecture

Studying the patterns of trabecular morphology in the calcaneus is complicated by 

the fact that the calcaneus is an attachment point for multiple muscles and liga-

ments, has multiple joint articular surfaces, and, in some primates, makes direct 

contact with the substrate. The calcaneal or Achilles’ tendon inserts proximally on 

the calcaneal tuber and pulls on the tuber in a superior direction in humans but a 

more varied superior and mediolateral direction in chimpanzees. Tensile forces act-

ing on the calcaneus can also come from the plantar aponeurosis, flexor digitorum 

brevis, abductor digiti minimi, and quadratus plantae muscles that originate on the 

plantar side of the calcaneus. Compressive forces load the calcaneus at the subtalar joint and the calcaneocuboid joint. In addition, for primates whose heel contacts the ground during quadrupedal walking (e.g., heel-strike plantigrady, and midfoot heel 

contact, see Chap. 9), the calcaneal tuber may also experience ground reaction forces that are mitigated by the heel pad. Thus, the calcaneus and its underlying 

trabecular struts are tensed and compressed from different angles making it hard to 

make functional interpretations about calcaneal trabecular morphology (Giddings 

et al., 2000). 

As in the talus, the trabecular morphology in the human calcaneus is more aniso-

tropic and has lower bone volume fraction than that in the great apes (Maga et al., 

2006; Kuo et al., 2013; Zeininger et al., 2016). Kuo et al. (2013) found that humans tend to have a higher BV/TV than chimpanzees near the insertion of the Achilles’ 

tendon but note that greater sample size is needed. At the cuboid facet, chimpanzees have thicker and more numerous trabecular struts in the dorsal region relative to the plantar region, suggesting that the dorsal region is loaded as the calcaneocuboid 

joint is flexed at the beginning of the midtarsal break (Zeininger et al., 2016). A 
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similar pattern of higher Tb.Th and Tb.N along with higher BV/TV in the dorsal 

region of the cuboid facet suggests variability in the degree of midtarsal break present in humans (Zeininger et al., 2016). However, highly anisotropic and elongated trabeculae in both the dorsal and plantar regions of the cuboid facet are consistent with less variable, lower magnitude forces in a close-packed calcaneocuboid joint 

(Zeininger et  al., 2016). Compared with chimpanzees, gorillas, and baboons, humans have the most anisotropic and rod-like trabecular struts that are aligned 

with the principal loads at the talocalcaneal joint (Zeininger et al., 2016). 

3.5   Future  Directions

Much of the comparative anatomy studies include few representatives of each taxa. 

It is becoming increasingly suggested that phenotypic plasticity may play a promi-

nent role in the morphology of hindfoot elements. A greater understanding is needed 

of the range of intraspecific variation and constraints on the shape of the bony ankle elements. Comparisons of structural variation should be performed with more 

diverse samples of primate populations, to understand potential effects of diet, terrain, climate, and genetic similarity. 

Although the hindfoot includes only two tarsal bones, there are multiple articular 

surfaces that connect the talus to the tibia, fibula, calanceus, and navicular, and that connect the calcaneus to the cuboid. Each articulation provides the opportunity for 

movement at that joint, making the mechanics of the ankle and hindfoot much more 

complex that it might at first appear. The concave and convex nature of these joints can allow for large ranges of movement in certain planes and close-packed stabilization in others. In addition to the bony articulations, these joints are surrounded by multiple ligaments that can restrict movement. Given that many of these joints do 

not have palpable external correlates on the foot, it is very difficult to accurately define not only the possible range of motion at each joint, but the actual arthrokinematics and joint loading during locomotion in primates. Yet, it is these experimental data that are essential to accurately relate hindfoot form to function. 

One possible way to better understand individual joint movements is to use mul-

tiple small markers placed on the foot along with multiple cameras to obtain 3D 

information about how the foot is moving (see Holowka et al., 2017). With small primates, it might be possible to observe internal joint movements with XROMM 

(see, Granatosky et al., 2018). However, this  in vivo method is likely not possible for experiments with larger nonhuman hominoids. 
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3.6   Summary

The talus and calcaneus have many projections and articular surfaces as well as a 

complex internal trabecular architecture. Recent studies have used surface laser 

scanning and microCT scanning to quantify three-dimensional whole-bone hind-

foot shape and trabecular strut fabric properties that have improved our understand-

ing of hindfoot functional morphology. But experimental data of joint 

arthrokinematics, including XROMM, on a wide range of primates are still needed 

to directly relate hindfoot form to function. And if phenotypic plasticity plays a 

prominent role in the morphology of hindfoot elements, then the range of intraspe-

cific variation and constraints on the shape of the bony ankle elements need to be 

identified to distinguish between genetic and functional traits. 
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Chapter 4

The Primate Midfoot and Human 

Longitudinal Arch

Amber N. Heard-Booth, Sharon Kuo, Ellison J. McNutt, 

and Jeremy M. DeSilva

Abstract  The midfoot is a functionally significant anatomical region that plays a key role in a variety of primate foot postures. In nonhuman primates, the midfoot is pivotal during pedal grasping, leaping, and weight support. In humans, the midfoot 

is the site of the longitudinal arch, a unique structural adaptation that contributes to the biomechanics of human bipedalism. Since the early twentieth century, comparative studies have documented gross morphological differences in foot anatomy and 

motion, demonstrating that nonhuman primates generally have more mobile feet 

than humans, especially in the midfoot region. However, these early studies focused 

on great apes and humans, while the midfoot of nonhominoid species was largely 

ignored. Likewise, the scope of behaviors under study was narrow, often limited to 

terrestrial walking. As a result, we know relatively less about the role of the midfoot in arboreal quadrupedal and climbing behaviors. While our current understanding 

of midfoot function across a wide range of primate species remains relatively poor, 

recent technological advancements in the study of locomotor biomechanics have 

allowed researchers to study midfoot motion in greater detail and develop a more 

nuanced understanding of midfoot function. Here, we offer a brief review of the 

functional anatomy of the primate midfoot and human longitudinal arch, including 
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the gross anatomy and motions that occur both within and about the midfoot region. 

In closing, we outline a series of directions for future research that will further our understanding of this complicated yet significant anatomical region. 

Keywords  Plantar aponeurosis · Longitudinal arch · Transverse arch · Cuneiform 

· Cuboid · Navicular · Midfoot break · Tarsometatarsal joints · Spring ligament  

· Heel strike

4.1   Introduction

The midfoot region is positioned between the hind- and forefoot and is comprised 

of five bony elements secured by numerous dorsal and plantar ligaments. From a 

gross perspective, the midfoot of most primates appears similar between taxa 

(Fig. 4.1). The bony elements are small, cuboidal in shape, and appear to do little more than occupy the space between the morphologically complex bones of the 

hindfoot and the specialized grasping digits of the forefoot. There are a few notable exceptions, however.  Tarsier and  Galago, for example, possess an exceptionally long midfoot (navicular and distal calcaneus) to improve the speed of plantarflexion during tarsi-fulcrumating leaping behaviors (Gebo, 1987; Morton, 1924a; Napier, 

1967; Napier & Walker, 1967). Meanwhile, humans display several unique adaptations in the midfoot related to bipedal locomotion, such as the longitudinal arch 

(Morton, 1922, 1924b). Even among those primate feet that are superficially similar, it would be a tremendous oversight to neglect the vast array of functional roles that the midfoot can assume. After all, several of the traits and behaviors that are Fig. 4.1  Dorsal views of the left foot skeleton and plantar views of the right foot of six primate species. From Fleagle (2013)
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essential to nonhuman primate foot function occur within or about the midfoot 

region. For example, the abducted, grasping hallux articulates with the medial cune-

iform, and thus the position and motion of the first tarsometatarsal joint is dictated (in part) by the morphology of a midfoot bone. Additionally, arboreal primates 

strengthen their pedal grasp by using an inverted foot posture, in which the pedal 

elements rotate laterally to bring the sole of the foot into contact with the support (Meldrum, 1991; Toussaint, 2018). And whether walking on arboreal or terrestrial substrates, most primates walk with an elevated heel some or all of time (Meldrum, 

1991; Schmitt & Larson, 1995), which means that the midfoot region of these animals is weight-bearing and subject to near-constant repetitive force. From these 

examples, one can see that the midfoot plays a key role in a variety of primate foot postures. 

This chapter offers a brief review of the functional anatomy of the primate mid-

foot and human longitudinal arch. The chapter begins with a brief overview of mid-

foot bony and soft-tissue anatomy and includes a description of the types of motion 

that occur within and about the midfoot region. Next, we review current themes in 

understanding the nonhuman primate midfoot and human longitudinal arch. 

4.2   Basic  Anatomy  of the Midfoot

 4.2.1   Bony  Elements

The midfoot is comprised of five cube-shaped tarsal bones arranged into medial and 

lateral columns (Fig. 4.2). The medial column includes the navicular (proximally) and three cuneiform bones (distally). These elements occupy the space between the 

talus of the hindfoot and the medial three metatarsals of the forefoot. The lateral 

column includes a single bone, the cuboid, which articulates with the calcaneus of 

the hindfoot and the fourth and fifth metatarsals of the forefoot. Together, these parallel columns of bone in the middle of the foot are involved in several aspects of foot function. The bony skeleton permits mobility, provides structural support to the foot, and the morphology of the midfoot elements (especially their proximo-distal length) 

influences the lever mechanics of the talocrural and metatarsophalangeal joints. 

Moreover, the bones of the midfoot act to transmit forces between the hindfoot and 

forefoot, as well as from side-to-side, during foot loading (studies on humans from 

Cavanagh et al., 1987; Jones, 1941; Morag & Cavanagh, 1999; Preuschoft, 1970). 

 4.2.2   Supporting  Ligaments

The midfoot includes numerous joints given that each bony element articulates with 

two or more others. These joints are held together by strong ligaments, especially on the plantar surface. In humans, the long and short plantar (calcaneocuboid) ligaments support the calcaneocuboid joint of the lateral column of the foot. Other 

[image: Image 24]

50

A. N. Heard-Booth et al. 

Fig. 4.2 (a) Dorsal and (b) plantar views of the bones of the human foot. The bones of the midfoot include the navicular (N); cuboid (Cu); medial cuneiform (MC; also known as 1st or entocuneiform); intermediate cuneiform (IC; also known as 2nd or mesocuneiform); and lateral cuneiform (LC; also known as 3rd or ectocuneiform). Figure adapted from Gilroy (2017)

primates possess a short plantar ligament, but a well-developed long plantar liga-

ment appears to be unique to humans (Gomberg, 1985) and may have been an important evolutionary innovation stabilizing the lateral column of the midfoot in 

the earliest hominins (DeSilva et al., 2019; McNutt et al., 2018). The spring (calcaneonavicular) ligament runs at an oblique angle to connect the sustentaculum tali of the calcaneus to the navicular, creating a sling to support the head of the talus. 

Along the medial column, the articulations between the navicular and cuneiform 

bones are supported by stiff dorsal and plantar cuneonavicular ligaments. Distally, 

where the midfoot meets the forefoot, the tarsometatarsal joints are supported by 

dorsal, plantar, and interosseous tarsometatarsal ligaments. 
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 4.2.3   Motion

Motion at anatomical joints is often described with respect to joint type, the plane of motion, and/or the axis around which the movement occurs. Within the foot, for 

example, motion can occur within the sagittal plane around a transverse axis as 

dorsiflexion or plantarflexion; within the transverse plane around a vertical axis as adduction or abduction; within the coronal (frontal) plane around a longitudinal or 

anterior-posterior axis as inversion or eversion; and/or movement can occur in an 

oblique plane (e.g., supination or pronation; Fig. 4.3). Movement in an oblique plane (or about an oblique axis) is described as multiplanar and may include bi- or 

triaxial motion. It is important to recognize that the terms inversion/supination and eversion/pronation have been used interchangeably, and there is a history of disagreement about this nomenclature (McDonald & Tavener, 1999). Here, we use the terms inversion/eversion to refer to the twisting motion of foot elements in the coronal plane, though we note that these terms are also used to describe multiplanar foot motions in an open kinetic chain. Supination/pronation is used to refer to the multiplanar motion of pedal elements when the foot is in a closed kinetic chain (as in a 

nonhuman primate grasping a branch, or a human in stance phase of gait). 

Given the numerous bony articulations of the midfoot region, there are various 

sites where motion can occur. Most joint surfaces within the midfoot are flat (planar type), however, and allow only a limited amount of gliding (e.g., cuneonavicular 

and intercuneiform joints). Likewise, gliding motion is relatively limited at the tarsometatarsal joints, where the midfoot and forefoot meet, though varying degrees of 

sagittal plane motion (i.e., dorsiflexion/plantarflexion) occur among primates 

Fig. 4.3  Defined axes of the foot, shown here on a  Pan foot 3-D model in dorsal (a) and medial (b) views .  Plantarflexion and dorsiflexion are defined as rotation about the mediolateral (ML; green) axis. Inversion and eversion are defined as rotation about the anteroposterior (AP; blue) axis. Adduction and abduction are defined as rotation about the vertical (black) axis
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(including humans), as will be discussed later in the chapter. The mid- and forefoot articulation along the first ray is, of course, distinct in humans compared with the pattern generally observed in all other primates, in which a considerable degree of 

multiplanar motion of the hallux is used to facilitate pedal grasping. Multiplanar 

motion also occurs proximally at the transverse tarsal joint, the site where the navicular and cuboid of the midfoot articulate with the talus and calcaneus of the hind-

foot, respectively. Here (combined with motion at the subtalar joint), the midfoot 

can move relative to the hindfoot to produce the complex motions of supination and 

pronation. Supination directs the plantar surface of the foot medially and results 

from simultaneous adduction, inversion, and plantarflexion. Pronation directs the 

plantar surface of the foot laterally and results from simultaneous abduction, ever-

sion, and dorsiflexion. 

4.3   The Midfoot of Nonhuman Primates

Primates are an arboreally-adapted radiation of mammals characterized by hands 

and feet with exceptional grasping capabilities. Pedal grasping with a divergent, 

opposable hallux is a key adaptation of primates as it allows the animal to navigate a heterogeneous branch environment while simultaneously freeing the hands for use 

in foraging (Bloch & Boyer, 2002; Cartmill, 1972; Szalay & Dagosto, 1988; Wood- 

Jones, 1916). As a result, the functional morphology of the foot as it relates to pedal grasping is a key topic of inquiry for those interested in understanding primate origins (Bloch & Boyer, 2002; Gebo, 1985, 2004; Goodenberger et al., 2015; Sargis et al., 2007; Szalay & Dagosto, 1988; Chap. 13). While understanding the mechanics of pedal grasping is not a focus of this chapter (but see Chap. 5), it is important to realize that several components of pedal grasping are tied to primate midfoot 

morphology: (1) the divergent set and opposability of the primate hallux is related 

to the morphology of the first tarsometatarsal joint; (2) the inverted foot posture 

(that allows primates to increase the contact between the sole of the foot and an 

arboreal substrate) is facilitated by the morphology of the transverse tarsal and subtalar joints; and (3) many primates use a foot posture during locomotion in which 

the midfoot elements are the primary weight-bearing structures of the foot. Our 

discussion focuses on these themes. 

 4.3.1   Pedal Grasping and the Divergent Hallux

Gebo (1985) recognized the grasping foot as “perhaps the single most fundamental 

adaptation for the order Primates” (Gebo, 1985:1). The abducted hallux of primates occurs as a result of the morphology of the first tarsometatarsal joint and its related soft-tissue structures (Boyer et al., 2007; Schultz, 1930; Szalay & Dagosto, 1988; Tocheri et  al., 2011). In nonhuman primates, the metatarsal facet of the medial 
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cuneiform is shifted medially, placing the hallux in a habitually abducted position 

(Fig. 4.1). The articular surface of the medial cuneiform is mediolaterally convex, facilitating abduction and axial rotation of the base of the first metatarsal. 

Morphometric studies of ape medial cuneiforms show subtle, yet functionally rele-

vant interspecific differences in articular morphology that may reflect varying 

degrees of arboreality (Harcourt-Smith, 2002; Schultz, 1930), even within a genus, such as  Gorilla (Tocheri et al., 2011). The principal feature that distinguishes the human medial cuneiform from those of nonhuman primates is the presence of a flat, 

distally-directed facet for the articulation of the first metatarsal. This morphology is associated with an adducted, nongrasping hallux, and is unique to humans among 

primates (Gill et al., 2015; Latimer & Lovejoy, 1990). 

 4.3.2   Foot Inversion and Eversion

Primates exhibit a habitually inverted foot posture at rest, with the plantar surface of their feet directed medially. This inverted set of the foot is an adaptation that allows primates to bring the sole into direct contact with the side of an arboreal substrate to 

enhance pedal grasping during arboreal locomotion (Gebo, 1993; Grand, 1968; 

Meldrum, 1991). The ability to invert the foot is not unique to primates, however, as most mammals are capable of some degree of inversion/eversion motion (Barnett, 

1970). Even among primates, there is variation in degree of inversion between major clades (Toussaint, 2018) and in response to substrate use, such as arboreal versus terrestrial (Meldrum, 1991) (see Chap. 9). Yet fossil evidence shows that an emphasis on foot inversion was present early in primate evolution, as Paleocene 

primates had a relatively larger medial articular surface of the talar head compared to terrestrial Cretaceous mammals who used a more everted foot posture (Szalay & Decker, 1974). The link between foot inversion and arboreal locomotion is supported by studies of nonprimate arborealists that exhibit parallel adaptations in foot morphology related to inversion (Sargis, 2002; Szalay & Drawhorn, 1980). 

Moreover, experimental studies with mice further demonstrate this functional link, 

having shown that mice reared in arboreal environments develop bony features of 

the talus (e.g., short talar neck and lower neck angle) that position the foot in an inverted posture (Byron et al., 2011). Therefore, the ability to invert the foot is an important adaptation for successful navigation of an arboreal environment, notably 

in the absence of a divergent, grasping hallux. 

The motions of inversion and eversion occur across multiple joints, including the 

talocalcaneonavicular and calcaneocuboid joints (also known as the transverse tar-

sal joint) and the subtalar joint (Fig. 4.4). To simplify, one can think of inversion/

eversion as occurring where the hind- and midfoot regions meet, though motion is 

also occurring between elements within each of these regions. Inversion and ever-

sion are produced by the coordinated action of several leg muscles. Inversion is 

produced by a combined effort of muscles of the anterior and posterior leg compart-

ments that have distal insertions on bones of the medial foot, including the tibialis 
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Fig. 4.4  Motions of the ankle and foot (adapted from Gebo (1993)) anterior (attached to the medial cuneiform and first metatarsal) and tibialis posterior (attached to the navicular tuberosity, medial and intermediate cuneiforms). 

Contraction of these muscles acts to pull the medial and medio-plantar surface of 

the foot, causing the navicular to rotate laterally about the head of the talus to a position above (dorsal to) the cuboid. Motion also occurs at the calcaneocuboid joint, 

during which the cuboid moves proximally and rotates laterally relative to the cal-

caneus. This motion is facilitated by the shape of the calcaneocuboid joint, which is described by Gebo (1992) as “C-shaped, ” allowing the midfoot to pivot relative to the hindfoot. Flexion of the digital flexors (flexor hallucis longus, flexor digitorum longus) assists this pivot motion as they pull the forefoot elements toward the talus 

and calcaneus (Gebo, 1993). During eversion, the muscles of the lateral compartment of the leg (peroneus longus, peroneus brevis1) act to direct the plantar surface of the foot laterally. The peroneus longus muscle has a long tendon that travels from the lateral leg across the plantar surface of the foot to insert on the base of the first 1 In human anatomy, the term “fibular” is often used in place of “peroneal.” Thus, the muscles of the lateral compartment of the leg are called fibularis longus and fibularis brevis. 
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metatarsal, while the peroneus brevis muscle has a distal insertion on the tubercle at the base of the fifth metatarsal. Contraction of the peroneal muscles causes the 

navicular and cuboid to rotate medially, and there is also some rotation of the calcaneus given its secure articulation with the cuboid. 

Nonhuman primates can produce motion at the transverse tarsal (talocalcaneona-

vicular and calcaneocuboid) joint because their joint axes are aligned whether the 

hindfoot is inverted or everted (Langdon et al., 1991). In humans, the joint axes are no longer aligned when the hindfoot inverts, effectively locking the calcaneocuboid 

joint. The absence of talar head torsion or a locking mechanism of the calcaneocu-

boid joint (both of which are derived human features) makes the nonhuman primate 

transverse tarsal joint mobile. While the transverse tarsal joint is often treated as a single joint complex, recent studies have demonstrated that motion at the talocalcaneonavicular and calcaneocuboid joints differ from each other during locomotion. 

A study by Thompson et al. (2014) used cineradiography in anesthetized chimpanzees to quantify transverse tarsal range of motion and found that the talonavicular 

joint underwent significantly more sagittal plane dorsi- and plantarflexion than the calcaneocuboid joint. However, the uniplanar analysis did not quantify motion outside the sagittal plane, such as inversion and eversion. Similarly, Kuo et al. (2020) used biplanar fluoroscopy with tantalum markers embedded in the cortical bone of 

tarsals (XROMM; Brainerd et al., 2010) to study midfoot motion in macaques walking on a treadmill. They found that although the calcaneocuboid and talonavicular 

joints rotated in conjunction with the overall movement of the foot, the two joints 

displayed independent movements, particularly during the second half of stance 

phase. More specifically, the navicular exhibited more rotation about the head of the talus than the cuboid relative to the calcaneus late in the second half of stance phase (Kuo et al., 2020). The greater rotation of the navicular at the talonavicular joint may occur in response to the action of tibialis posterior, pulling on the navicular 

tuberosity during plantarflexion. The findings of Kuo et al. (2020) are consistent with previous observations that the talonavicular joint may play a larger role in 

midfoot mobility than the calcaneocuboid joint, and highlights the necessity to con-

sider each joint as a separate functional unit in addition to their role in the transverse tarsal joint complex. 

Electromyographic studies have quantified continuous recruitment of the mus-

cles that cause inversion and eversion, though data are limited to a small number of nonhuman primate species. During both terrestrial quadrupedal and climbing 

behaviors, Japanese macaques were observed to recruit the tibialis anterior during 

swing phase, in order to dorsiflex the ankle and invert the foot in preparation for 

touchdown (Hirasaki et  al., 1995). This recruitment pattern of tibialis anterior is similar to what is observed during human bipedalism, as humans dorsiflex the ankle 

to prepare for heel-strike (Gray & Basmajian, 1968). Eversion, on the other hand, occurs during stance phase, as demonstrated by electromyographic studies of the 

peroneus longus and brevis muscles (Boyer et al., 2007; Jungers et al., 1993). In a study of strepsirrhine primates, Boyer et al. (2007) found that both peroneal muscles were silent (i.e., not recruited) at the start of swing phase, but then became active at the end of swing and throughout stance phase while the animals walked on 

56

A. N. Heard-Booth et al. 

simulated arboreal supports of various sizes. Somewhat similarly, humans recruit 

the peroneal muscles during the second half of stance phase while walking and jog-

ging, and these muscles remain active during the push-off phase of the gait cycle 

(Jungers et al., 1993). Interestingly, however, nonhuman primates exhibit a different peroneal recruitment pattern when walking bipedally. Jungers et al. (1993) found that chimpanzees, gibbons, and spider monkeys recruited their peroneal muscles 

during the swing phase of bipedal walking, which may occur to counteract tibialis 

anterior activity or help to prepare their naturally inverted feet for touchdown. 

 4.3.3   The  Weight-Bearing  Midfoot

The primary weight-bearing area of the foot is related to foot posture and includes 

the area(s) of the sole that directly contact the ground. Within primates, classification of foot posture has been both contentious and variably defined (Vereecke et al., 

2005; Schmitt & Larson, 1995; Meldrum, 1993; Gebo, 1992; Keith, 1929; Morton, 

1924b; Weidenreich, 1923; Chap. 9). Here, we follow a new convention summarized in Table 4.1 (McNutt, 2019). In brief, humans make initial contact with their heels and are truly heel-strike plantigrade. Great apes often contact their heels and midfoot on the substrate simultaneously—a condition termed “inverted heel-strike 

plantigrady” (Vereecke et al., 2003). Hylobatids and atelines have been observed lowering their heels to the substrate after initial midfoot contact, a foot posture we define as semi-plantigrade to reflect the more variable nature of their heel contact. 

Finally, most primates walk with an elevated heel and make initial contact with the 

Table 4.1  Proposed definitions for categories along the locomotor foot posture continuum (adapted from McNutt (2019))

Broad 

locomotor 

posture

Category

Definition

Plantigrady

Full contact 

Initial contact at foot down occurs on the proximal calcaneus 

plantigrady

alone

Inverted 

The proximal calcaneus makes initial contact with the 

Plantigrady

substrate simultaneously with, or quickly followed by, the 

lateral midfoot during foot down

Semi- 

Initial contact at foot down occurs in the midfoot followed 

plantigrady

by full contact of the calcaneus, including the proximal 

portion, at some point in stance phase

Digitigrady

Semi- 

Initial contact at foot down occurs in the midfoot, potentially 

digitigrady

including the distal calcaneus, but no contact of the proximal 

calcaneus occurs

Digitigrady

Initial contact occurs at foot down on the heads of 

themetatarsals and phalanges

Unguligrady

Contact occurs at only the distal phalanx (or phalanges)
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substrate with the midfoot only, a foot posture which we define as semi-digitigrade 

to reflect the absence of heel contact. 

Most nonhuman primate species walk with their feet in a semi-digitigrade pos-

ture, regardless of whether they are arboreally or terrestrially adapted (Gebo, 1992; Meldrum, 1991,  1993; Schmitt & Larson, 1995; note these authors use the term 

“semi-plantigrade”). During these postures, the heel remains elevated from the sub-

strate throughout the stride and the midfoot elements serve as the primary weight- 

bearing structures of the foot. These primates make initial contact with the substrate near their calcaneocuboid joint during quadrupedal walking (Hirasaki et al., 2010; McNutt, 2019), leading to high peak pressures on the cuboid in early stance phase (McNutt, 2019) with the center of pressure then progressing to the metatarsal heads (Hirasaki et al., 2010). Preliminary study of skeletal morphology in semi- digitigrade monkeys indicates that the plantar surface of the cuboid is expanded to withstand 

the high forces passing through this bone (McNutt, 2019). 

Humans and other apes represent notable exceptions, however, as they use more 

plantigrade foot postures (Gebo, 1992; McNutt, 2019; Schmitt & Larson, 1995; Vereecke et al., 2003). During human-like heel-strike plantigrady, the proximal heel (including the heel pad superficial to the calcaneal tuber) serves as the initial site of contact between the foot and the substrate and acts to mitigate ground reaction 

forces during the initial part of stance phase (McNutt, 2019). In humans, the presence of the longitudinal arch helps to transmit forces from the calcaneus to the 

metatarsal heads, while the midfoot region largely avoids contact with the substrate and is relieved of its role in weight support (Hicks, 1954). Although great apes are described as plantigrade and make initial contact with their heel and its surrounding soft tissue, their midfoot elements are actively involved with weight support 

throughout stance phase (Elftman & Manter, 1935a; McNutt, 2019; Vereecke et al., 

2003). In chimpanzees, the proximal and distal calcaneus, and their associated soft- 

tissue structures, are loaded simultaneously at the start of stance phase and quickly followed by the cuboid and the superficial structures superficial to it (McNutt, 

2019). This kinetic pattern is consistent with other observations of  Pan locomotion that observed initial contact with the heel and lateral midfoot (e.g., Holowka et al., 

2017; Vereecke et al., 2005). Similarly, other taxa, such as gibbons and atelines, have been observed contacting their heel with the substrate either simultaneous 

with, or shortly after, the mid- and forefoot elements make contact (Schmitt & 

Larson, 1995; Vereecke et al., 2005), a foot posture that we term semi-plantigrady. 

In all nonhuman primates, the midfoot dorsiflexes during heel lift in a motion 

referred to as a “midtarsal break.” The term was first used and defined by Elftman 

and Manter (1935a) in a classic paper describing differences between human and 

chimpanzee foot functional anatomy (Fig. 4.5). A similar observation was made for other nonhuman primates such as the baboon (Muybridge, 1887, 1957), and led to the generalization that humans have a stiff midfoot and nonhuman primates have a 

more mobile midfoot. Since then, multiple scholars have identified a midtarsal 

break in the foot of a variety of primate species (DeSilva, 2010; Gebo, 1992; 

Meldrum, 1991; Schmitt & Larson, 1995). 
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Fig. 4.5  Illustration of the midtarsal break observed in chimpanzees (bottom row) compared to humans (top row) from Elftman and Manter (1935b)

The midtarsal break is a multiplanar motion, though most research has focused 

on motion in the sagittal plane. Originally, the midtarsal break was thought to occur at the calcaneocuboid joint (Bojsen-Møller, 1979; Elftman & Manter, 1935a; Gebo, 

1992; Meldrum, 1991; Susman, 1983). However, in the early 2000s, kinematic and pedobarographic studies of bonobo locomotion ( Pan paniscus) revealed that the so-called “midtarsal break” may actually occur at the tarsometatarsal joint, rather than the calcaneocuboid joint (D’Août et al., 2002, 2004; Vereecke et al., 2003). After a similar observation was made for a sample of gibbons (Vereecke & Aerts, 2008), 

DeSilva (2009) addressed the question directly as part of his dissertation research on the functional morphology of the ape ankle and midfoot. Using a combination of 

osteological and soft-tissue specimens, radiographs, and externally-observed kine-

matics collected from living terrestrial catarrhine species, DeSilva (2009,  2010) demonstrated that although some dorsiflexion occurred at the calcaneocuboid joint, 

most of the sagittal plane motion that occurred in the midfoot region was produced 

at the cubometatarsal joint. Given this finding, DeSilva (2010) proposed the term 

“midfoot break” replace “midtarsal break” in future discussions of primate midfoot 

mobility though that proposition was short-lived and he, too, continues to use the 

term “midtarsal break” (e.g., DeSilva et al., 2015). To test the hypothesis that the midtarsal break is primarily a cubometatarsal joint motion in the lateral aspect of the foot, Granatosky et  al. (2018) used XROMM on laboratory macaques to assess midtarsal kinematics during locomotion. They compared intertarsal rotations in the 

midfoot region and found that dorsiflexion between the cuboid and fifth metatarsal 

exceeded dorsiflexion that occurred at the calcaneocuboid joint. Medially, it had 

been hypothesized that the midtarsal break occurred at the talonavicular joint 

(Meldrum & Wunderlich, 1998). Using cineradiography on chimpanzee feet, Thompson et al. (2014) found that indeed the midtarsal break is a multijoint, multi-axis motion that includes sagittal plane motion medially at the talonavicular joint. 

Granatosky et al. (2018) also detected talonavicular dorsiflexion along the medial column of the  Macaca foot that slightly exceeded sagittal plane motion at the calcaneocuboid joint. 
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4.4   The Human Midfoot and Longitudinal Arch

The anatomy of the human foot is distinct among primates in several significant 

ways that reflect a commitment to bipedal locomotion. Adaptations such as rela-

tively large and proximo-distally elongated tarsal bones, shortened digits, a robust and adducted hallux, and the presence of a longitudinal arch evolved gradually and 

in mosaic fashion as hominins increased their use of terrestrial environments 

(DeSilva et al., 2018, 2019; Harcourt-Smith & Aiello, 2004; Latimer & Lovejoy, 

1990; McNutt & DeSilva, 2018; Stern, 2000; Stern & Susman, 1983; Chap. 14; Chap. 15). Notably, the midfoot is the site of several of these key adaptations that ultimately transformed the hominin foot from a grasping appendage to one that is 

structurally adapted to both support and propel the body’s weight over a relatively 

small contact area. For example, the morphology of the medial cuneiform changed 

to articulate with an adducted and enlarged hallux (Gill et  al., 2015; Latimer & 

Lovejoy, 1990), and the overall posture of the foot became more everted (Morton, 

1922). One of the most significant adaptations, however, was the evolution of the plantar longitudinal arch. The anatomy, function, and evolution of the longitudinal 

arch has been studied by physicians and anthropologists for nearly a century, yet 

there remains limited agreement about the details of how, why, or when the arch 

evolved. Nevertheless, there is a growing consensus that the longitudinal arch is an important adaptation that allows the human foot to be both compliant and rigid to 

optimize the mechanics of bipedal walking and running (Bates et al., 2013; Elftman 

& Manter, 1935a, b; Hicks, 1954; Holowka et al., 2017; Holowka & Lieberman, 

2018; Keith, 1929; Kelly et al., 2015; Lieberman et al., 2010; Morton, 1922, 1924b; 

Preuschoft, 1970; Stearne et al., 2016; Venkadesan et al., 2020; Weidenreich, 1923). 

 4.4.1   Bony Anatomy of the Longitudinal Arch

The human longitudinal arch is formed by the articulation of the tarsal and metatar-

sal bones of the foot, and therefore includes hind-, mid-, and forefoot elements 

(Fig. 4.6). The distal end of the calcaneus is elevated from a horizontal position to meet the cuboid, creating an arch along the lateral column of the foot. Medially, 

humans have a talar head that is directed plantarly to articulate with the navicular positioned near the apex of the medial longitudinal arch. The navicular and cuneiform bones, as well as the proximal bases of the metatarsals, are all elevated from a horizontal position to contribute to arch formation. 

The overall architecture of the foot is dictated by the morphology of the partici-

pating bony elements. To put it another way, whether a foot has a longitudinally 

arched shape, as in humans, or a flat arrangement, as in other primates, depends on 

the morphology of the individual bones that form the columns of the foot. However, 

because gross foot architecture results from the additive effects of several bony elements, it may be difficult to discern this architecture from the morphology of a 
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Fig. 4.6  Human plantar longitudinal arches. Top, medial view; bottom, lateral view. Images from Gilroy et al. (2017)

single, isolated bone. Nonetheless, numerous studies have compared the morphol-

ogy of individual tarsal and/or metatarsal elements for humans and nonhuman pri-

mates (overwhelmingly, great apes) in an attempt to identify bony morphologies 

that reflect the longitudinal arch in humans, and which could indicate arch presence if identified in the hominin pedal fossil record (e.g., Day & Wood, 1968; Harcourt- 

Smith, 2002; Latimer & Lovejoy, 1989; Pontzer et al., 2010; Prang, 2015; Stern & 

Susman, 1983; Ward et al., 2011). For example, Day and Wood (1968) found that 

humans have a talar neck that is directed more distally and plantarly than what is 

observed in great apes (Fig. 4.7a), and suggested that this morphology reflected the adducted position of the hallux and elevated position of the talus at the apex of the longitudinal arch. In the metatarsal region, studies have noted differences in the 

angle of the proximal base of the fourth metatarsal (Ward et al., 2011) and patterns of metatarsal torsion (Pontzer et al., 2010; Ward et al., 2011) between humans and 

apes, and have suggested that these differences are related to arch presence in 

humans. However, others have demonstrated significant overlap in metatarsal mor-

phology among humans, gorillas, and cercopithecoids that weakens this association 

(Drapeau & Harmon, 2013; Mitchell et al., 2012). While studies such as these have identified aspects of foot bone morphology that differ between humans and nonhuman primates, most do not directly examine how the shape of an individual element 

contributes to whole foot architecture within a given species or individual. 

Few studies have examined the relationship between primate foot bone shape 

and gross foot architecture. One example, however, is a study by Berillon (2003), in 

which a two-dimensional approach was used to investigate the relationship between 

joint angle and overall foot column architecture in humans and apes. In general, 

apes were found to have joint angles of the individual bony elements that 
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Fig. 4.7  Morphological features of tarsal elements that relate to the presence of the longitudinal arch in humans. (a) (top row): The human talus (left) possesses a plantarflexed head and neck relative to the ankle joint (straight line), whereas the chimpanzee talar head and neck (right) are roughly parallel to the ankle. (b) (bottom row): The calcaneocuboid joint is angled relative to the plantar surface of the human calcaneus (bottom left). The facet is perpendicular to the plantar surface of a chimpanzee calcaneus (lower right)

contributed to flat (and slightly dorsiflexed) medial and lateral foot columns, while human joint angles were more plantarly directed along the medial and lateral col-

umns (Berillon, 2003). When plantarly-directed joint surfaces articulate with one another, a longitudinal arch is formed. For example, the cuboid facet of the human 

calcaneus is angled plantarly relative to the calcaneal body, in contrast to the more neutral (or 90°) relationship observed for great apes (Berillon, 2003; Heard-Booth, 

2017; Prang, 2015). The human morphology reflects the elevation of the distal calcaneus as it contributes to the formation of the lateral longitudinal arch, while the ape morphology is consistent with a flat lateral foot column (Fig. 4.7b). The link between cuboid facet angle of the calcaneus and foot architecture is strengthened by data from a recent radiographic study that found a direct positive relationship 

between the cuboid facet angle and longitudinal arch height in humans (Heard-

Booth, 2017). Given that humans exhibit a large range of variation in arch height (e.g., D’Août et al., 2009; Wunderlich & Cavanagh, 2001), an intraspecific comparative approach has the potential to be particularly informative as we continue to investigate how the morphology of individual foot bones contribute to gross foot 

architecture. 

62

A. N. Heard-Booth et al. 

 4.4.2   Soft-Tissue Anatomy of the Longitudinal Arch

The bones of the human foot are shaped in a way that forms an arch, yet these ele-

ments are held together by numerous soft-tissue structures. The bony arch is sup-

ported both passively and dynamically by ligaments and muscles located on the 

plantar surface of the foot. From superficial to deep, the longitudinal arch is pas-

sively supported by four fibrous structures, including the plantar aponeurosis, long plantar ligament, short plantar (calcaneocuboid) ligament, and spring (calcaneonavicular) ligament (Donatelli, 1985; Franco, 1987). The plantar ligaments act as internal ties that maintain the integrity of the bony arch by resisting thrust forces directed at the calcaneal base and metatarsal heads that occur when the longitudinal arch deforms in response to foot loading. As the arch deforms during stance phase, 

the plantar ligaments stretch and store elastic strain energy that is returned to the foot as it enters swing phase and the ligaments recoil, acting to reduce locomotor 

cost (Holowka & Lieberman, 2018; Ker et al., 1987; Lieberman et al., 2010; Miller 

et al., 2014; Stearne et al., 2016). The energy cost-saving mechanism of the arch is negligible in walking, but increases with speed during running (Stearne et al., 2016), 

leading some to argue that the longitudinal arch evolved as a running adaptation 

(Bramble & Lieberman, 2004; Holowka & Lieberman, 2018). 

Dynamic muscular support for the longitudinal arch derives from active contrac-

tion of the intrinsic plantar muscles of the foot, as well as active and tonic contraction of leg muscles that have long tendons with distal attachments on the foot. 

Intrinsic foot muscles, including abductor hallucis, flexor digitorum brevis, abduc-

tor digiti minimi, and quadratus plantae, stretch in response to arch deformation 

during early stance and then actively contract to support the arch (Basmajian & 

Bentzon, 1954; Bates et al., 2013; Caravaggi et al., 2010; Fiolkowski et al., 2003; Kelly et al., 2014; Pataky et al., 2008; Reeser et al., 1983). As the foot enters the propulsive phase of the gait cycle, contraction of the tibialis posterior muscle (which has distal attachments on the navicular tuberosity, medial cuneiform, and proximal 

metatarsals) acts to maintain the height of the arch (Edwards et al., 2008; Hankey, 

2009). In fact, dysfunction of tibialis posterior has been associated with adult acquired flatfoot disorder, highlighting the importance of its role in arch height 

maintenance (Edwards et al., 2008; Hankey, 2009). Other leg muscles whose action contributes to arch maintenance during walking include tibialis anterior and flexor 

digitorum longus (Donatelli, 1985; Reeser et al., 1983). 

 4.4.3   The Windlass Mechanism and Arch Function

Over the past century, anatomists, physicians, and anthropologists have attempted 

to describe the structure and function of the human longitudinal arch by relating it to architectural principles and mechanics (e.g., Hicks, 1954; Morton, 1922, 1924b; 

Preuschoft, 1970). Some of the earliest work by Morton (1924b) modeled the bones 
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Fig. 4.8  The human foot 

modeled as a windlass 

mechanism (from Hicks 

(1954))

of the foot as a series of static blocks that act as a second-class lever during propulsion. Morton argued that the longitudinally arched structure of the human foot 

matched the pattern of forces moving through the foot (lever), and thus the arch 

shape was the most structurally-sound for a habitual biped. Later, Wood-Jones 

(1949) and Hicks (1954, 1961) modeled the human foot as a truss and beam, arguing that a static architectural arch had limited mechanical relevance. In a static 

architectural arch, the shape is maintained by a keystone and two stationary footings at either end. In the human foot, however, the bony elements that form the arch are 

held together from underneath by plantar ligaments and the plantar aponeurosis 

(Hicks, 1954, 1961). During the propulsive phase of the gait cycle, the compliant arch is transformed into a rigid lever to propel the body’s mass over the forefoot. 

Hicks (1954) modeled this transformation as a “windlass mechanism,” in which a rope or cable is wound around a crank or pulley to move a heavy load attached to 

the opposite end (Fig. 4.8), a concept more  recently reviewed by Griffin et  al. 

(2015). To summarize, the plantar aponeurosis acts as the rope or cable that is wound around the metatarsal heads during push-off in order to move the body’s 

weight over the foot (Hicks, 1954). As the digital slips of the plantar aponeurosis are wound around the metatarsal heads during dorsiflexion of the metatarsophalangeal 

joints, tension builds in the plantar aponeurosis and the longitudinal arch heightens as the calcaneus and metatarsal heads are drawn closer together, compressing the 

bones of the midfoot (Griffin et al., 2015; Hicks, 1954). As the bones of the midfoot are compressed, the foot is transformed into a rigid lever on which the body’s weight is propelled over the metatarsophalangeal joints as the triceps surae muscles plantarflex the foot at the ankle joint. Therefore, the initial compliance of the longitudinal arch allows the human foot to compress under loading and the windlass 

mechanism allows it to act as a rigid lever for effective propulsion. 

 4.4.4   Human Midfoot Mobility

The human midfoot has long been characterized as stiff or rigid, especially when 

compared to the mobile feet of nonhuman primates. This generalization was borne 

from studies by Morton (1922, 1924b) and Elftman and Manter (1935b) in the early 
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part of the twentieth century, which were some of the first to publish qualitative 

descriptions of sagittal plane foot motion for humans and chimpanzees. However, as 

studies of human foot health expanded to include non-Western populations (many 

of whom were habitually unshod), it became clear that human feet are variable in a 

number of ways both within and between populations, including size and shape, 

longitudinal arch height, and degree of midfoot mobility (Ashizawa et al., 1997; Hoffmann, 1905; Kusumoto et al., 1996; Musiba et al., 1997; Sim-Fook & Hodgson, 

1958; Tuttle et  al., 1990). Even within habitually shod populations, studies have shown that humans exhibit a considerable amount of variation in foot shape and foot 

loading, especially in the midfoot region (Bates et al., 2013; Cavanagh et al., 1987; Crompton et  al., 2012; DeSilva et  al., 2015; DeSilva & Gill, 2013; Morag & 

Cavanagh, 1999). 

Midfoot motion is complex; thus, our discussion is focused on a few key points. 

The first is that to characterize the human midfoot as stiff or rigid is false. Not only is the human midfoot mobile, but recent studies have demonstrated that the range of 

midfoot mobility observed among humans overlaps the nonhuman primate range 

(Greiner & Ball, 2014; Holowka et  al., 2017; Holowka & Lieberman, 2018). A 

study by Holowka et al. (2017) used three-dimensional motion capture technology 

to study midfoot kinematics in humans and chimpanzees. They found that chimpan-

zees use significantly more sagittal plane (dorsiflexion/plantarflexion) motion dur-

ing stance phase than humans and confirmed that chimpanzees maintain contact 

between their forefoot and the ground as the heel is elevated. This finding is consistent with what is known about chimpanzee tarsal morphology, in which the trans-

verse tarsal joint axes are aligned to permit dorsiflexion and plantarflexion across the full range of inversion and eversion (Close et al., 1967; DeSilva, 2010; Elftman, 

1960; Langdon et al., 1991). As expected, humans were found to have a stiffer midfoot in the sagittal plane and exhibit very little dorsiflexion during stance and heel lift. However, the human midfoot was found to exhibit a greater overall range of 

motion than the chimpanzee midfoot, driven by a large degree of plantarflexion and 

adduction at the end of the push-off phase when the longitudinal arch elevates 

(Holowka et al., 2017). Interestingly, the absolute difference in dorsiflexion between humans and chimpanzees was small, with chimps using 4° greater dorsiflexion 

angles, on average, than humans. These data highlight the importance of consider-

ing both the magnitude of angular and rotational movements, as well as the point in 

the gait cycle at which they occur, when characterizing midfoot motion. 

A second noteworthy point is that some humans experience sagittal plane motion 

(dorsiflexion) during the late stance phase of the gait cycle, consistent with the primate “midtarsal break” (Elftman & Manter, 1935a, b). As the heel lifts to propel the body forward, these midtarsal breakers dorsiflex at the cubometatarsal joint prior to the onset of dorsiflexion at the metatarsophalangeal joint (Fig. 4.9; Bates et  al., 

2013; Crompton et al., 2012; DeSilva & Gill, 2013; DeSilva et al., 2015). Humans who experience a midtarsal break were also more likely to overpronate during the 

stance phase of gait (DeSilva et al., 2015), demonstrating an overall laxity of the foot joints. DeSilva et al. (2015) related sagittal plane motion to metatarsal morphology, as humans in their study sample who exhibited greater dorsiflexion along 

[image: Image 31]
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Fig. 4.9  Intraspecific variation in midfoot mobility in humans. Most humans possess a rigid foot in which the heel and midfoot lift together and weight is transferred from the heel to the ball of the foot during the terminal stance phase of gait (left). However, some humans possess a midtarsal break in which a mobile midfoot dorsiflexes at the tarsometatarsal joint, and weight is transferred to the tissue under the bases of the lateral metatarsals (right)

the lateral midfoot and higher peak pressure beneath this region were found to have 

a more convex proximal base of the fourth metatarsal. Studies that directly link foot bone morphology to overall foot function (e.g., DeSilva et al., 2015) are rare, however, given the logistical complexity of collecting multiple data sets on a given individual, including information about isolated foot bone morphology, overall foot 

architecture, and kinematic and/or kinetic data on foot function. Yet, more studies of this nature are needed to understand the multifaceted relationship between form and 

function of the human midfoot region. 

4.5   Future  Directions

Numerous questions about the functional anatomy of the primate midfoot and 

human longitudinal arch remain unanswered, leaving students and professionals 

with countless areas for future research. Here, we highlight some key topics worth 

investigating:

1.  The study of form–function relationships within the midfoot region has largely 

focused on humans and apes, with an emphasis on understanding the functional 

morphology of the foot as it relates to human bipedalism and/or the vertical 

climbing behaviors of hominoids. Few studies have investigated the functional 

morphology of the midfoot elements (or the region as a whole) as it relates to 

other primate locomotor behaviors. 

66

A. N. Heard-Booth et al. 

2.  In general, the soft-tissue anatomy of the foot has received relatively little attention compared to the bony elements. The arrangement of the plantar ligaments 

has been described for few species, and studies of the soft-tissue properties are 

rare and primarily restricted to humans. Even within humans, however, we are 

only beginning to learn about the role of plantar musculature and ligaments in 

supporting the longitudinal arch. How these soft-tissue structures vary in form, 

both intra- and interspecifically, is worthy of future exploration. 

3. To build on the previous themes, future studies should investigate functional 

hypotheses in living animals, where possible. Kinematic, kinetic, and electro-

myographical studies have the potential to inform our understanding of form–

function relationships in real time, creating rich data sets from which numerous 

questions can be addressed. 

4.  Finally, intraspecific variation is seldom studied, yet an intraspecific experimental design has the potential to reveal functionally significant information about 

the relationship between anatomy and performance. One of the key advantages 

of intraspecific study design is that it inherently controls for phylogenetic varia-

tion. When scientists investigate the relationship between anatomy and perfor-

mance within a single species, they may be able to identify intraspecific 

anatomical nuance that allows some individuals to perform a given task better 

than others, whether it be the ability to grasp more tightly, jump farther, run 

faster, etc. This intraspecific performance variation is precisely the raw material 

that natural selection would operate on as particular foot anatomies evolve to 

better adapt to different tasks. 

4.6   Summary

The midfoot region plays a significant role in primate foot postures and pedal 

mechanics. From dictating the position of the hallux to allowing complex multipla-

nar motion within the foot, the midtarsal elements are involved in several key pri-

mate adaptations and behaviors. In the earliest primates, the midfoot was shaped by 

the mechanical demands of grasping and locomoting on arboreal supports, and 

many of these adaptations persist in extant species. The human midfoot is highly 

derived and distinct in its morphology, reflecting its role in habitual bipedalism. 

While we know considerably more about the functional anatomy of the human and 

great ape midfoot due to biases in research design, studies are beginning to broaden their scope of inquiry to include a greater diversity of primate species. Moreover, 

advancements in biomechanics have allowed us to learn more about variation in 

bone shape, muscle recruitment patterns, and foot motion in just the past two 

decades than in the entire previous century. We recommend future research continue 

to incorporate the use of advanced technologies to study the biomechanics of living 

primate species as they engage in a range of behaviors. 
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Chapter 5

The Primate Forefoot

Roshna E. Wunderlich

Abstract  The forefoot plays a key role in both the grasping and leverage roles of the foot and has therefore been critical to the interpretation of pedal function at various stages of primate evolution. This chapter reviews laboratory-based observa-

tional and experimental studies of the morphology, intrinsic proportions, and 

loading patterns of the metatarsals and phalanges to explore their roles in orienta-

tion of the forefoot, grasping, and toe-off. The metatarsal heads exhibit morphological diversity that reflects habitual position and the loading environment of the 

phalanges at the end of stance phase. Phalangeal curvature and prehensility are 

good indicators of arboreality in fossil primates, as these features of the distal forefoot have been tightly associated with arboreality in extant forms. Two aspects of 

the forefoot define our Order: the nail-bearing distal phalanges and the grasping 

hallux, though the latter has been repurposed for powerful leverage in humans. The 

most distal elements of the forefoot exhibit an apical tuft and a nail rather than a claw (excepting the grooming claw of strepsirrhines and the tegulae of  Daubentonia and the callitrichines). The hallux, more than any element of the foot, illustrates the tradeoffs between grasping and leverage in the primate foot, being a central element in a power grasp and a key point for loading in toe-off. Modern techniques of 

3-dimensional visualization as well as new fossils have propelled our understanding 

of morphological variation in the primate forefoot, but considerable opportunity 

exists for incorporating functional studies into our interpretation of the evolutionary trajectory of forefoot morphology. The primate forefoot reflects the complex adaptations to arboreal life in primates, and our locomotor evolution is written in changes to forefoot anatomy seen in the fossil record. 
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5.1   Introduction

The cheiridia (hands and feet) are valuable indicators of positional adaptation and 

substrate use in that they directly contact the diverse structural environments in 

which primates characteristically move. Hands and feet are the first elements in a 

series of body segments to interact mechanically with the substrate during locomo-

tion, and any forces exchanged between animal and substrate are necessarily miti-

gated by the position and design of the cheiridia. Primate feet, in general, are 

specialized grasping organs that serve two primary locomotor functions, grasping 

and leverage. The forefoot plays a key role in each of these functions, and adaptive models for primate origins, anthropoid origins, and hominid and hominin specializations have relied on various aspects of forefoot structure and function. 

The primate forefoot is composed of five digital rays, numbered 1–5, each con-

sisting of a metatarsal and phalanges. Ray 1, the hallux, is composed of one meta-

tarsal, one proximal phalanx, and one distal phalanx. Rays 2 to 5 include one 

metatarsal, one proximal phalanx, one middle phalanx, and one distal (terminal) 

phalanx. Each metatarsal includes a base that articulates with the tarsals (tarsals and metatarsal bases are discussed in Chap. 4), a head that articulates with the proximal 

phalanx, and the shaft between them. The proximal, middle and distal phalanges are 

similarly composed of a base, shaft and head and each articulate at simple hinge 

joints supported by ligaments preventing excessive mediolateral movement or 

hyperextension. The forefoot is controlled by the movement of flexor and extensor 

muscles extrinsic to the foot as well as numerous muscles intrinsic to the foot, 

whose arrangement varies considerably throughout the primate order (Chap. 6). 

Historically, a number of specific features of the forefoot have received consider-

able attention because of their relevance to various stages of primate evolution, and it is these features that will be used to organize this chapter. (1) The proportions of the foot as well as intrinsic proportions of the forefoot have been central to analyses of primate and human evolution for over a century. (2) The morphology of the distal 

metatarsals and proximal phalanges has received considerable attention in later pri-

mate evolution as indicators of movement and adaptation in early hominin feet. (3) 

Phalangeal morphology, especially curvature, has been used as an indicator for 

grasping adaptation and performance. (4) Distal phalanges have received much less 

attention in the literature but are associated with the defining replacement of claws with nails in primates and may also provide some clues to structure of the overlying volar skin. (5) A grasping hallux is considered one of the key features of the primate order, and the morphology of the hallucial ray has played an important role in theories of early primate adaptation. The loss of that grasping hallux and its transformation into an effective lever has been a critical aspect of human evolution. (6) Finally, the intrinsic musculature of the foot has changed considerably throughout primate 

evolution. Pedal musculature is reviewed extensively in Chap. 6, so the myological 

aspects of forefoot function will be given only brief attention in this chapter. 
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5.2   Intrinsic Proportions and Functional Axes 

of the Forefoot

A considerable amount of theoretical, morphological, and functional work has 

focused on the proportions of forefoot elements within the foot, the relative proportions  within the elements of a ray, and the relative proportions of the metatarsals and phalanges  across the foot (among rays 1–5). A long history surrounds the quantification of these three types of pedal proportions and the functional theory with which they are associated, but it is only recently that experimental examination has been 

used to examine the adaptive significance of some of these proportional 

differences. 

 5.2.1   Pedal Length Proportions

The relative lengths of pedal elements have long been used to delineate the leverage 

and the grasping functions of the foot. Schultz (1963) was the first to quantify and illustrate the proportional relations among the parts of the primate foot. He quantified what he considered to be the lever of the foot, the tarsals and metatarsals, separately from the phalanges and was able to demonstrate comparative features of the 

forefoot such as the extreme variability of phalangeal lengths, the short lateral toes of humans, and the very large hallucial phalanx of some strepsirrhines (Fig. 5.1). 

Schultz’s quantification of foot proportions was pivotal to many that followed him 

and who asked questions using similar analyses of foot proportions. Lessertisseur 

and Jouffroy (1973a, b, 1975, 1978; Jouffroy, 1975, 1979; Jouffroy & Lessertisseur, 

1979) created numerous indices of foot proportions to represent the leverage and grasping functions of the primate foot during different types of locomotion and used Fig. 5.1  Primate foot skeletons scaled to the same lengths. Modified from Schultz (1936)

76

R. E. Wunderlich

these analyses to answer specific questions such as whether there were anatomically- 

unifying proportions of the hindlimb and/or foot that tied together primates with a 

propensity for bipedal locomotion ( Ateles,  Lagothrix,  and apes; Lessertisseur, 1970; Lessertisseur & Jouffroy, 1973a, b, 1978). 

Various indices of phalangeal length relative to metapodial length have been 

used to represent grasping abilities in primates (e.g., Schultz, 1936; Lessertisseur & Jouffroy, 1973a, b; Strasser, 1992, 1994; Lemelin & Jungers, 2007; Jungers et al., 

2005), carnivorans (Van Valkenburgh, 1985), and marsupials (Lemelin, 1999). 

Depending on the availability of specimens and the ability to identify phalangeal 

elements, these indices have included only the proximal phalanx, proximal and 

middle phalanges, or all phalangeal elements. In general, the ratio of phalangeal 

length to metatarsal length (often termed “prehensility index”) has been success-

fully used to represent substrate use (arboreal vs. terrestrial) and grasping ability (Fig. 5.2). Of note are the relatively long toes of  Hylobates,  Pongo,  Ateles, and Lagothrix (Schultz, 1963; Lessertisseur & Jouffroy, 1973a, b; Fig. 5.1). Phalangeal indices also vary ontogenetically as growing primates are under selection for 

improved grasping performance. Phalangeal indices decrease with age, and this 

trend is more prominent in the foot than in the hand in capuchin monkeys (Young 

and Heard-Booth, 2016). 

Interpretation of these indices relies on examination of the individual ray ele-

ments. Across prosimians, digit length actually scales isometrically while metatar-

sal length scales with positive allometry. This relative increase in metatarsal length with increasing body size is correlated with a coalescence of volar pads and likely 

improves frictional force for grasping in relatively larger animals, especially those grasping vertical substrates (Lemelin & Jungers, 2007; Chap. 7). However, lorisids and indrids exhibit relatively long digits (and lorisids have a very short second digit) compared with other strepsirrhines. These differences are probably related to 

enhanced grasping ability on large diameter supports by using widely divergent 

long halluces and long lateral digits separated by a deep cleft (Gebo & Dagosto, 

1988; Lemelin & Jungers, 2007; Fig. 5.2). 

Probably the most distinctive of phalangeal proportions across primates are the 

remarkably short (and straight) toes of humans that are accompanied by an adducted 

hallux that is long relative to the other toes (Schultz, 1963; Lessertisseur & Jouffroy, 

1973a, 1973b; Lewis, 1989; Harcourt-Smith & Aiello, 2004). It might be wondered what role, if any, the toes play in the nongrasping foot of humans. In fact, human 

toes seem to play important roles in traction, propulsion and balance (Hughes et al., 

1990; Mann & Hagy, 1979). They support a substantial amount of body weight during both walking and running, and electromyographic studies demonstrate that the 

extrinsic and intrinsic muscles are active late in stance phase to prevent hyper- 

dorsiflexion and provide a propulsive moment at the toes  (Mann & Hagy, 1979; Reeser et al., 1983). Human toes may also play an important role in balance, as they can adjust their position (or that of the metatarsophalangeal joint) mediolaterally 

during standing, walking or running, albeit to a limited extent. Recent studies have demonstrated the potential importance of the intrinsic foot muscles that insert on the toes for maintaining balance (Ferrari et al., 2020; Lynn et al., 2012; Kelly et al., 
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Fig. 5.2  Illustration of phalangeal indices (proximal + middle phalanx length/metatarsal length) and scaling relationships within the foot of strepsirrhines redrawn from Lemelin and Jungers 

(2007). (a) Bivariate plot of phalangeal indices of rays 1 and 4 against the geometric mean of 4 

mid-shaft diameters (a surrogate for body mass) illustrating general lack of relationship of ray 1 

phalangeal indices with body size but a negative relationship of ray 4 phalangeal indices with body size. The same relationship was found in the other lateral rays. (b) Bivariate plots of ln metatarsal 4 and ln digit 4 (proximal + middle) lengths against body size surrogate, illustrating extraction of the two components of phalangeal indices. Mt4 scales with positive allometry, whereas the digit scaling is not significantly different from isometry. Larger plantar surfaces in large bodied strepsirrhines affords the opportunity for flatter coalesced volar pads that are important to grasping arbo-

real supports. (Lemelin & Jungers, 2007; see also Chap. 7)

2012; pers. obs). Nevertheless, it is  reduction of the length of the lateral toes that characterizes modern humans. Short toes reduce the mechanical work spent by the 

toe flexors to stabilize the metatarsophalangeal joints and propel the center of mass, especially during running, and short toes may also reduce risk of overuse injuries 

resulting from fatigue of these muscles (Rolian et al., 2009). As propulsion, rather than grasping, became the predominant function of the toes in early  Homo and maybe some australopithecines, short lateral toes afforded an adaptive advantage in 

the reduction of metabolic cost and injury risk during long-distance foraging. Short lateral toes may have been one of a suite of features associated with long-distance 

running and persistence hunting in early  Homo (Rolian et  al., 2009; see also Chap. 11). 
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 5.2.2   Pedal Proportions Across the Digital Rays 

 and Functional Axes of the Foot

Many early anatomists examined proportional relationships  across the foot in an effort to define “perfection” or “humanness” (Flower & Murie, 1867; Harrower, 

1924; Jones, 1943; Lake, 1943) in the relative lengths of the digits (with a longest first ray epitomizing “humanness”). It was Morton (1922, 1924, 1927, 1935; Morton 

& Fuller, 1952) who was the first to emphasize the importance of the relative lengths of the metatarsals in primates in a functional context. He used the longest metatarsal to define the “functional axis” of the foot and suggested the “line of leverage” necessarily passes through the ray with the longest metatarsal, so that differences in 

relative lengths of the metatarsals were indicative of adaptation to different locomotor mechanisms or substrates. Morton emphasized the importance of a shift of the 

functional axis of the foot to the second digit in apes and humans (from the more 

primitive third or fourth digit), one he associated with enhanced grasping ability 

(Morton, 1924:13), to be critical to the evolution of the human foot. 

Morton cited a number of morphological features that defined his leverage axes, 

and many after him have quantified these features (e.g.,  Lessertisseur, 

1958; Lessertisseur & Jouffroy, 1973a, b; Langdon & Szalay, 1986; Strasser, 1994; Wunderlich, 1999; Griffin & Richmond, 2005). Lessertisseur and Jouffroy (1973a, 

b; Lessertisseur, 1958)were the first to define and quantify differences in morphological axes of the forefoot across primates, and they did so using both metatarsal 

length as well as myological aspects of these axes, specifically the distribution of the dorsal interossei and contrahentes muscles. The contrahentes adduct the digits 

around an axis formed by a raphe which serves as the origin of the muscles. This 

raphe is in line with the axial digit, and the axial digit has no contrahentes inserting on it. The dorsal interossei abduct the digits around an axis, and therefore, the axial digit is thought to serve as the insertion for two dorsal interossei and no plantar 

interossei (McMurrich, 1927). 

Forefoot axes are typically classified as a) entaxonic, having a longest second 

metatarsal and possibly arranging the dorsal interossei around the second digit; b) 

mesaxonic, having a longest third metatarsal and arranging the dorsal interossei and contrahentes around the third digit; c) ectaxonic, having a longest fourth metatarsal and arranging the dorsal interosseous and contrahentes muscles around the fourth 

digit; and d) paraxonic, third and fourth digits are of similar length. The length relationships across primate metatarsals are summarized in Fig. 5.2. Strepsirrhines 

exhibit a laterally-placed functional axis (ectaxony; Lessertisseur & Jouffroy, 

1973a, 1973b; Gebo, 1986). Gebo (1986) hypothesized that this was related to vertical support use because a laterally-placed axis enhances grasping ability on vertical supports where animals abduct their feet more than on horizontal supports. He 

referred to the mesaxonic foot (one with a third-digit axis) as “a more symmetrically balanced foot for use on horizontal supports rather than vertical supports.” 

Cercopithecines and colobines are similar in relative hallucial length (Strasser, 

1994) but differ in that cercopithecines exhibit a longest third digit (mesaxony, see 
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below; Langdon & Szalay, 1986; Strasser, 1994; Wunderlich, 1999), while colo-

bines exhibit a reduced second digit and a longest fourth metatarsal (ectaxony; 

Strasser, 1994). Callitrichids have a longest fourth metatarsal, followed by the second metatarsal, except in Callithrix where the third is longer than the second 

(Schultz, 1963). Associated with the medial shift of the leverage axis in hominoids is a second metatarsal longer than the third (Schultz, 1963; Langdon & Szalay, 

1986; Wunderlich, 1999; Griffin & Richmond, 2005). Atelines converge on the hominoid condition with a second metatarsal that is either longest in the foot or 

equal in length to the third metatarsal (Schultz, 1963; Lessertisseur & Jouffroy, 

1973a, 1973b; Wunderlich, 1999; Fig. 5.3). 

The distribution of the dorsal interossei broadly corresponds to axes based on 

metatarsal length with human dorsal interossei arranged so as to abduct the digits 

around the second toe while monkeys distribute their dorsal interossei around the 

third toe (like human hands). However, the situation in hominoids, and to some 

extent   Ateles, is more enigmatic and may provide clues as to the process of the medial shift in the functional axis of the foot. Reports vary as to the situation in chimpanzees with some researchers claiming the interossei are distributed around 

the third digit (Lewis, 1989; Sokoloff, 1972; Swindler & Wood, 1973; Hirasaki & 

Fig. 5.3  Relative length of metatarsals in anthropoid primates. The length of each metatarsal is expressed relative to the length of the third metatarsal. Points above the line indicate a metatarsal that is longer than the third metatarsal, and points below the line indicate a metatarsal shorter than the third metatarsal. Hominoids (shaded) are characterized by first (except  Pongo) and second metatarsals that are longer than all the other metatarsals and fourth and fifth metatarsals that are shorter. New world monkeys exhibit the opposite condition except Atelines and  Alouatta who converge on the hominoid condition
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Kumakura, 2010) while others suggest they are arranged around the second digit as in humans (Hepburn, 1892; Humphrey, 1867; McMurrich, 1927; Michaelis, 

1903) or that the arrangement is variable among apes (Hirasaki and Oishi, 2018). 

Meldrum (1987) even suggested this myological shift in the functional axis may be present in  Ateles,  as he found them to have a human-like distribution of the dorsal interossei. Hirasaki  and colleagues (Hirasaki and Kumakura, 2010;  Hirasaki  & Oishi, 2018) performed the most thorough analyses of the mechanisms by which changes in intrinsic muscle arrangements have occurred. Their results suggest that 

chimpanzees, gibbons, spider monkeys, and Japanese macaques  all have a myological axis around the third digit, and they suggest that the myological shift “lags” 

behind the osteological shift. They further demonstrate a mechanism by which this 

shift could have occurred. Following McMurrich (1927) and Cunningham (1882), 

they suggest the dorsal interossei are each composed of a fusion of two muscles, the deep flexor brevis muscles and the intermetatarsal abductor muscles. In this way, 

the shift in the myological axis can occur through a change in the fusion combina-

tion rather than a complete change in the attachment of the dorsal and plantar interossei. Hirasaki &Oishi (2018) speculate that this shift only occurs with increased 

loading of the second metatarsal at push-off that results in the shift of additional flexor elements to this ray. The dual origin of the dorsal interossei from a flexor 

(deep flexor brevis) and an abductor (intermetatarsal abductor) itself reflects the 

balance of leverage and grasping in the primate forefoot, and the rearrangement of 

these combinations around different axes across primates illustrates the extent to 

which the forefoot can be fine-tuned for locomotor function. 

In the last 30 years, examination of the functional axes of the foot has focused 

additionally on morphological indicators of load distribution such as cross-sectional shape and relative robusticity (see below). Preuschoft (1970) explained the role of curvature and dorsoplantarly expanded shafts in resisting bending forces that are 

high because of the length of the metatarsals and phalanges of African apes. In fact, apes, atelines and humans, all of whom have long metatarsals, also have relatively 

dorsoplantarly expanded metatarsals 2, 3, and 4. Only humans, however, exhibit this 

dorsoplantar expansion in the first metatarsal as well as stereotyped dorsoplantar 

bending strength of the first metatarsal. African apes, one the other hand, exhibit 

more varied and obliquely oriented axes of bending resistance (Jashashvili 

et al., 2011). 

Robusticity across the metatarsal row reflects similar patterns to those evidenced 

in the length proportions except in humans (Fig. 5.4). As experimental evidence on cadaveric models has demonstrated a strong relationship between plantar pressure 

on the metatarsal head and strain on the metatarsal shaft (Ferris et al., 1995; Sharkey et al., 1995; Donahue & Sharkey, 1999), it follows that relative robusticity and rigidity should reflect the relative loading environment across the metatarsal row. 

Chimpanzees and gorillas have relatively robust metatarsals 2 and 3 compared with 

4 and 5 (Fig. 5.3; Riesenfeld, 1974; Wunderlich, 1999; Marchi, 2005; Jungers et al., 

2009; Patel, Jashashvili et al., 2018), and these proportional differences seem to be related to leverage during movement on arboreal substrates, particularly during vertical climbing where peak pressures are significantly higher on metatarsals 2 and 3 

[image: Image 36]

5  The Primate Forefoot

81

Fig. 5.4  Metatarsal shaft robusticity in anthropoids measured at midshaft, proximal diaphysis, and distal diaphysis. Metatarsal shaft robusticity is a measure of cross-sectional area of the metatarsal shaft divided by the length of the shaft. Hominids (shaded) are characterized by relatively robust first and second metatarsals, especially proximally, while humans exhibit particularly robust fifth metatarsals

than 4 and 5, and peak pressures on metatarsals 2 and 3 are significantly higher 

during vertical climbing than during terrestrial walking or walking on a horizontal 

pole (Wunderlich & Ischinger, 2017; Fig. 5.5). Relative metatarsal robusticity is enigmatic in humans. Humans are distinguished by their gracile second metatarsal 

despite the second metatarsal experiencing the highest peak pressures and associ-

ated strains (Griffin & Richmond, 2005) and their exceedingly robust metatarsals 4 

and 5 (Fig. 5.4). The high bending loads on the gracile metatarsal 2 may be the reason for the high incidence of second metatarsal 2 stress fractures (McBryde, 

1985; Donahue & Sharkey, 1999). Overall robusticity of metatarsals is high in African apes and humans, very low in Asian apes and atelines, and intermediate in 

most other monkeys (Fig. 5.4). 

While early researchers referred to the relative proportions across the foot, espe-

cially relative lengths, as “functional” axes, most of their analyses were only mor-

phological in nature. Elftman and Manter (1934, 1935a, b) were the first to define a 

dynamic “axis” of the foot, that was essentially the center of pressure, and to experimentally analyze the kinematics of ape feet. They examined nonhuman primate feet 

to determine the point from which they push-off at the end of stance phase and were 

thus able to demonstrate that chimpanzees exhibit a functional axis on the second 

digit. More recently, plantar pressure systems have become more sophisticated, and 

numerous researchers have investigated the path of the center of pressure as an indicator of the foot’s functional axis. Bonobos (Vereecke et al., 2003) and chimpanzees 

(Wunderlich, 1999) both exhibit a medial shift in the center of pressure toward a 
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Fig. 5.5  Peakpressures (normal to the substrate) produced by a chimpanzee ( Pan troglodytes) climbing a vertical pole, walking on a horizontal pole, and walking on the ground over a flexible pressure mat. (Modified from Wunderlich & Ischinger, 2017.) (b) Chimpanzee walking from left to right on a flexible pressure mat placed on the ground with corresponding peak plantar pressures on the right foot. High pressures are depicted in pink and red, low pressures in blue. Note heel strike in the first frame, lateral pressures as well as medial midfoot pressures in the second frame, high pressures across the metatarsal heads and on the hallux in the third frame, and high pressures on first toe and second metatarsal just before toe-off in the fourth frame. (c) Peak pressures and video of the left foot during chimpanzee vertical climbing. (Modified from Wunderlich & Ishinger, 

2017.) Note much higher pressures on the medial side of the foot than the lateral throughout the step and high pressures on metatarsals 1–2 and toe 1 at toe off

second digit axis. Gibbons walking bipedally (Vereecke et al., 2005) and Japanese 

macaques walking quadrupedally (Hirasaki et al., 2010) both exhibit a third-digit axis. However, both Japanese macaques (Hirasaki et al., 2010) and spider monkeys (Wunderlich, 2018 and in prep) walking bipedally shift their center of pressure medially compared with quadrupedal walking (Fig. 5.6). 

These modern systems make it possible to quantify the relative load distribution 

across elements of the foot using plantar pressure distribution. It has been experi-

mentally demonstrated in cadaveric models that increased pressure on a metatarsal 

is associated with increased strain on that metatarsal (Ferris et al., 1995; Sharkey et al., 1995; Donahue & Sharkey, 1999). It therefore follows that features such as relative cross-sectional size and shape would be related to relative peak pressures on the metatarsals. While plantar and manual pressures have been measured in numerous primates (e.g.,  Daubentonia, Kivell et al., 2010; Old World monkeys, Patel & Wunderlich, 2010; Hirasaki et  al., 2010; chimpanzees, Wunderlich & Ischinger, 

2017; bonobos, Vereecke et al., 2003; gibbons, Vereecke et al., 2005), analyses of pressure   across the forefoot have been limited to larger primates because of the resolution and ranges of most plantar pressure measurement systems. The relatively 
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Fig. 5.6  Peak plantar 

pressure and center of 

pressure of characteristic 

quadrupedal and bipedal 

steps of  Macaca (from 

Hirasaki et al., 2010) and 

 Ateles (unpublished data) 

illustrating the medial shift 

in the center of pressure 

during bipedalism 

compared to 

quadrupedalism in both 

animals

longer and more robust metatarsals 2 to 3 of chimpanzees do experience relatively 

higher loads than the most lateral digits, and the distribution is more medial on 

arboreal supports, while nonhominoid anthropoids exhibit the highest peak pres-

sures on metatarsals 3 to 4 (Wunderlich, 1999; Wunderlich & Ischinger, 2017; Figs. 5.5 and 5.6). Vereecke et al. (2003), however, observed that bonobos, especially when walking with an inverted foot and curled toes, exhibit a different pattern in which the lateral digits (4 and 5) are loaded most. In gibbons, bonobos, and 

chimpanzees, the hallux is often abducted, even on the ground, and experiences 

high loads compared with the lateral digits (Vereecke et al., 2003, 2005; Wunderlich 

& Ischinger, 2017; Wunderlich, 1999). During bipedal walking,  Pan,  Ateles,  and Macaca fuscata exhibit increasingly high pressures on the medial side of the foot (metatarsals 2–3 as well as 1 in  Pan), while  Cebus exhibits an even or higher lateral (4–5) distribution of plantar pressures across the lateral metatarsal heads (2–5) 

(Hirasaki et  al., 2010; Wunderlich, 2018 and in prep). This pattern of increased medial pressures in  Pan,  Ateles, and  Macaca during bipedal walking resembles the distribution of load during climbing in  Pan (Wunderlich & Ischinger, 2017; Fig. 5.5). 

5.3   Metatarsal Morphology, Variation, and Function

The five metatarsals comprise a transition from the midfoot to the forefoot. Each 

metatarsal consists of a base that articulates with the tarsals, a shaft, and a head that articulates with a proximal phalanx. The base is square to rectangular in shape and 

ranges from flat to moderately curved. Each proximal metatarsal exhibits a set of 
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articulations for surrounding tarsals and metatarsals that varies depending on the 

nature of these articulations. The proximal first metatarsal exhibits a specialized 

articular surface for articulation with the medial cuneiform and movement in all 

three planes, a pattern that facilitates pedal grasping and that characterizes the primate order except for humans. The first metatarsal also exhibits a prominent pero-

neal process for the attachment of the fibularis (peroneus) longus muscle in many 

primates. The shape and orientation of the proximal joints as well as the extent of 

the articulations with surrounding bones have been used to describe the rigidity 

versus potential for movement at the tarsometatarsal joint (e.g., Gebo & Simons, 

1987; Proctor et  al., 2008; Ward et  al., 2012; DeSilva et  al., 2012,  2019. 2020; Proctor, 2010, 2013), but they will not be discussed here as they are considered to be part of the midfoot (Chap. 4). The metatarsal shafts are quite variable across the metatarsal row (see above and Fig. 5.4) but also vary across species and locomotor repertoires in their length, robusticity, cross sectional shape, torsion, and extent of tapering from proximal to distal. The metatarsal heads are rounded and vary in the 

extent to which their articular surfaces extend dorsally and plantarly. A dorsal ridge is present proximal to the articular surface in humans. The metatarsal heads articulate with the proximal phalanges by way of a condyloid articulation supported by 

both plantar and collateral ligaments and allowing flexion/extension and abduction/

adduction. The first metatarsal head exhibits grooves for two sesamoid bones that 

lie within the tendon of the flexor hallucis brevis muscle. 

Metatarsals 2 to 5 develop from two ossification centers, a primary ossification 

center for the body, including the shaft and proximal end, and a secondary ossifica-

tion center for the head (Fig. 5.7). In humans, the primary ossification centers of these lateral metatarsals appear in the seventh week of development in utero, the 

secondary ossification centers are present by three years of age, and these distal 

epiphyses fuse around 18 to 20 years of age. An additional epiphysis (sometimes 

termed an Os Vesalium) appears at the base of the lateral fifth metatarsal around age eight and fuses to become the tuberosity of the fifth metatarsal by age 14 (Davies 

et al., 2013). The first metatarsal differs in its developmental arrangement and has therefore been considered to be homologous to the proximal phalanges of the lateral 

digits. The first metatarsal exhibits a primary ossification center for the shaft and head of the metatarsal that appears in the seventh week of development, and a secondary ossification center that becomes the proximal first metatarsal that appears by three years of age. The first metatarsal epiphysis also fuses by about 18 to 20 years 

of age (Fig. 5.7)

The metatarsals and the metatarsophalangeal joints exhibit numerous features 

that may be indicative of habitual position, loading environment, and use of these 

elements in both grasping and leverage. Understanding the functional morphology 

of these features can inform interpretations of the fossil record and the process of primate evolution. Some of the most prominent features include the shape of the 

metatarsal shaft, base and head (dorsoplantar versus mediolateral shape and cross- 

sectional shape); torsion of the metatarsal, the relative dorsal versus plantar width of the metatarsal head, and the extent to which the joint surface is “domed” or expanded dorsally. Here we review variation in these features across primates and touch on 
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Fig. 5.7  Developing human foot with staging of epiphyseal appearance and fusion (left) and radiographs of 7-year-old (middle) and 2-year-old human feet. Left image is reproduced from Gray’s Anatomy 20th U.S. edition, now available in the public domain at https://commons.wiki-

media.org/w/index.php?title=File:Gray289.png&oldid=554006097). Right images are from cases courtesy of Dr. Aneta Kecler-Pietrzyk, Radiopaedia.org, rIDs: 53157, 53,079

how these features have been used to interpret the fossil record. Morphologies of 

fossil primate specimens are reviewed more thoroughly in Chapters 12, 13, 14, 

15 and 16. 

 5.3.1   Metatarsal Shaft Shape

Metatarsal curvature, cross-sectional shaft shape, and head shape all seem to 

respond to habitual loading patterns in primates. Dorsoplantar curvature as well as 

high dorsoplantar/mediolateral shaft depths resist bending moments, especially in 

primates such as African apes who have particularly long metatarsals (Preuschoft, 

1969, 1970). Among anthropoids, hominoids and atelines generally exhibit dorsoplantarly deeper distal shafts of Mt1–5 and midshafts of Mt1–4 than other anthro-

poids. Hominoids have relatively robust proximal metatarsal shafts and bases, and 

hominoids and atelines have relatively mediolaterally-broad metatarsal bases. 

African apes and humans exhibit robust metatarsal heads. In general, increasing 

terrestriality in monkeys is associated with more robust metatarsal shafts, and Old 

World monkeys are distinguished from hominoids and New World monkeys by 

mediolaterally-broad metatarsal heads. 

Human metatarsals are most clearly distinguished from other anthropoids by 

their robust Mt5 shaft that is mediolaterally curved; robust middle and distal Mt1 

shaft; robust Mt1 head; and dorsoplantarly deep Mt1 midshaft and proximal shaft 
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(Fig. 5.3; Archibald et  al., 1972; Day & Napier, 1965; Dowdeswell et  al., 2017; Marchi, 2010; Pontzer et  al., 2010; Susman & Brain, 1988; Wunderlich, 1999). 

Studies of internal bone geometry (Jashashvili et al., 2015) and trabecular orientation (Griffin, D’Août, Ryan et al., 2010; Zeininger, 2013) demonstrate that human 

first metatarsals exhibit a more stereotypical dorsoplantar stiffness and trabecular orientation than chimpanzees and gorillas, suggesting these African apes may not 

be experiencing stereotypical and high loading at the first metatarsophalangeal joint that would result in dorsoplantar bending. Higher trabecular anisotropy in the dorsal first and second metatarsal of humans compared with apes may serve as an indicator 

of high propulsive loads at the end of stance phase in humans (Griffin, D’Août, 

Ryan et al., 2010). This suggestion is supported by kinematic data demonstrating lower peak dorsiflexion angles in chimpanzees and bonobos than humans (Griffin, 

D’Août, Richmond et al., 2010; Fernández et al., 2016) as well as low peak plantar pressure pressures on the distal hallux, especially on the ground when the joint 

would be more likely to be dorsiflexed than on a branch (Fig. 5.4; Vereecke et al., 

2003; Griffin, D’Août, Richmond et al., 2010; Wunderlich & Ischinger, 2017). 

 5.3.2   Metatarsal  Torsion

Morton’s legacy is also evident in the more recent emphasis on metatarsal torsion in definitions of pedal axes, especially with respect to human evolution. Morton (1924, 

1935) as well as Wood-Jones (1916) illustrated that while apes exhibit everted first metatarsals and inverted metatarsals 2 to 5, humans differed from apes in the eversion of metatarsals 2 to 5. This feature has been quantified extensively in apes and humans because of its potential applicability to individual elements in the fossil 

record (unlike relative lengths, for example, that require the presence of multiple 

elements to provide meaningful data) and the potential to distinguish fine-level 

locomotor differences as evidenced by variation in metatarsal torsion patterns 

within the genus  Pan that reflect locomotor differences (Jashashvili et al., 2011). 

Drapeau and Harmon (2013) provided the most extensive analysis of metatarsal torsion to date, including cercopithecoids, great apes, humans and some early homi-

nins in their analysis. They demonstrate that cercopithecoids have inverted second 

metatarsals, neutral first and third metatarsals, and highly everted fourth and fifth metatarsals; apes invert Mt2–5 and evert Mt1; and humans are distinguished by 

inverting Mt2 and Mt3 in addition to Mt4 and Mt5 (Fig. 5.8). Their application of these data to the early hominin record suggests very early acquisition of an everted lateral foot in  Australopithecus   afarensis and  Australopithecus   africanus. Other early hominin fossils (ARA-VP-6, Lovejoy et  al., 2009; StW 89, DeSilva et  al., 

2012; BRT-VP-2, Haile-Selassie et al., 2012), on the other hand, retain an inverted second metatarsal, suggesting retention of arboreal activities. Eversion of the most lateral digits in early hominins such as the  Dmanisi  hominins (Lordkipanidze et al., 

2007), O.H.8 (Pontzer et al., 2010), and even  Australopithecus (Zipfel et al., 2009; Ward et  al., 2011) has been used to infer the presence of a transverse and a 
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Fig. 5.8  Illustration of 

metatarsal torsion 

differences among  Homo 

 sapiens,  Pan troglodytes, 

and Cercopithecines from 

Drapeau and Harmon, 

2013. Metatarsal bases are 

shaded dark gray and 

heads are light gray, and 

the images are traces of 

distal views of left feet. 

Metatarsal torsion is 

measured as the angle 

between lines transecting 

the head and the base

longitudinal arch. However, Drapeau and Harmon (2013) call for caution when using eversion of single elements, especially the fourth and fifth metatarsals, for 

inferences regarding arch development because of the presence of these same fea-

tures in cercopithecines. 

 5.3.3   Metatarsophalangeal  Joints

The shape of the metatarsophalangeal joint surface has also been used extensively 

in arguments regarding the extent of dorsiflexion and the stability of the metatarsophalangeal joints during various forms of locomotion. Human metatarsal heads, and 

those of terrestrial catarrhines to a lesser extent (Fernández et al., 2015; Fig. 5.9), 

are considered to be more dorsally-inflated or “domed” than those of African apes. 

That is, the articular surface extends further onto the dorsal surface of the metatarsal 

in humans than in apes (Susman & Brain, 1988; Latimer & Lovejoy, 1990; Susman 

& de Ruiter, 2004; Fernandez et al. 2015; Fig. 5.9). This feature has been used to estimate dorsiflexion angles in numerous fossil hominin taxa including StW 89 
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(DeSilva et al., 2012),  Ar. ramidus (Lovejoy et al., 2009),  Au. afarensis (Latimer & Lovejoy, 1990b; Wallace et  al., 2008),  Au. africanus (DeSilva et  al., 2012), 

 Paranthropus (Susman & Brain, 1988; Susman & de Ruiter, 2004), and  Homo (Pontzer et al., 2010) who are all said to exhibit dorsal expansion of the metatarsal 

head (Fig. 5.9). 

The dorsal expansion of the joint surface may be indicative of the range of the 

joint in dorsiflexion, but the shape of that joint surface may be an indicator of loading parameters. Human metatarsal heads differ from apes in that the dorsal portion 

of the metatarsal head is expanded mediolaterally (human metatarsal heads are 

more rectangular while apes are more trapezoidal with the narrow portion of the 

trapezoid dorsally). This shape in humans suggest a “close-packing” (a situation in 

which contact between the distal metatarsal and the proximal phalanx is maximized 

and the collateral ligaments would be tightened) of the human metatarsophalangeal 

joint in dorsiflexion and the ape metatarsophalangeal joint in plantarflexion 

(Basmajian & MacConaill, 1969; Susman & de Ruiter, 2004; Fernández et  al., 

2016; Wunderlich & Ischinger, 2017). These differences have been used to assess whether fossil hominins exhibited a human-like toe-off mechanism (Susman, 1983; Susman & Brain, 1988; Susman & de Ruiter, 2004; Pontzer et al., 2010; Fernandez 

et al., 2018). Kinematic (Griffin, D’Août, Richmond et al. 2010; Holowka, 2015; Fernández et  al., 2016) and plantar pressure (Griffin, D’Août, Richmond et  al., 

2010; Wunderlich & Ischinger, 2017) data demonstrate that these shape differences occur alongside high levels of dorsiflexion and load during bipedal push-off in 

humans in contrast to reduced dorsiflexion and lower metatarsophalangeal load 

(although relative toe 1 pressures remain high, suggesting an active plantarflexion 

role for the hallux) during terrestrial quadrupedal and bipedal push-off in 

Fig. 5.9  Metatarsal heads of fossil hominins and extant  Pan and  Homo  sapiens illustrated from distal (left) and lateral (right) views. Arrows illustrate the relatively wide dorsal head width and the overlap of the articular surface onto the shaft. Figure compiled from Fernández et al. (2015, 2018)
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chimpanzees (Holowka et al., 2014; Fernández et al., 2016; Fig. 5.9) and bonobos (Griffin, D’Août, Richmond et al., 2010) (Fig. 5.10). Chimpanzees, on the other hand, exhibit significantly higher toe loads at digits 1 to 4 during climbing when the metatarsophalangeal joints are plantarflexed (Wunderlich & Ischinger, 2017; 

Fig. 5.5)

5.4   Phalangeal Morphology, Variation, and Function

 5.4.1   Proximal and Middle Phalanges

Pedal phalanges, like their manual counterparts, consist of a base, shaft, and head. 

Proximal, middle and distal phalanges are present on digits 2 to 5, while the first 

digit only has a proximal and a distal phalanx. Human toes are distinctively short 

and can exhibit  biphalangeal variants, in which only 2 phalanges are present, 

Fig. 5.10  Function in the human and chimpanzee forefoot. (a) Chimpanzee and human walking bipedally with corresponding plantar pressure distribution. (b) Chimpanzee and human metatarsophalangeal joint dorsiflexion during bipedal walking. Note much higher metatarsophalangeal joint dorsiflexion, especially at the first digit, in humans than in chimpanzees (from Fernández et al., 

2016). (c) Ratio of peak pressures on the toe to the metatarsal head. Humans exhibit high relative (and absolute) pressures on the first toe at the end of stance phase. While chimpanzees exhibit absolutely lower pressures during terrestrial walking than during climbing (see Fig. 5.5), they still exhibit high toe 1 pressures relative to metatarsal pressures. In the context of reduced dorsiflexion illustrated below, this suggests active plantarflexion by the first toe, even during terrestrial walking, that may serve a supportive function. (d) Metatarsophalangeal joint dorsiflexion in chimpanzees walking bipedally (red) and quadrupedally (blue) and in humans (green) from Fernández et al. 

(2016). Humans use considerably more dorsiflexion at the metatarsophalangeal joints, especially the first, than chimpanzees
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especially on the fifth toe (LeMinor et al., 1995). The proximal phalanx has a base 

with a single concave articular facet for the head of the metatarsal and a trochlear (spool-shaped) head. The middle phalanx has a base with a double articular facet 

accommodating the trochlear shape of the head of the proximal phalanx and a troch-

lear head. Compared to other mammals, primate proximal and middle phalanges are 

wedge-shaped and have smooth articular surfaces (Gebo et al., 2017). Human mid-

dle phalanges are highly variable in their length and morphology, sometimes exhib-

iting only one ossification center (LeMinor et al., 2016). The shafts of the proximal and middle phalanges of primates are variously curved and exhibit flexor ridges for 

the attachment of the flexor sheaths of the long flexor tendons on the medial and 

lateral sides of the plantar surface. While both abduction/adduction and flexion/

extension is possible at the metatarsophalangeal joints, movement is restricted to 

flexion/extension at the proximal and distal interphalangeal (PIP, DIP) joints by 

their joint shapes and collateral ligaments. 

Phalangeal curvature has been used extensively as an indicator, almost a surro-

gate, for arboreality in fossil primates, with increasing curvature being associated 

with arboreality (Congdon, 2012; Jungers et  al., 1997; Kivell et  al., 2011; Nakatsukasa et  al., 2003; Rein, 2011; Stern and Susman, 1983; Susman, 1979; Susman et al., 1984; Fig. 5.11). Phalangeal curvature is typically measured as an included angle or radius of curvature (see Stern et al., 1995 for a more extensive review and critique). Deane et al. (2005, Deane & Begun 2008) developed a method using polynomial curve fitting for partial phalanges that was found to produce 

results moderately similar to the more traditional methods requiring complete pha-

langes, and recently Wennemann et al. (2021) developed and validated a technique using geometric morphometrics that does not make assumptions about the geometry 

of the phalanx. Numerous theoretical explanations for the association between 

curved phalanges and arboreality have been proposed. The most widely accepted 

theory is that curved phalanges experience lower stress and strain than straight phalanges when loaded in bending, the predominant loading environment experienced 

Fig. 5.11 (a).Two measures of phalangeal curvature, radius of curvature (R) and included angle (Theta). (b). Example of phalangeal curvature used to illustrate the highly suspensory nature of the subfossil “sloth” lemurs whose curvature is only approximated by orangutans among living primates (Jungers et al., 1997). Insets are (top to bottom)  Indri indri,  Babakotia,  Palaeopropithecus proximal phalanges, also from Jungers et al. (1997). (c) Illustration of use of phalangeal curvature to interpret early hominin fossils from Stern et al. (1995)
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by the phalanges during suspensory locomotion (Preuschoft, 1970, 1973; Oxnard, 

1973). It has also been suggested that curved phalanges serve to reorient flexor tendons so as to increase the mechanical advantage of the flexor muscles (Preuschoft, 

1970) and that curved phalanges increase the amount of volar skin in contact with 

the substrate during climbing (Hunt, 1991). 

Using finite element modeling, Richmond (2007) demonstrated that under simu-

lated suspensory loading conditions, bending stress and strain were reduced in 

curved relative to straight phalanges. While numerous studies have demonstrated 

interspecific associations between amount of arboreal behavior and curvature 

(Congdon, 2012; Jungers et  al., 1997; Stern and Susman, 1983; Susman, 1979; Susman et  al., 1984), various intraspecific studies have isolated the relationship between postnatal behavior and phalangeal curvature. The variation in phalangeal 

curvature across extant and recently extinct primates is considerable. In general, 

orangutans have extremely curved proximal phalanges, far exceeding the curvature 

in any other extant primate. The recently extinct Palaeopropithecidae (“sloth 

lemurs”) also had extremely long and curved proximal (and middle and even distal) 

phalanges, giving them hands and feet that were functionally similar to the claws of a sloth (Jungers et al., 1997; Fig. 5.11; Chap. 16). Hylobatids and atelids also have quite curved phalanges, followed by African apes. Terrestrial Old World monkeys 

such as  Papio have very straight proximal phalanges, and humans have particularly straight (and short) phalanges (Jungers et al., 1997; Stern & Susman, 1983; Susman, 

1979; Susman et al., 1984; Deane & Begun, 2008; Congdon, 2012; Fig. 5.11). 

The plasticity of phalangeal curvature (and therefore the extent to which it can be 

used as a true indicator of locomotor stresses experienced during life), has been 

demonstrated in numerous  studies of intraspecific variation  in curvature. 

Chimpanzees, gorillas, and macaques exhibit decreasing phalangeal curvature with 

ontogenetic decreases in arboreality (Paciulli (1995); Richmond, 1998; Congdon, 

2012), suggesting a physiological/biomechanical link between arboreal behavior and phalangeal curvature. However, Burgess (2018) suggests that neither these 

ontogenetic nor interspecific relationships between phalangeal curvature and behav-

ior are universal, even among chimpanzees, and that phalangeal curvature is 

extremely variable within taxa (see also a recent case study of a captively-raised 

terrestrial chimpanzee with curved phalanges, Wallace et al., 2020). 

The orientation of the base of the proximal phalanges, like the head of the meta-

tarsals, is indicative of the amount of habitual dorsiflexion exhibited at the MtP 

joints and has therefore been used extensively in the examination of the early hom-

inin fossil record (Duncan et al., 1994; Griffin & Richmond, 2010; Haile-Selassie 

et  al., 2012). Humans, who exhibit more habitual dorsiflexion (Griffin, D’Août, Richmond et al., 2010; Fernández et al., 2016) have proximal phalanges that are more “dorsally canted” than apes (Duncan et al., 1994; Griffin & Richmond, 2010). 

Intraspecific differences also exist in dorsal canting. Griffin and Richmond (2010) found that male gorillas have more dorsally angled proximal phalanges than female 

gorillas, and minimally shod humans have more angled proximal phalanges than 

habitually shod humans. However, interdigital differences in dorsiflexion were not 

reflected in their measure of proximal phalangeal orientation. 
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 5.4.2   Distal  Phalanges

With the exception of the hallucial and pollical elements, the primate manual and 

pedal distal phalanges are quite similar in most species and are often combined in 

comparative analyses. The distal phalanges, like the other phalanges, are composed 

of a base, shaft, and head. The base has a double proximal facet for the trochlear 

head of the middle phalanx. Tuberosities are present lateral to the base for the 

attachment of the interphalangeal collateral ligaments. The head of the distal pha-

lanx in primates is expanded into an apical tuft, sometimes called the ungual process (Stack, 1958), ungual or apical tuberosity (Shrewsbury & Johnson, 1975, 1983), 

ungual tuft (Susman, 1998), or distal phalangeal tubercle (White & Folkens, 2005). 

This apical tuft, although reduced in some tegulae-bearing species, is a defining 

feature of the primate distal phalanx (Maiolino et al., 2011). Apical tuft size among primates is associated with both phylogeny and locomotor pattern with suspensory 

primates and platyrrhines having the smallest tufts and terrestrial primates and 

strepsirrhines having the largest tufts (Mittra et al., 2007). 

 5.4.3   Claws  and Nails

The most prominent aspect of the most distal elements of the primate forefoot is the presence in all primates except the aye-aye ( Daubentonia) and callitrichines of nails (ungulae) instead of claws (falculae) (Mivart, 1873; Napier & Napier, 1967; Martin, 

1968; Cartmill, 1974a; Soligo & Müller, 1999).  Daubentonia and the callitrichines possess tegulae, which are modified claw-like nails (Hamrick, 1998; Soligo & 

Müller, 1999). 

Falculae, tegulae and ungulae are distinguished from one another by their overall 

shape, the shape of the underlying distal phalanx, and the relative position of the 

apical pad (Clark, 1936; Hershkovitz, 1977; Spearman, 1985; Soligo & Müller, 

1999; Hamrick, 2001; Maiolino et  al., 2011). Falculae are sharp, mediolaterally compressed, and curved. They have two corneus layers, the deeper of which is 

derived from a terminal matrix that seems to be lost or reduced in animals with 

ungulae (Clark, 1936), although substantial evidence suggests that the number of layers present in ungulae, tegulae and grooming claws is actually quite variable, so this feature may not be useful in distinguishing faculae from ungulae (Thorndike, 

1968; Soligo & Müller, 1999). The apical pad sits quite proximally relative to the claw and the distal phalanx, essentially ventral to the DIP joint (Rosenberger, 1977; Garber, 1980; Maiolino et al., 2011). Falculae overlie distal phalanges that are, like the claw, curved and mediolaterally compressed (Maiolino et al., 2011). The distal phalanges have large basal nutrient foramina. There is usually a sesamoid bone at 

the DIP joint, and most falcular distal phalanges have a distinct extensor and flexor tubercle (Clark, 1936). 
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Ungulae are dorsoplantarly flat and mediolaterally broad. They overlie distal 

phalanges that are also dorsoplantarly compressed and mediolaterally broad. The 

apical pad extends far distally, lying ventral to the body of the distal phalanx 

(Rosenberger, 1977; Garber, 1980; Maiolino et  al., 2011). Except on the hallux, 

sesamoids are not usually associated with ungular DIP joints. 

Tegulae are mediolaterally compressed and dorsoplantarly curved like falculae, 

and they overlie distal phalanges of similar shape (Clark, 1936; Hamrick, 1998; Maiolino et al., 2011). The distal phalanges differ from those with falculae in having distinct apical tufts at the head. The apical pad is positioned ventral to the shaft of the distal phalanx, but it does not extend as far distally as in digits associated with ungulae (Maiolino et al., 2011). Tegulae can be found on the manual and pedal digits 2 to 5 of Callitrichines as well as on the manual digits and pedal digits 3 to 5 of Daubentonia. 

Some primates possess a “toilet claw” or “grooming claw,” so called because of 

its use primarily in grooming. This claw is on the second digit in all strepsirrhines as well as  Aotus and  Callicebus, and a grooming claw can be found on the second and third digits in  Tarsius (Soligo & Müller, 1999; Boyer et al., 2018; Maiolino 

et al., 2011, 2012; von Koenigswald et al., 2012). Distal phalanges with grooming 

claws possess an apical tuft, are dorsoventrally shallow, and they sit, with their associated grooming claw, at an angle to the rest of the digit that is strongly dorsally canted. The apical pad is restricted to the proximal portion of the shaft of the distal phalanx. Considerable controversy has surrounded the homology and evolutionary 

origins of grooming claws. 

5.5   The Hallux - Adaptations for Grasping and Leverage

 If there be a  human  member in which we may justly take pride without laying ourselves open to a charge of  self-adulation, that member is the big toe. Philosophers are wont to laud the perfections of our enlarged but simple and but recently emancipated mammalian brain 

 : artists pay homage to certain female bodily contours made for the most part of subcutaneous fat : poets wax eloquent over the simplest biological features when they constitute a part of the  human  body – but the big toe lacks its champion.  (Jones, 1943) The morphology of the hallucial ray has figured prominently in scenarios of primate 

and human evolution because of the central position of a grasping hallux as a hall-

mark of primates (e.g., Murie and Mivart, 1872; Mivart, 1873; Clark, 1959; Cartmill, 

1974a, b; Szalay & Dagosto, 1988; Bloch & Boyer, 2002; Goodenberger et  al., 

2015) and the nongrasping, levering hallux as a defining feature of humans (e.g., 

Jones, 1943; Morton, 1922, 1924, 1935; Day & Napier, 1965; Susman, 1983, 1998; Latimer & Lovejoy, 1990; Lewis, 1972, 1989; Harcourt-Smith & Aiello, 2004; Susman & de Ruiter, 2004; Gebo & Schwartz, 2006). While some of the features of the hallucial elements have been discussed elsewhere in this chapter, the hallux 

plays such a prominent role in the reconstruction of behavior from the primate fossil record and resulting adaptive scenarios, that the most prominent morphological 
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features used in these interpretations deserve special attention. The hallux, more 

than any other single element of the foot, illustrates the interaction and tradeoffs between grasping and leverage in the primate foot. First metatarsal torsion and the 

morphology of the proximal first metatarsal have been used as proxies for grasping 

type and power and have also been associated with leaping and/or landing, while 

robusticity and metatarsal head shape have figured prominently in predictions 

regarding leverage at the first metatarsal. 

The hallucial ray is composed of a metatarsal and two phalanges. A prehallux is 

present as part of the hallucial tarsometatarsal joint in most platyrrhines and hylobatids but not in cercopithecoids and only very rarely in great apes and humans 

(Conroy, 1978; Lewis, 1964, 1972; Wikander et al., 1986). Various interpretations have inferred the presence of a prehallux by the presence of facets on the first metatarsal and/or medial cuneiform in  Aegyptopithecus,  Pliopithecus, and  Proconsul (Lewis, 1972; Conroy & Rose, 1983), but Wikander et al. (1986) have called into question the utility of these facets for interpreting the presence of a prehallux. The prehallux is an enigmatic structure that has raised considerable debate as to its functional role, its phylogenetic implications, and even its rare manifestation as one of a number of accessory ossicles medial to the first metatarsal in humans (first described by Dwight, 1902 but see Kati et al., 2021 for a thorough nomenclature of 9 potential accessory ossicles around the medial cuneiform). While its name implies a vestigial 

structure, the prehallux actually forms as part of the joint between the medial cuneiform and the first metatarsal in association with the tibialis anterior in primates, where this muscle gains an attachment to the proximal first metatarsal in addition to its attachment to the medial cuneiform (Conroy, 1978; Lewis, 1964, 1972). Lewis (1972) suggests a functional role for the prehallux in grasping on arboreal supports, but Wikander et al. (1986) not only claim there is no evidence for a role of the prehallux in arboreal grasping, but they suggest the prehallux in platyrrhines and hylobatids may not even be homologous because of differences in the joint surfaces at 

the hallucial tarso-metatarsal joint as well as potential ontogenetic differences. 

Further experimental study of the function of the first tarso-metatarsal joint in different types of primate grasping may elucidate the role, or the reason for develop-

ment, of this structure in some primate groups and not others. 

 5.5.1   The Hallux in Prosimians and Extinct Euprimates

The proximal hallucial metatarsal of extant prosimians and extinct euprimates is 

large and characterized by a deeply concave sellar joint, wide abduction (defined by the arrangement of facets on the medial cuneiform or measured as physiological 

abduction on the first metatarsal as the angle between the proximal articular surface and the long axis of the diaphysis; Patel et al., 2012), diaphyseal torsion, and a large peroneal process. These features are indicative of a strongly abducted hallux with a large degree of abduction/adduction in the earliest euprimates (Szalay & Dagosto, 

1988; Dagosto, 1990). This typical prosimian/euprimate proximal hallucial 
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morphology has been associated with powerful grasping, possibly in a small branch 

environment (Gebo, 1986, 1993; Szalay & Dagosto, 1988; Jacobs et al., 2009; Patel et  al., 2012). Gebo (1985) defines two different grasp types among prosimians which he calls I–II (found in indrids and large lemurs) and I-V (the more primitive 

form found in cheirogaleids, lorisiforms,  Daubentonia,  Lepilemur, and  Tarsius) grasps that both depend on the specialized powerful grasp of the hallux. While these definitions are generally accepted, no study to date has tested these assumptions 

regarding grasping power on different substrate sizes or the different grasp types in prosimians. Patel et al. (2012) did demonstrate that first metatarsal morphology reliably discriminates between these two groups. 

The large peroneal tubercle that characterizes prosimians and extinct euprimates 

(but not the Paleocene plesiadapiform  Carpolestes who does exhibit other charac-

teristics of euprimate hallucial morphology; see also Chap. 12) has engendered considerable debate regarding its function and therefore its role in understanding early primate evolution (e.g. Szalay and Dagosto, 1988; Gebo, 2004; Sargis et al., 2007; Boyer et al., 2007). It is very large in prosimians, but not anthropoid primates, and it is larger in leaping lorisoids than those that do not engage in a great deal of leaping (Jacobs et al., 2009; Fig. 5.12). Its presence in extant prosimians and general association with other pedal grasping features in extinct early euprimates originally suggested that an enlarged peroneal process facilitated powerful grasping by 

increasing the lever arm of the fibularis (peroneus) longus muscle (Walker, 1974; 

Szalay & Dagosto, 1988; Gebo, 1986, 2004). Szalay and Dagosto (1988) also suggested that the peroneal tubercle may serve to buttress the joint between the medial cuneiform and the first metatarsal during landing from a leap. Electromyographic 

analysis of the fibularis (peroneus) longus muscle does not support the suggestion 

that fibularis longus is important to powerful hallucial grasping in euprimates 

(Boyer et al., 2007; Kingston et al., 2010). Rather, comparative analyses suggest that a long peroneal tubercle may provide leverage to fibularis longus to prevent 

hyperabduction and inversion during the landing phase of leaping (Jacobs et  al., 

2009; Goodenberger et al., 2015). Electromyographic data on the role of fibularis longus during leaping/landing is necessary to test this assumption. 

Because of their recent extinction and their phenomenal diversity in postcranial, 

especially pedal, adaptations, the Malagasy subfossil lemurs (see also Chap. 16) deserve mention in any discussion of variation across extant primate halluces. As is frequently the case, the subfossil assemblage of Malagasy lemurs provides an enigmatic array of adaptations in the hallux.  Megaladapis, reconstructed as a large foli-vorous lemur adapted for strong pedal grasping and climbing, had a hallucial ray 

that measured 80% the length of its tibia. The first metatarsal was robust, and the 

first metatarsal–medial cuneiform joint was mediolaterally broad and dorsoplan-

tarly compressed with facet arrangements resembling those of lorisines suggesting 

a widely abducted grasping hallux. The peroneal tubercle was reduced relative to 

extant prosimians. Other aspects of the foot of  Megaladapis, such as the medially projecting calcaneus and large peroneal tubercle on the fifth digit, support the 

importance of abduction of the first and lateral digits using intrinsic musculature to free the foot from the orientation constraints of the extrinsic musculature and to 

[image: Image 44]
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Fig. 5.12  Virtual reconstructions of primate hallucial metatarsals from microCT scans compiled from Patel et al. (2012, 2020). For each pair, the upper image is a dorsal view and the lower image is a medial view. Horizontal scale bars (upper two rows) represent 1 mm, and vertical scale bars (lower 4 rows) represent 1 cm. Patel and colleagues have made digital 3-dimensional surface files for these and numerous other specimens available for further study at www.morphosource.org

facilitate flexible grasping in variable substrate environments (Wunderlich et  al., 

1996).  Archaeolemur and  Palaeopropithecus exhibit extreme reduction of the hallucial metatarsal, likely as a result of different functional regimes.  Archaeolemur possessed a hallux that was shorter than all extant strepsirrhines and cercopithecoids but still possessed a substantial peroneal tubercle. It was less abducted than in extant lemurs, resembling in most aspects the condition in large-bodied cercopithecoids (Jungers et  al., 2005).  Palaeopropithecus and the sloth lemurs exhibited remarkable hindfoot reduction and lengthening of digits 2 to 5 (see Chap. 12). The 

hallux of  Palaeopropithecus, however, was extremely reduced in length (Godfrey & 

Jungers, 2003). 

 5.5.2   The Hallux in Anthropoids

The anthropoid hallux is defined by reduction of many of the features used to define the euprimate hallux. The anthropoid hallux is shorter and less robust, exhibits a 

reduced peroneal process and decreased hallucial torsion relative to prosimians, and the joint between the medial cuneiform and hallucial metatarsal is more ovoid in 

shape (Szalay & Dagosto, 1988; Gebo, 1986; Jacobs et al., 2009; Fig. 5.12). Gebo 

(1986) argues that this “less powerful” grasping is adapted to large-diameter 
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horizontal support use rather than the “more gravity burdened vertical supports” 

(Gebo, 1986: 427). Patel et al. (2012) performed extensive phylogenetic analyses using numerous characters of primate and nonprimate first metatarsals. They contributed additional distal first metatarsal characters to the array of features distinguishing primate as well as anthropoid first metatarsals, and they demonstrated that the early anthropoids,  Catopithecus and  Aegyptopithecus possess this derived anthropoid hallux. They support the inference that this morphology is related to 

decreased powerful hallucial grasping and adaptation to movement on larger more 

horizontal branches. 

Hominoid feet exhibit a large range of adaptations to grasping and leverage, and 

nowhere is this more evident than in the hallux (Fig. 5.12). Extant hominoids are characterized by long, robust halluces, but  Pongo exhibits extreme  reduction in hallucial length. The first metatarsal is relatively more robust than monkeys whether 

robusticity is calculated with external dimensions or internal strength properties 

(Harrison, 1982; Conroy & Rose, 1983; Langdon & Szalay, 1986; Wunderlich, 

1999; Patel et al., 2017, 2020), and it exhibits a lateral torsion that results in the head of the first metatarsal facing the everted metatarsals 2 to 5. An examination of the strength properties of the hallux versus pollex in hominoids demonstrated that the 

hallucial metatarsal is also consistently stronger (measured as midshaft cortical 

area, polar section modulus, and polar second moment of area) than the pollicial 

metacarpal, supporting its relative importance as a weight-bearing element (Patel 

et al., 2020). The first metatarsal head is characteristically wider than tall in hominoids while most nonhominoid anthropoids are dorsoplantarly taller than mediolat-

erally wide (Harrison, 1982; Patel et al., 2017). The medial epicondyle of the first metatarsal head is more developed than the lateral epicondyle in apes. This is in 

contrast to the symmetrical shape of the cercopithecoid Mt1 head and the more 

developed lateral epicondyle in platyrrhines. The medial epicondylar development 

is associated with a dorsal projection medially just proximal to the articular surface that has been suggested to be associated with a more stable MtP joint in hominoids 

(Patel et al., 2017)

In vivo kinematics and forces on hominoid halluces tend to be quite variable and 

species, substrate, and gait dependent. While the hallux clearly has an important 

function in grasping during climbing in hominoids, most experimental analyses 

have been performed on terrestrial substrates because of technical considerations. 

During bipedal locomotion on the ground, gibbons use an extremely abducted hal-

lux that experiences consistent low-level loads. The hallux is more abducted when 

the foot is toed-out than toed-in and can often be the first element of the foot to 

touch the substrate (Vereecke et al., 2005). This has also been observed in sifakas during their unusual bipedal galloping (Wunderlich & Schaum, 2007). African apes are more variable in their use of their hallux during locomotion. Bonobos frequently, but not always, abduct their hallux during quadrupedalism. Peak pressure can be 

higher or lower than on the lateral toes, and toe off is usually not on the hallux but rather on the lateral toes. During bipedalism, bonobos occasionally touch down 

with the hallux first and consistently toe-off at the lateral toes (Vereecke et  al., 

2003). Chimpanzees can also variably abduct their hallux during quadrupedal and 
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bipedal walking (Elftman & Manter, 1935a; Wunderlich, 1999; pers. obs.; 

Fig. 5.10a), and there is some suggestion that the extent of abduction may be related to an increase in lateral pressure. While bonobos and chimpanzees reach peak MtP1 

dorsiflexion angles near the end of stance phase during terrestrial locomotion, dor-

siflexion is still considerably lower (19° ± 5.5° in quadrupedal bonobos, 18° in one bipedal bonobo, 12°  ±  4° in quadrupedal chimpanzees, and 12°  ±  7° in bipedal 

chimpanzees) than in humans (Griffin, D’Août, Richmond et al., 2010; Fernández et al., 2016), and pressures are lower on the first toe during terrestrial walking than on a simulated branch. During climbing on vertical supports or even quadrupedal 

locomotion on a horizontal support when the MtP1 joint is plantarflexed, peak pres-

sures are higher on the first toe than any region of the foot (Wunderlich & Ischinger, 

2017; Fig. 5.5). While much less attention has been given to forefoot use in  Gorilla or   Pongo, preliminary evidence suggests that gorillas also use an abducted but minimally- loaded hallux during terrestrial quadrupedalism (Wunderlich et al., 2019). 

The adducted and robust human hallux is one of the most distinct and earliest 

recognized features distinguishing the human foot from those of apes (Morton, 

1922, 1924, 1935; Day & Napier, 1965; Susman, 1983; Latimer & Lovejoy, 1990; Lewis, 1989; Gebo & Schwartz, 2006) compared with other hominoids and is used 

entirely in leverage rather than grasping (although this function is minimally 

retained and can be trained to high levels of efficiency). During bipedal walking the human MtP1 joint experiences much higher levels of dorsiflexion (21–48°) than 

 Pan (11–30°, Griffin, D’Août, Richmond et al., 2010; Fernández et al., 2016). These 

high levels of dorsiflexion are reflected in the morphology of the proximal phalanx 

(Duncan et al., 1994; Griffin & Richmond, 2010) and the distal metatarsal (Susman 

& Brain, 1988; Latimer & Lovejoy, 1990; Susman & de Ruiter, 2004; Fernandez 

et al., 2018; Komza & Skinner, 2019). Relative peak pressures on the human hallux are very high at the end of the stance phase of walking when the first toe is used for leverage (Hayafune et al., 1999; Fig. 5.10), resulting in high forces across the MtP1 

joint (Stokes et al., 1979; Jacob 2001). Even higher forces are experienced on the first toe during running (Mann & Hagy, 1979; Rolian et al., 2009). These high forces during propulsion are reflected in the relative cross-sectional robusticity and strength of the hallucial metatarsal (Marchi, 2005; Griffin & Richmond, 2005; Patel, Organ et al., 2018), the highly stereotyped dorsoplantar rigidity along the length of the 

diaphysis, especially distally (Jashashvili et al., 2015), and the dorsally more anisotropic trabecular architecture of the human metatarsal head (Griffin, D’Août, Ryan 

et al., 2010; Zeininger, 2013; Komza & Skinner, 2019). The distribution of trabecular bone in the distal first metatarsal reflects the habitual loading environment in great apes and humans. While humans exhibit a higher concentration of trabecular 

bone on the dorsal side of the distal first metatarsal, the area that is heavily loaded during dorsiflexion, great apes exhibit higher concentration of trabecular bone on 

the plantar side of the distal first metatarsal reflecting high loads during plantarflexion. When applied to fossil specimens, these differences can elucidate subtle 

differences in loading environment that may not be evident from the external mor-

phology alone (Komza & Skinner, 2019). The evolutionary process of adduction and realignment of the hallux into a structure of powerful leverage is the subject of 
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considerable study and debate and the fossil evidence for this process is reviewed in Chaps. 14 and 15. However, studies of internal and external morphology, combined with functional information about the loading environment of the MtP1 joint, illustrate the power of integrative studies in functional and ecological morphology. 

5.6   Future  Directions

Thorough understanding of the primate forefoot is essential to understanding criti-

cal steps in primate evolution, including primate origins, hominoid origins and 

human origins. The discovery of a relatively large number of associated fossil 

remains, combined with new techniques to analyze 3-dimensional morphology and 

the increasing facility with which details of pedal function can be quantified in the laboratory and in the field have afforded unprecedented opportunity for understanding the evolution of the primate forefoot. The following are areas for which recent 

technological advances or discoveries have opened opportunities or revealed the 

need for future study:

1)  Combining detailed macro- and microstructural analyses of bone shape (e.g., 

Jashashvili et al., 2015; Komza & Skinner, 2019; Patel, Jashashvili et al., 2018) with FEM or other mechanisms for modeling loading environment, and detailed 

functional information of forefoot position and load will enhance the ability to 

interpret fossil specimens and parse the loading environment of different parts of 

the foot and animals in different environments. Advances in open source/shared 

data of this type will continue to make comparative analyses more thorough. 

2)  Perhaps most critical to enhancing our understanding of the evolution of the 

primate foot is functional information. The technology is now available to mea-

sure grasping strength and leverage mechanisms in live animals. Most such tech-

nology is still expensive, but as it becomes more accessible we can learn more 

about the actual forces that need to be mitigated by the skeleton and therefore 

likely influence its morphology (e.g., Toussaint & Youlatos, 2019). Pressure mat technology facilitates quantification of the loading environment of individual 

elements, but it is critical that we develop affordable mechanisms for the simul-

taneous measurement of normal and shear loads on arboreal (or simulated arbo-

real) surfaces. XROMM technology affords the opportunity to study joint 

motions in the foot that are otherwise invisible and difficult to quantify in three 

dimensions except with the insertion of bone pins, a process only possible in 

humans (e.g., Lundgren et al., 2008). 

3)  We need to produce better quantification of foot use in wild primates and con-

nect foot postures with locomotor pattern and substrate use. It is only through 

application of functional models to the fitness of living animals, that we can 

apply pedal morphological adaptive models (e.g., fine branch models for primate 

origins). 
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4)  Studies of fine-scale influences of sex differences in locomotor behavior (Griffin 

& Richmond, 2010) or of habitual footwear use (Griffin & Richmond, 2010; Drapeau & Forgues-Marceau, 2019) provide creative and novel pathways to assess the degrees of difference in locomotor behavior that are observable in fossil record. In order to take full advantage of these studies, however, we need to 

have a much better understanding of the variation across human populations—

habitually shod versus habitually unshod but also among habitually 

unshod groups. 

5.7   Summary

The forefoot is the most mobile part of the primate foot, affording it an important 

role in grasping the diversity of arboreal substrates on which most primates move, 

but it is also critical to leverage and experiences high loads at the end of stance 

phase during most types of primate locomotion. The morphology of the primate 

forefoot reflects these two, sometimes contradictory, roles. This chapter reviews 

both the structural and functional aspects of the individual elements of the forefoot as well as the distribution of these features  across the five rays with an emphasis on features that have been used in interpretations of the fossil record. Aspects of the forefoot elements such as torsion and curvature reflect the substrates grasped by 

primates and the orientation of the foot (and the rest of the hindlimb) relative to 

those substrates. However, robusticity, internal geometry, and metatarsophalangeal 

joint shape reflect the loading environment experienced by the forefoot. When com-

pared across the foot, these reflect variation in leverage across the primate order. 

The morphology and function of the hallux has been critical to models of primate 

and human origins. While strepsirrhines and fossil euprimates are characterized by 

a large grasping hallux with a large peroneal tubercle, this quintessential primate 

adaptation has been modified considerably across the primate order, most distinc-

tively in humans as a robust, adducted lever. To date, functional studies of the forefoot in nonhuman primates have primarily focused on understanding these aspects 

of mobility and leverage in apes and humans. Considerable potential exists for com-

parative functional studies to shed light on forefoot function in early primates. 

Application and development of new technology for quantification of movement 

and loading environments within the forefoot, increasingly fine-scale measurement 

of bony morphology, an understanding of the implications of functional character-

istics of the forefoot for animal fitness, and an increasing number of associated 

fossils and footprints promise to advance our understanding of the primate forefoot 

and the mechanisms by which primates use it to interact with their physical 

environment. 
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Chapter 6

Myology of the Primate Foot

Evie E. Vereecke

Abstract  The morphology of primate feet has attracted the interest of many physical anthropologists because the specific anatomy of the foot reflects an animal’s 

positional and locomotor behavior. While there are numerous studies focusing on 

the osteology and relative proportions of the foot bones, few studies have examined 

the foot musculature of different primates. In this chapter, I give an overview of the extrinsic and intrinsic musculature of the primate foot and discuss the relevant variations among different primate taxa, with a focus on hominoid primates. 

Keywords  Extrinsic muscles · Intrinsic muscles · Comparative anatomy · Muscle mass · Muscle length · Grasping · Leverage

6.1   Introduction

The anatomy of the foot varies widely across primate taxa, even within one genus, 

and anatomical differences can often be linked to differences in positional and locomotor behavior (Sarmiento, 1994; Szalay & Dagosto, 1988). For example, galagos, which are proficient leapers, have feet that are very different from those of baboons, which are terrestrial quadrupeds, or orangutans, which use a high amount of arboreal clambering. Further, it has been shown that the foot anatomy differs between 

mountain gorillas ( Gorilla   gorilla   berengei) and western lowland gorillas ( G. g. 

 gorilla), and that this can be linked to their different amount of arboreal locomotion. 

The feet of the more arboreal lowland gorillas have a hallux which is more adapted 

to grasping, whereas the feet of the mountain gorillas display more terrestrial traits, common to those found in humans (Oishi et  al., 2009; Straus, 1930; Tocheri 

et al., 2011). 
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Within this context of comparative primate foot anatomy, the osteology of the 

foot has been studied quite extensively among different primate taxa (e.g., Szalay & Dagosto, 1988; Lisowski et al., 1974; Lewis, 1981; Sarmiento, 1994), but the foot musculature has more scarcely been studied. Careful descriptions of the foot muscles can be found in historical publications, often accompanied by beautiful and 

detailed illustrations. Perhaps most famous are the anatomical publications by 

Straus and Raven on the gorilla and chimpanzee (Raven, 1936; Raven, 1950; Straus, 

1930), by Miller on the bonobo (Miller, 1952; Figs. 6.1 and 6.2), by Morton and by Swindler and Wood on the baboon, chimpanzee, and human foot (Swindler and 

Swindler & Wood, 1973; Morton, 1922), and the detailed description of macaque 

foot musculature by Inokuchi (Inokuchi, 1967; Fig. 6.1). More recently, several publications have provided a full quantification of the extrinsic and/or intrinsic foot musculature of hominoid primates (Thorpe et  al., 1999; Vereecke et  al., 2005; Carlson, 2006; Payne et al., 2006; Channon et al., 2009; Oishi et al., 2009, 2012; Goh et al., 2017; Oishi et al., 2018). Information about the foot musculature in other primates remains, however, scarce (Langdon, 1990). A detailed investigation and interspecific comparison of the foot musculature in primates is nevertheless very 

relevant as the specific architecture and relative development of the foot muscles 

will most likely reflect locomotor adaptations as muscles generate the forces and 

power required for movement. 

Foot muscles serve several important functions. First of all, they generate much 

of the motion and positive work of the ankle and foot joints, contributing to propulsion (e.g., during quadrupedalism, leaping, and climbing) and positioning of the 

foot in the three-dimensional arboreal space (e.g., during arboreal clambering and 

grasping). Second, foot muscles, in particular those at the plantar side of the foot, can act as active stabilizers of the different joints. In humans, we see that several foot muscles, both intrinsic and extrinsic, work together to transform the flexible 

foot into a rigid lever for push-off (Kelly et al., 2014, 2015; Farris et al., 2019). 

Fig. 6.1  Historical drawings of the dorsum of the bonobo (a), gorilla (b), and macaque (c) foot (Miller, 1952; Inokuchi, 1967; Raven, 1950)
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Fig. 6.2  Historical drawings of the sole of the foot in chimpanzee and gorilla (Raven, 1936)

Though foot muscle function has only scarcely been studied in nonhuman primates, 

it is conceivable that contraction of the intrinsic muscles at the plantar side of the foot and tension in the tendons of the long digital flexors, the tibialis posterior, and the peroneus longus muscle contribute to the stabilization of the foot joints during, for example, terrestrial quadrupedalism. In addition, muscle-tendon units in the foot and ankle can act as elastic recoil mechanisms, as seen in the human plantar aponeurosis and Achilles tendon (Aerts et al., 2018; Hicks, 1954; Ker et al., 1987), or as 
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shock absorption (i.e., energy dissipation) devices to attenuate impact forces 

(Gefen, 2003). 

Foot positioning during locomotion, as well as locomotor repertoire and support 

preferences, will have a strong influence on relative development of the foot mus-

cles. The foot can be positioned in different ways on the substrate during locomo-

tion and the substrate can also vary largely, from thin flexible lianas to large boughs. 

Most primates use a heel-elevated, or semi-digitigrade, foot position in which the 

heel makes no contact with the substrate (Gebo, 1992). In contrast, hominoids and some New World monkeys (e.g.,  Lagothrix, Ateles, Alouatta) have a plantigrade foot position in which the heel contacts the substrate at some point during the stance phase, with only great apes and humans exhibiting a true heel-strike (Schmitt & 

Larson, 1995). In addition to foot positioning, locomotor repertoire, and support 

preferences, the relative importance of the hallux in locomotor and nonlocomotor 

behaviors is also likely to be reflected in the relative development of the hallucial musculature. Morton originally made a distinction in hallucial, clinging-and- 

perching, and suspension grasps (Morton, 1922). This was later adjusted by Gebo to a distinction between a I–V opposable grasp, as observed in most primates, and a 

I–II hallucial grasp, as seen in most lemurids and indrids (Gebo, 1985). Primates with a I–V grasp are characterized by strong digital flexors, while primates with a 

I–II or hallucial grasp have a particularly strong adductor muscle of the hallux. 

Regardless of grasp type, the foot functions as an important grasping tool in pri-

mates (with some exceptions, such as the callitrichids who have squirrel-like hands 

and feet with claws and a nonopposable thumb and hallux), which is reflected in the 

predominant development of digital flexors compared to digital extensors. Humans 

are somewhat different, being the only primates with a nondivergent or adducted 

hallux which is also reflected in their foot’s muscular anatomy. 

This chapter provides an overview of the general configuration of the extrinsic 

and intrinsic foot muscles in primates, and it reviews the existing literature on primate foot myology. The chapter encompasses a wide range of primate taxa, how-

ever, because hominoids are the particular expertise of the author, and because there is much more literature on hominoid anatomy, the hominoid foot musculature is 

most thoroughly discussed. 

6.2   Extrinsic Muscles of the Foot

The extrinsic muscles of the foot are muscles that function to move the foot but are located in the leg. They can be divided into functional muscle groups according to 

their shared functions. Walls of fascia divide the muscles of the leg into three compartments and, most often, muscles with a similar function are found together in the same compartment. The plantar flexors act to plantarflex the talocrural joint (toes 

are pushed downward) and are located in the posterior compartment of the leg. The 

dorsiflexors lay in the anterior compartment and function to dorsiflex the talocrural joint (toes are pushed upward). The lateral compartment of the lower leg contains 
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the evertors that act to evert the foot at the subtalar joint (lateral border of the foot is raised). Most muscles do have multiple functions and can, for example, act both as 

plantar flexors and invertors (e.g., tibialis posterior muscle). An overview of the 

origin, insertion and function of the extrinsic foot muscles in primates is given in Table 6.1 and is discussed below. 

 6.2.1   Plantar  Flexors

The plantar flexors are located in the posterior compartment of the leg and are organized in superficial and deep layers. The superficial layer includes the gastrocne-

mius, soleus and plantaris muscles, which are commonly referred to as the “calf 

muscles.” The two heads of the gastrocnemius form, together with the soleus, the 

 triceps surae which inserts via the Achilles tendon to the posterior side of the calcaneus (calcaneal tuber). The development of the Achilles tendon is quite variable 

among primates; catarrhines, gibbons and humans have a relatively long Achilles 

tendon, while the great apes have a very short Achilles tendon, and the muscle fibers run all the way to the calcaneal tuber with the largest part of the tendon being 

located inside the triceps surae (Aerts et al., 2018). The gastrocnemius muscle is well developed in primates, being much larger in size than the soleus in nonhominoid primates and gibbons (ratio gastrocnemius to soleus of 2.7) and being equally 

large as the soleus in the great apes (ratio 1 to 1.2; Fig. 6.3). In humans, the soleus is typically larger than the gastrocnemius muscle (ratio 0.8; Fukunaga et al., 1992; 

Hanna & Schmitt, 2011) and has an extensive origin from the tibia. The soleus muscle originates solely from the fibula in nonhuman primates. 

In hominoids, the plantaris lies in between the gastrocnemius and soleus and 

runs from lateral to medial, inserting with a slender tendon onto the calcaneal tuber, next to the Achilles tendon. The presence, as well as the relative volume of the plantaris, is, however, very variable across hominoid primates (Langdon, 1990); it is 

often present in humans (90%–93%) but frequently absent in chimpanzees (32/58; 

Sarmiento, 1994), bonobos (32%–48%), gorillas (28/28; Sarmiento, 1994), orangutans (36/38; Myatt et al., 2011; Langdon, 1990) and gibbons (8/13 presence, but 5/8 are fused with lateral gastrocnemius; Channon et al., 2009). In cercopithecoids, 

the plantaris muscle is mostly present and well developed but the tendon does not 

insert onto the calcaneal tuber and instead continues to the plantar aponeurosis 

(Langdon, 1990) and flexor digitorum brevis muscle (superficial head) at the plantar side of the foot (Sarmiento, 1994). In strepsirrhines, the plantaris is relatively larger than the soleus muscle, and the gastrocnemius takes up the largest part of the triceps surae (Hanna & Schmitt, 2011). 

The deep posterior compartment of the leg includes the tibialis posterior and the 

long digital flexors: the flexor fibularis and flexor tibialis originating from the fibula and tibia, respectively. The latter two muscles are also referred to as flexor hallucis longus and flexor digitorum longus, referring to their configuration in humans with 

insertion respectively onto the hallux and onto the lateral digits. 
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Table 6.1  Origins, insertions, and functions of the extrinsic foot muscles

Muscle

Abbr. 

Origin

Insertion

Variations

M. 

GM

Tendon from 

Achilles tendon onto  Can contain a 

gastrocnemius 

posterior side 

tuber calcanei

sesamoid bone 

medialis

medial femoral 

(medial fabella)

condyle

M. 

GL

Tendon from 

Can contain a 

gastrocnemius 

posterior side lateral 

sesamoid bone 

lateralis

femoral condyle

(lateral fabella)

M. soleus

SOL

Posterior side of 

Variable size, large 

fibular head and 

in humans with 

interosseous 

additional origin 

membrane

from posterior tibia

M. plantaris

PLANT Tendon from 

Tendon to tuber 

Variable presence 

posterior side lateral  calcanei or to plantar  and size

femoral condyle

aponeurosis

M. tibialis 

TP

Proximal half of 

Tendon to navicular 

Extensive insertion 

posterior

posterior side of 

tuberosity and/or 

in humans; extra 

tibia, fibula, and 

lateral slips to plantar  lateral tendon in 

interosseous 

foot

catarrhines

membrane

M. flexor 

FF

Proximal half of 

Tendons to plantar 

M. Flexor hallucis 

fibularis

posterior side of 

side distal phalanges;  longus in humans; 

fibula and 

in hominoids mostly  tendon configuration 

interosseous 

to digits I–III–IV

highly variable

membrane

M. flexor 

FT

Proximal third of 

Tendons to plantar 

M. Flexor digitorum 

tibialis

posterior side of 

side distal phalanges;  longus in humans; 

tibia

in hominoids mostly  tendon configuration 

to digits II–V

highly variable

M. peroneus 

PL

Fibular head and 

Tendon to plantar side  Can contain 

longus

proximal shaft

base first metatarsal

sesamoid bone

M. peroneus 

PB

Distal half/third of 

Tendon to tuberosity  Little variation

brevis

fibular shaft

of fifth metatarsal

M. tibialis 

TA

Anterior tibial shaft,  One to 2 tendon(s) to  Two tendons (or 

anterior

interosseous 

medioplantar side of  bellies) in some 

membrane; crural 

medial cuneiform 

primates (gorillas, 

fascia (in humans)

andbase first 

chimps, howler 

metatarsal

monkey)

M. peroneus 

PT

Distal part of fibular  Base of fifth 

Variable presence 

tertius

shaft; lateral to EDL metatarsal or dorsal 

and size

aponeurosis of digit V

M. extensor 

EDL

Proximal third of 

Four tendons to 

Little variation; can 

digitorum 

anteromedial side of  dorsal aponeuroses of  consist of separate 

longus

fibula and 

toes II–III–IV–V

muscle bellies

interosseous 

membrane

(continued)
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Table 6.1 (continued)

Muscle

Abbr. 

Origin

Insertion

Variations

M. extensor 

EHL

Middle third of 

Tendon to dorsal 

Little variation

hallucis longus

anteromedial side of  aponeurosis of hallux

fibula and 

interosseous 

membrane

Fig. 6.3  Ratio of gastrocnemius (GAS) to soleus (SOL) muscle mass in hominoid primates (Thorpe et al., 1999; Payne et al., 2006; Channon et al., 2009; Carlson, 2006; Myatt et al., 2011; 

Goh et al., 2017)

The tibialis posterior originates from the posterior side of tibia and fibula and 

runs to the navicular tuberosity and/or has more lateral attachments in the foot sole (Lewis, 1964). It is important for inversion in arboreal locomotion and grasping (Vereecke et al., 2005). In humans, it is increased in size and has an extensive insertion, which can be linked to its important role in supporting the medial foot arch 

during bipedal locomotion (Lewis, 1964; Langdon, 1990). The long digital flexors, flexor fibularis and flexor tibialis, are known to be much more variable across primates in both morphology and function. In nonhuman primates, the organization of 

the tendons of both muscles toward the different digits is highly variable (Langdon, 

1990; Vereecke et al., 2005). The primitive condition is that both muscles form a tendon sheet in the sole of the foot which divides into five tendons running to each of the toes (Langdon, 1990). In most primates, however, both muscles do not contribute equally to the tendon to each toe. Most commonly, the flexor fibularis lacks a contribution to digits II and/or V, while the flexor tibialis lacks a contribution to digits III and IV (Langdon, 1990). In prosimians and most hominoids, the tendon 
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toward the hallux comes predominantly from the flexor fibularis (Sarmiento, 1994; Langdon, 1990), with gorillas, bonobos and chimpanzees showing a similar configuration of the flexor fibularis which inserts (most often) with three tendons onto 

digits I–III–IV (Sarmiento, 1994; Vereecke et al., 2005). Orangutans either lack the tendon to the hallux (Oishi et al., 2012; Sarmiento, 1994) or have a separate muscle belly from the flexor fibularis with a tendon inserting onto the hallux (Myatt et al., 

2011). In all other catarrhines, including gibbons, the tendon to the hallux comes, at 

least partially, from the flexor tibialis muscle (Sarmiento, 1994; Vereecke et  al., 

2005). This different configuration of the long digital flexors is likely reflected in the relative recruitment of the muscles during pedal grasping, i.e., fusion into common tendons likely constrains independent movement of the toes. For example, it 

has been found that either the flexor fibularis (most primates) or flexor tibialis (e.g., slow loris) is most active during pedal grasping, reflecting the dominant role of 

either the flexor fibularis or tibialis in flexion of the hallux (Patel et al., 2015). In humans, there is a clear division in flexor hallucis longus and flexor digitorum longus, but the tendons of these muscles can be connected deep in the posterior tarsal 

tunnel. In addition, there are some variations in the tendons of both muscles in 

humans which seem to correspond to the ancestral mammalian arrangement of 

flexor fibularis and tibialis. 

The plantar flexors of the ankle, and in particular the triceps surae because of 

their relatively large moment arm, are important for propulsion generation during 

terrestrial quadrupedalism (e.g., gorillas) and bipedalism (e.g., humans) (Zihlman 

et al., 2011). The long digital flexors are also ankle plantar flexors, but their primary function is flexion of the toes to enable grasping with the feet which is of primordial importance to maintain stability in an arboreal milieu (e.g., to secure the support 

during arboreal quadrupedalism). 

 6.2.2   Dorsiflexors

The dorsiflexors are located in the anterior compartment of the leg and consist of the tibialis anterior, extensor digitorum longus, and extensor hallucis longus muscles. 

In humans, these muscles originate from the crural fascia which is not seen in other hominoids (Gibbs et al., 2002). The peroneus or fibularis tertius (digiti quinti) is also located in the anterior compartment and, if present, is closely associated with the extensor digitorum muscle, running to the base of the fifth metatarsal or phalanges or dorsal aponeurosis of the fifth toe. In humans, the muscle is often present 

(90%–95%), but the configuration of the muscle is highly variable, being a com-

pletely separate muscle, composed of a separate tendon, or being completely apo-

neurotic (Hallisy, 1930; Jungers et  al., 1993). The muscle is variably present in gorillas (30%–50%) and usually absent in gibbons, orangutans, chimpanzees and 

bonobos (0%–5%; Gibbs et  al., 2002; Sarmiento, 1994; Channon et  al., 2009; Vereecke et al., 2005). It appears in a very low frequency in cercopithecines (Jungers et al., 1993). Its presence, and function as dorsiflexor and evertor, has been linked to 

6  Myology of the Primate Foot

119

the plantigrade foot position during bipedalism (humans) and terrestrial quadrupe-

dalism (gorillas; Sarmiento, 1994). Others have claimed that it is mainly active during the swing phase in human bipedalism, countering the inverting effect of the 

tibialis anterior (Jungers et al., 1993). 

The tibialis anterior (also called tibialis anticus in early publications) is a well-developed muscle in most primates, running from the anterior surface of the tibia 

and interosseous membrane toward the medial cuneiform and first metatarsal bone. 

There are few variations in attachment of the muscle, the most important being the 

presence of two terminal tendons or even two muscle bellies (e.g., in howler mon-

keys; Grand, 1986). The muscle is important for dorsiflexion and inversion of the foot, which are both important during vertical climbing, and for extension of the 

hallux. In gorillas and chimpanzees, the tendon divides in two before inserting on 

the medial cuneiform and first metatarsal bone (Wilder, 1861). In some cases, the muscle itself has two parts, as has been described for bonobo and orangutan by 

Myatt et al. (2011). 

The extensor hallucis longus runs toward the distal phalanx of the hallux and is 

important for foot dorsiflexion and inversion and hallux extension. The extensor 

digitorum longus originates from the tibia, crural fascia and interosseous mem-

brane. The tendon splits in four tendons that form the dorsal aponeuroses on the 

dorsal side of the lateral toes. Among primates, there is little variation in configuration of the extensor hallucis longus and extensor digitorum longus and a connection 

between the tendons of both muscles is only rarely observed. This might be linked 

to the independence of the hallux extension in grasping. 

 6.2.3   Evertors

The evertors are located in the lateral compartment of the leg and consist of the 

peroneus (or fibularis) longus and brevis muscle. In addition to being evertors of the foot, these muscles are important plantar flexors. 

The peroneus longus (also called fibularis longus) originates from the head of the 

fibula, and its tendon runs behind the lateral malleolus to the lateral side of the foot and then bends underneath the foot, through the groove in the cuboid, to insert onto the peroneal process of the first metatarsal. It mainly acts as foot evertor and plantarflexor, and its role in hallucial grasping remains debated (hallucial flexion and abduction: Tuttle, 1972; hallucial adduction: Le Minor, 1987; negligible role in hallucial grasping: Sargis et al., 2007; Boyer et al., 2007; hallucial adduction and ankle 

stabilization: Kingston et al., 2010). In some primates, such as hylobatids and cercopithecids, the tendon contains a sesamoid bone, the  os peroneum, located near the lateral foot border which is also occasionally observed in humans (Le Minor, 1987; Sarin et al., 1999). 

The peroneus brevis (also called the fibularis brevis) originates from the distal 

half or third of the fibular shaft and inserts onto the tuberosity of the fifth metatarsal base. 
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 6.2.4   Contribution of Different Extrinsic Foot Muscles 

 to Lower Leg Musculature

The extrinsic foot musculature has been studied and quantified in hominoid pri-

mates, e.g., (Thorpe et al., 1999; Vereecke et al., 2005; Carlson, 2006; Payne et al., 

2006; Channon et al., 2009; Oishi et al., 2009; Myatt et al., 2011; Goh et al., 2017), 

as well as in some other primate species (e.g., unpublished data of Magdalena 

N. Muchlinski). We have compiled the available data sets (Table 6.2) and calculated mass ratios for the different functional muscle groups in hominoids (Fig. 6.4). For the hominoids, this compilation included seven chimpanzees, seven gorillas, three 

orangutans, and thirteen gibbons. We calculated ratios of muscle mass over total 

extrinsic foot muscle mass to allow comparisons between different-sized primates 

(e.g., gibbon of 6 kg vs. orangutan of 50 kg). It should be taken into account that the physiological cross-sectional area (PCSA) of a muscle is a better proxy for force-generating capacity than muscle mass, which is used here. However, PCSA was not 

available for all specimens while muscle mass was consistently reported in all 

included studies hence the choice to use muscle mass in all our calculations. 

Measurements are all based on detailed dissections of fresh-frozen primates that 

died in captivity, except for one chimpanzee (Carlson, 2006) that was embalmed with formalin. 

When looking across different primate taxa, the plantar flexors (i.e., triceps surae 

+ tibialis posterior + plantaris) are always the largest functional muscle group in the lower leg, amounting to 37% to 53% of the total lower leg muscle mass (Fig. 6.4). 

Orangutans have a somewhat reduced plantar flexor muscle mass, amounting to 

30% to 44% of the total lower leg muscle mass, while the digital flexors (i.e., flexor fibularis + flexor tibialis) are larger compared to other primates (21%–36% in 

orangutans vs. 8%–29% in other primates). This corresponds with the powerful 

grasping function of the orangutan foot, which is also reflected in its osteology (i.e., relatively long foot length, in particular due to long, curved phalanges). Gibbons are also characterized by relatively large digital flexors, amounting to 21% to 29% of 

the total lower leg muscle mass, overlapping with the orangutan range. This could 

be related to their reliance on pedal grasping during arboreal travel and feeding. 

While gibbons are predominantly brachiators, they also leap and walk bipedally 

atop branches, both requiring pedal grasping. The evertors have a very similar size 

across hominoids, ranging from 6% to 13% of the total muscle mass. The dorsiflex-

ors are slightly larger in orangutans (20%–29%) compared to the African apes 

(14%–24%) and gibbons (15%–20%). 
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Hlar 

( n = 3)

4

29.50

6.90

10.50

6.40

6.10

21.20

2.20

5.80

8.70

4.20

2.80

(continued)

Hlar1

3

32.00

–

10.40

6.20

18.80

5.50

2.50

6.20

10.00

4.70

2.40

 Hylobates lar

Haf

2

11.40

3.10

7.60

3.00

7.80

2.40

3.90

–

4.70

3.00

1.80

 gentatus

 Mico 

 ar

660F

1

0.73

0.10

0.04

0.05

0.16

0.14

0.08

0.09

0.05

0.19

0.13

 copithecus 

 Cer

 hamlyni

6596F

1

12.30

1.91

3.18

1.67

1.25

2.01

6.12

3.66

1.63

6.36

0.92

 Macaca 

 silvanus

5692 M

1

59.58

13.31

6.53

3.87

19.37

10.08

9.21

14.07

7.40

37.43

5.88

All masses are displayed in grams

 us 

 eza

 Colob

 guer

6594F

1

13.29

2.89

8.41

2.38

10.07

5.12

3.03

2.75

1.97

5.75

0.80

 us 

 Ceb

 apella

6589F

1

13.59

1.24

4.05

0.96

6.00

2.35

1.07

2.30

1.83

5.88

1.70

 us 

 oceb

 Chlor

 aethiops

6590 M

1

31.10

4.67

11.93

3.21

5.19

12.70

2.21

5.90

13.30

3.42

1.64

6587 M

1

5.57

1.38

0.84

0.10

1.09

1.10

2.66

0.97

2.00

0.73

0.17

xtrinsic foot muscles across multiple primate species. 

 Miopithecus 

 talapoin

6586F

1

2.19

0.43

0.87

0.28

1.05

0.34

0.25

0.43

1.01

1.80

0.09

Masses of e 

ertors

Table 6.2

Species

Specimen ID

Source

Plantar 

flexors

GAS

PL

SOL

TP

Digital 

flexors

FDL

FHL

Ev

PB

PL

Dorsiflexors

TA

EDL

EHL
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Ppm

3

246.62

8.66

220.21

79.25

121.34

41.52

31.44

70.58

101.20

43.23

12.05

Oaf

6

87.20

–

Ppm

3

246.62

8.66

220.21

79.25

121.34

41.52

31.44

70.58

101.20

43.23
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Fig. 6.4  Mass ratios of the functional muscle groups over total extrinsic foot muscle mass in hominoid primates. Functional muscle groups: Plantar flexors: gastrocnemius + soleus + plantaris 

+ tibialis posterior, Digital flexors: flexor fibularis + tibialis, Evertors: peroneus longus + brevis, Dorsiflexors: tibialis anterior + extensor hallucis longus + extensor digitorum longus 6.3   Intrinsic Muscles of the Foot

The intrinsic muscles of the foot are mainly located at the plantar side and are organized in four layers. Superficial to the four plantar muscle layers lays the plantar aponeurosis. This structure is most pronounced in humans but also prominent in 

African apes. In both groups, the plantar aponeurosis is a well-developed structure 

with central and lateral bands (Sichting et al., 2020). In other primates, the structure is more variable, with the most terrestrial species, such as  Macaca and  Papio also exhibiting a well-developed plantar aponeurosis (Sichting et al., 2020). On the dorsum of the foot, there are only two small muscles that contribute to extension of the toes. An overview of the origin, insertion and function of the intrinsic foot muscles in primates is given in Table 6.3 and is discussed below. 
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Table 6.3  Origins, insertions, and functions of the intrinsic foot muscles

Muscle

Abbr. 

Origin

Insertion

Variations

M. abductor hallucis  AbdH Medial aspect of 

Tendon to medial  Two-headed muscle 

brevis

calcaneus plantar 

sesamoid bone of  in gibbons and 

aponeurosis; 

MTP1 joint

chimpanzees

Originates also from 

Originates from m. 

navicular tubercle in 

abductor digiti 

some primates (e.g., 

minimi in prosimians

 Nycticebus, 

 Perodicticus, pan 

 paniscus)

M. flexor digitorum  FDB

Medial aspect of 

Perforated 

Variable number of 

brevis

calcaneus, plantar 

tendons to middle  tendons and 



cpt. superficiale

aponeurosis (in 

phalanx of digits  configuration; 



cpt. profundum

prosimians)

II–(III–IV)

humans lack deep 

Tendon of long digital  Perforated 

head; tendon to digit 

flexors

tendons to middle  V is often lacking

phalanx of digits  Superficial head is 

(III)–IV–V

absent in  Nycticebus 

 and Perodicticus

M. abductor digiti 

ADM Plantar side of 

Tendon to 

Often fused with 

minimi

calcaneus; tuberosity  proximal phalanx  FDM and ODM; 

of MT5

of digit V

multiple insertion 

tendons possible

M. quadratus 

QP

Lateral aspect of 

To tendon slips of  Two-headed in  homo

plantae

calcaneus

m. flexor tibialis  “Free” tendon in 

or fibularis 

 Cebus, colobus, 

toward 

 Pitheca

digits II–III–IV

Absent in  Lemur 

(prosimians), 

variable present in 

hominoids

M. flexor hallucis 

FHB

Plantar side medial 

Medial sesamoid  Two-headed in 

brevis

cuneiform bone

bone of MTP1 

bonobos and 



cpt. mediale  cpt. 

joint

humans; 1 head in 

laterale

Lateral sesamoid  gibbons; 

bone of MTP1 

Medial head can be 

joint

fused with AbdH, 

lateral head can be 

fused with AddH

M. Adductor 

AddH MT3 shaft or 

Lateral sesamoid  Small transverse 

hallucis

MT2-3-4 heads

bone at MTP1 

head in humans; 



cpt. 

MT3 base or os 

joint; sometimes  One-headed in 

transversum cpt. 

naviculare/cuneiforme  also to base first 

orangs, chimps, 

obliquum

med. 

metatarsal

lemurids; 

Mostly strong 

developed
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126

E. E. Vereecke

Table 6.3 (continued)

Muscle

Abbr. 

Origin

Insertion

Variations

M. flexor digiti 

FDM

Shaft fifth metatarsal

Tendon to lateral  One or 2 headed; 

minimi

side MT5 head or  often fused with 

MTP5 joint

tendon of ADM; can 

consist of 2 muscle 

bellies (bonobos); 

variable size

M. opponens digiti 

ODM Lateral cuneiform

Shaft MT5 or 

Frequently absent, 

minimi

proximal phalanx  sometimes fused 

digit V

with FDM or 

contrahens V

Mm. lumbricales

Lumbr Tendons of FT or FF

Tendons to 

Very constant 

medial side of 

configuration; some 

proximal 

variation in site of 

phalanges of toes  origin

II–V; dorsal 

aponeurosis digits 

II–V

Mm. interossei 

DIO

Two heads from 

Tendon to medial  Four DIO in most 

dorsales

adjacent sides of 2 

side dorsal 

hominoids ;  

metatarsals I–II, II–

aponeurosis digits  mesaxonic or 

III, III–IV, IV–V

II–III–IV–V

entaxonic pattern

Mm. interossei 

PIO

Medial sides and base  Tendon to medial  Three PIO in most 

plantares

of 

side dorsal 

hominoids

metatarsals III–IV–V aponeurosis digits 

III–IV–V

Mm. contrahentes

CH

Aponeurosis from 

Proximal phalanx  Frequently absent

tendon sheet m. 

of digit II, III, IV, 

peroneus longus and 

and/or V

MT3

M. extensor hallucis  EHB

Dorsolateral side of 

Tendon to dorsal  Frequently absent

brevis

calcaneus near 

aponeurosis 

calcaneocuboid joint

hallux

M. extensor 

EDB

Dorsolateral side of 

Tendons to dorsal  Tendon to digit V 

digitorum brevis

calcaneus near 

aponeurosis of 

(and other digits) 

calcaneocuboid joint

digits II–V

frequently absent

 6.3.1   First Plantar Layer

The first plantar layer of the foot consists of the abductor hallucis, flexor digitorum brevis, and abductor digiti minimi (or quinti) muscles, all three originating from the medial and/or lateral side of the calcaneus (except in prosimians, see further). The abductor hallucis is a strong muscle in most primates, including humans, and runs 

toward the first metatarsal, inserting onto the medial sesamoid bone at the first metatarsophalangeal joint. It leads to extension and abduction of the hallux, which is 

important to hallux repositioning prior to pedal grasping. In humans, the abductor 

hallucis helps to sustain the medial longitudinal foot arch during bipedal standing 
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and locomotion (e.g., Fiolkowski et al., 2003; Kelly et al., 2014, 2015). In prosimi-

ans, this muscle is rather small and originates from the middle of the belly of the 

abductor digiti minimi and not from the calcaneus (Gebo, 1985). 

The flexor digitorum brevis consists of a superficial and deep head, with the 

superficial head originating from the calcaneus and sometimes plantaris tendon and/

or plantar aponeurosis (in prosimians). The deep head originates from the tendon of 

the long digital flexors (flexor tibialis and/or fibularis; Hirasaki & Kumakura, 2010; Gebo, 1985). The superficial head runs to the middle phalanx of the second and sometimes third and fourth toe, the deep head most commonly runs toward the lateral toes IV and V (Sarmiento, 1994; Oishi et al., 2009; to third toe in one orangutan; Oishi et al., 2012). In predominantly terrestrial species, such as humans and 

gorillas, the flexor digitorum brevis is particularly strong as it aids in propulsion generation (Reeser et al., 1983; Sarmiento, 1994) and helps to maintain the longitudinal foot arch (Kelly et al., 2014, 2015). Humans only have a superficial head of the flexor digitorum brevis, running to toes II to V, but the tendon to the fifth toe is sometimes missing and/or replaced by an extra tendon of the flexor digitorum longus to the fifth toe (Hallisy, 1930), though a deep head can occur as a variation ( n = 14/290; Hallisy, 1930). The organization in two heads can be understood in the context of pedal grasping. The superficial head will allow flexion of the second (and third) toe independent from flexion of the fourth and fifth toe, which results from 

contraction of the deep head. In addition, contraction of the superficial head is independent from the position or motion of the ankle, as it originates from the calcaneus. 

In prosimians (except  Nycticebus and  Perodicticus), the superficial head of the flexor digitorum brevis is fused at its origin with the abductors of the hallux and fifth 

toe and the three muscles probably act as one unit (Gebo, 1985). 

The abductor digiti minimi lies at the lateral border of the foot sole and runs to 

the fifth metatarsal, and sometimes up to the proximal phalanx of the fifth toe 

(Langdon, 1990). It functions as abductor and stabilizer of the fifth ray. In prosimians, it is particularly well-developed and originates from the medial side of the 

calcaneus, instead of the lateral side as observed in most primates. Therefore, it can both abduct and flex the fifth ray. Because the (relatively small) abductor hallucis brevis originates from the (relatively large) abductor digiti minimi, both muscles 

probably act in concert to oppose the medial and lateral side of the foot (Gebo, 1985). 

 6.3.2   Second Plantar Layer

The second plantar layer consists of the lumbricals and the quadratus plantae (or 

flexor accessorius) which, if present, runs from the lateral aspect of the calcaneus toward the tendon of the flexor tibialis or fibularis. The quadratus plantae is variably present in primates; lacking in prosimians but present in cercopithecoids and 

ceboids (Lewis, 1962; Sooriakumaran & Sivananthan, 2005). In hominoids, it is very variable. It is only present in 30% of lowland gorillas and when present it is a rudimentary structure, e.g., it is absent in the mountain gorilla dissected by Straus 
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[1930] and in the western lowland gorilla dissected by Oishi et al. [2009]. In chimpanzees, it is typically absent (Oishi et al., 2012). In orangutans, the quadratus plan-

tae is also very small and its insertion tendon is fused with the tendon of the flexor digitorum brevis or long digital flexors to the fifth toe (Oishi et al., 2012). In humans, 

the muscle is well-developed and typically consists of a medial and lateral head 

(originating from the medial and lateral sides of the calcaneus, respectively), with the medial head being unique to humans (Sooriakumaran & Sivananthan, 2005). It inserts onto the tendon slips of the long digital flexor (i.e., flexor hallucis longus and digitorum longus), sometimes with a distinct tendon, before its insertion on the 

distal phalanx of the second, third, and/or fourth toe (Hur et al., 2015, 2011). The 

origin and function of this muscle is debated, both in humans and other primates. It is commonly regarded as being important in redirecting the line of pull of the digital flexors, but in humans it appears to be more important for toe flexion (Reeser et al., 

1983; Sooriakumaran & Sivananthan, 2005). Its strong development in humans is likely related to its role in bipedal walking and running to dynamically support the 

longitudinal foot arch (Oishi et al., 2018). 

The lumbricals are small, slender muscles originating from the tendons of the 

long flexors (flexor tibialis and fibularis) and running to the medial side of the proximal phalanges of toes II–V, inserting with well-defined tendons onto the dorsal 

aponeuroses of these digits. These muscles show very little variation among differ-

ent primate taxa, with the most important variation being the tendon from which 

they originate which can be quite variable (Hur et al., 2015). As the lumbricals arise from flexor tendons and insert into the extensor mechanism, their contraction can 

either result in flexion or extension of the toes (i.e., flexion of metatarsophalangeal joint and extension of interphalangeal joint). However, given the high density of 

muscle spindles in the lumbricals, it is likely that their sensory function is more 

important than their motor function (Hur et al., 2015). They may serve an important function in modulation and precise coordination of foot movements. 

 6.3.3   Third Plantar Layer

The adductor hallucis, flexor hallucis brevis and flexor digiti minimi (or quinti) 

muscles lay deep in the footsole ( planta pedis). The adductor hallucis is strongly developed in most nonhuman primates. It forms more than one third of the total 

intrinsic foot musculature in hylobatids (Tuttle, 1972; Vereecke et al., 2005) and approximately 20% to 30% of the total intrinsic muscles in great apes (Fig. 6.5). 

Also in lemurids and  Propithecus,  a large adductor hallucis has been described and is inferred to provide most of the muscular force of grasping together with the first dorsal interosseous (Gebo, 1985; Fig. 6.5). The muscle can either consist of a single head (e.g., orangutans, chimpanzees, lemurids,  Propithecus) or consists of an 
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Fig. 6.5  Mass ratios for intrinsic foot muscles in different primate taxa (definitions following 

Gebo, 1985). AddH ratio = adductor hallucis/total intrinsic foot muscle mass; Digiti I ratio = flexor 

+ abductor hallucis/total intrinsic foot muscle mass, Digiti V ratio = flexor digiti minimi + abductor digiti minimi + opponens digiti minimi/total intrinsic foot muscle mass, Flexor ratio = flexor digitorum + hallucis brevis/total intrinsic foot muscle mass. Data taken from Gebo (1985); Oishi et al. 

(2009, 2012, 2018); E. E. Vereecke et al. (2005) oblique and transverse head, with variable fusion between heads. In humans, the 

muscle has two heads, both running to the first metatarsal head, a configuration 

which has also been observed in gibbons, Japanese macaques, spider monkeys, 

bonobos and gorillas (Vereecke et al., 2005; Hirasaki & Kumakura, 2010). In some 

primates, a slip to the first metatarsal base is also present (e.g., gibbons, gorillas, orangutans; Gibbs et al., 2002). The transverse head is weakly developed in humans due to the adducted position of the hallux, but the muscle remains important for 

sustaining the transverse foot arch. 

The flexor hallucis brevis consists of one or two heads. Bonobos and humans 

have a two-headed flexor hallucis brevis with a medial and lateral head inserting 

respectively onto the medial and lateral sesamoid of the first metatarsophalangeal 

joint. The muscle, or medial head of it, is fused with the abductor hallucis brevis in some species (e.g., gibbons, bonobos, chimpanzee; Gibbs et  al., 2002; Vereecke et al., 2005). The lateral head can be fused at insertion with the adductor hallucis (e.g., in bonobos; Vereecke et al., 2005). The flexor hallucis brevis is relatively large in humans, which might be linked to the propulsion-generating function of the hal-

lux during bipedalism (Aiello & Dean, 1990). 

The flexor digiti minimi is a small muscle lying deep to the abductor digiti min-

imi, and it is often fused with the tendon of the latter. It is located along the fifth metatarsal and has been described to consist of two parallel muscle bellies in bonobos (Vereecke et al., 2005). The muscle is more prominent in some prosimian genera, such as  Microcebus and  Nycticebus, where it is almost equal in size as the flexor hallucis brevis (Gebo, 1985). 
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 6.3.4   Fourth Plantar Layer

The opponens digiti minimi (or quinti) is a small muscle attached to the fifth ray that is frequently absent in primates. It is present in lemurids and  Propithecus, hylobatids, and humans but not often described in other hominoids (Vereecke et al., 2005). 

The muscle is often fused with the flexor digiti minimi and/or the contrahens V. 

The contrahentes musculature consists of a variable number of small muscle bel-

lies and usually inserts at digits II, III, IV, and/or V. The muscle bellies most often originate from an aponeurosis from the tendon sheet of the peroneus longus and 

from the third metatarsal (Inokuchi, 1967; Miller, 1952). The contrahentes muscles are not present as distinct muscles in all primates. In hominoids, their presence is infrequent, with only one or two vestigial muscle bellies in the deep foot sole; no 

contrahentes muscles were observed in the deep foot sole during dissections of 

hylobatids and bonobos by Vereecke et  al. (2005) and of the gorillas by Straus (1930; Raven, 1936). In humans, they are fused with other muscles (e.g.,  mm. flexores brevis profundi) to form the interossei (Inokuchi, 1967). 

Deep to the contrahentes, if present, lie the interossei. These long and narrow 

muscles are located in between the metatarsals and act to abduct and adduct the toes relative to the second ( entaxonic pattern) or third ray ( mesaxonic pattern). In terrestrial hominoids, such as gorillas and humans, the adduction axis most often 

passes through the second digit, while the axis runs through the third digit in most other anthropoid primates (e.g., chimpanzees, gibbons, orangutans; Hirasaki & 

Kumakura, 2010; Sarmiento, 1994). There is, however, quite some variation on this pattern, with some great apes presenting an entaxonic pattern and some humans 

presenting a mesaxonic pattern. In humans, the interossei are typically divided into plantar and dorsal interossei, referring to their relative position, with the plantar interossei also acting as digital flexors. However, the interossei of nonhuman primates do not always have a more dorsal or more plantar position relative to the 

metatarsals. Therefore, the terminology used for the primitive mammalian condi-

tion, with intermetatarsal muscles ( mm. inter-metatarsales) and deep short flexors ( mm. flexores brevis profundi), is also often adopted to describe the configuration in the nonhuman primate foot. 

 6.3.5   Dorsum  of the Foot

A variable number of small muscle bellies are located on the dorsum of the primate 

foot. These belong to the extensor digitorum brevis, which assists the extensor digitorum longus with toe extension (independent of ankle dorsiflexion), and the exten-

sor hallucis brevis, which assists in hallux extension likely aiding in grip-opening or opposition-reposition. The muscles are variably present in primates and the distinction between both is not always clear (i.e., muscle bellies are fused proximally). A tendon to the hallux is often present in most platyrrhines (except  Ateles) and 

[image: Image 51]

6  Myology of the Primate Foot

131

catarrhines, but a tendon to the fifth toe is frequently absent. The configuration of the short extensors is more variable in prosimians, with missing tendons to one or 

more digits (except digit II; Inokuchi, 1967). 

 6.3.6   Interspecific Differences in Intrinsic Foot Musculature

The hallucial muscles account for over 50% of the intrinsic musculature in homi-

noids, with the exception of orangutans which have a lower hallucial muscle mass 

(ca. 46%) and low Digit I ratio (i.e., mass of flexor + abductor hallucis as ratio of total intrinsic foot muscle mass), lying in the same range as the strepsirrhines, 

 Galago,  and  Tarsius (Gebo, 1985; Figs. 6.5 and 6.6). A multivariate study on the intrinsic foot musculature of hominoids (Oishi et al., 2018) showed that the abductor hallucis is much smaller in orangutans than in African apes and humans, which 

is probably related to their relatively short hallux. In contrast, orangutans have a particularly large first dorsal interosseous muscle (Oishi et al., 2012, 2018). The first dorsal interosseous muscle inserts onto the second toe and can help in flexion of the second toe. The large size, and high force-generating capacity, of this muscle can be understood in the highly suspensory behavior of the orangutan, with high amounts 

of quadrumanous scrambling behavior. 

Gorillas, but also modern humans, are characterized by more pronounced mus-

cles of the fifth ray (high digit V ratio), amounting to 20% of the intrinsic foot 

Fig. 6.6  Mass ratios for the intrinsic foot muscles in hominoid primates. Hallux = adductor + 

abductor + flexor hallucis brevis; Extensors = extensor digitorum + hallucis brevis, Flexors: flexor digitorum brevis; Digit V: abductor + flexor + opponens digiti minimi; all as proportion of total intrinsic foot muscle mass. Data taken from E. E. Vereecke et al. (2006); Oishi et al. (2009, 2012, 

2018); Myatt et al. (2011); Kura et al. (1997)
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muscle mass (Figs. 6.5 and 6.6). The multivariate study by Oishi et  al. (2018) showed that gorillas have a particularly large abductor digiti minimi (16%–18% of 

the intrinsic foot muscle mass), which might function as stabilizer of the lateral 

column of the foot during terrestrial knuckle-walking. Alternatively, its relatively high force-generating capacity might be linked to vertical climbing in which the feet are curled around the vertical or inclined substrate (i.e., tree trunk or large bough). 

In humans, the abductor digiti minimi has an important role in stabilizing the lateral foot arch during locomotion (Tosovic et  al., 2012), and is also relatively large (amounting to 14% of the intrinsic foot muscle mass). 

Figure 6.5 shows some ratios that were defined by Gebo (1985) to differentiate between primates with a hallucial grasp (i.e., high AddH ratio = mass of adductor 

hallucis/total intrinsic foot muscle mass) and primates with an opposable grasp (i.e., high Flexor ratio = mass of flexor hallucis + digitorum brevis/total intrinsic foot 

muscle mass). Lemurids, but also the one gibbon specimen, have a relatively large 

adductor hallucis pointing toward a hallucial grasp. The great apes, but also  Galago and  Tarsius,  have a relatively large flexor ratio pointing toward the importance of an opposable grasp. The absolute masses of the intrinsic foot muscles are given in 

Table 6.4. 

6.4   Future  Directions

There is a clear lack of information on the intrinsic musculature of nonhominoid 

primates, and future anatomical studies should try to include these taxa in their 

analyses. This is needed to perform a phylogenetic analysis and identify functional 

adaptations in the primate foot. The overrepresentation of hominoids in anatomical 

studies (or more correctly the underrepresentation of nonhominoids in anatomical 

studies) might skew our view and lead to misinterpretations or false conclusions, as was shown in the case of the Achilles tendon. Rather than being a derived trait in 

humans and hylobatids, as was suggested based on the prominent presence of this 

structure in humans and hylobatids and the absence of it in the great apes, a recent study (Aerts et al., 2018) showed that it is more likely an ancestral trait of primates given that most cercopithecoids possess a well-developed Achilles tendon. The 

more likely scenario is that a well-developed Achilles tendon is a trait that was lost independently in the three great ape genera. Such conclusions can only be drawn if 

detailed anatomical studies encompass a wide range of primate taxa. 

A second and at least equally important future direction is the combination and 

integration of anatomical studies with experimental/biomechanical studies and field 

work studies. Experimental studies are needed to investigate the functional implica-

tions of specific anatomical traits while field work studies are required to understand how the animal behaves in its natural environment (e.g., support choice, locomotor 

repertoire, grip types). By combining experimental work with field observations, we 

can establish “validated” form–function relationships which can then be used to 

interpret fossil remains of extinct primates. 
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Finally, the development of computational models of the primate foot (e.g., mus-

culoskeletal models, finite element models) can also lead to interesting insights, as such models allow us to perform simulations and provide results that are difficult to obtain experimentally. A first such attempt has been made by Goh et  al. (2017) building a musculoskeletal model of the gorilla hind limb, based on CT data and 

detailed dissection. Using their model they can calculate muscle moment arms and 

torques during specific movements and simulate the effect of, for example, bipedal 

locomotion or vertical climbing on muscle constraints. 

6.5   Summary

The morphology of primate feet has long been a central topic of research in biologi-

cal anthropology, yet many issues remain understudied and unresolved. While many 

studies have focused on the osteology of the foot and some have examined soft tis-

sue like the heel pad or plantar aponeurosis, few studies have examined the foot 

musculature of different primates. This chapter summarizes the patterns of extrinsic and intrinsic musculature of the primate foot, in a functional context, with a focus on hominoids. Although there is much variation, the extrinsic plantar flexors are 

always the largest muscle group in all primates. Digital flexors are the next largest group, a pattern reflecting the arboreal habits of primates and the need for a grasping foot even in brachiators like the gibbon. Intrinsic foot muscles also vary in interesting and functionally important ways. Among apes, the hallucial muscles represent 

the majority of the intrinsic muscle mass, reflecting the fundamental importance of 

the grasping hallux in all extant primates and presumably through their evolution. 

Variation in muscle mass distribution in strepsirhines reveals grasping patterns as 

well. It is worth noting that gorillas and humans both show high muscle mass asso-

ciated with the fifth digit, a pattern whose functional explanation remains unclear 

but may be associated with robusticity of these forefoot elements (see Chap. 5). This chapter concentrated on apes and to an extent strepsirhines because those are the 

groups for which the most data on foot muscles are available. We need further infor-

mation on muscular anatomy in these groups and in many others. Such data should 

be coupled with experimental/biomechanical studies and with computational mod-

eling to give this topic the attention it deserves. 

References

Aerts, P., D’Aout, K., Thorpe, S., Berillon, G., & Vereecke, E. (2018). The gibbon’s Achilles tendon revisited: Consequences for the evolution of the great apes?  Proceedings of Royal Society B, 285, 4–7. 

Aiello, L. C., & Dean, C. (1990).  An introduction to human evolutionary anatomy. Academic Press. 

136

E. E. Vereecke

Boyer, D., Patel, B., Larson, S., & Stern, J. (2007). Telemetered electromyography of peroneus longus in  Varecia variegata and  Eulemur rubriventer: Implications for the functional significance of a large peroneal process.  Journal of Human Evolution, 53, 119–134. 

Carlson, K.  J. (2006). Muscle architecture of the common chimpanzee ( Pan troglodytes): Perspectives for investigating chimpanzee behavior.  Primates, 47(3), 218–229. 

Channon, A. J., Günther, M. M., Crompton, R. H., & Vereecke, E. E. (2009). Mechanical constraints on the functional morphology of the gibbon hind limb.  Journal of Anatomy, 215(4), 383–400. 

Farris, D. J., Kelly, L. A., Cresswell, A. G., & Lichtwark, G. A. (2019). The functional importance of human foot muscles for bipedal locomotion.  Proceedings of the National Academy of Sciences of the United States of America, 116(5), 1645–1650. 

Fiolkowski, P., Brunt, D., Bishop, M., Woo, R., & Horodyski, M. (2003). Intrinsic pedal musculature support of the medial longitudinal arch: An electromyography study.  The Journal of Foot and Ankle Surgery, 42(6), 327–333. 

Fukunaga, T., Roy, R. R., Shellock, F. G., Hodgson, J. A., Day, M. K., Lee, P. L., Kwong-Fu, H., 

& Edgerton, V. R. (1992). Physiological cross-sectional area of human leg muscles based on Magnetic Resonance Imaging.  Journal of Orthopaedic Research, 10(6), 926–934. 

Gebo, D.  L. (1985). The nature of the primate grasping foot.  American Journal of Physical Anthropology, 67(3), 269–277. 

Gebo, D. L. (1992). Plantigrady and foot adaptation in African apes: Implications for hominid origins.  American Journal of Physical Anthropology, 89(1), 29–58. 

Gefen, A. (2003). The  in vivo elastic properties of the plantar fascia during the contact phase of walking.  Foot & Ankle International, 24(3), 238–244. 

Gibbs, S., Collard, M., & Wood, B. A. (2002). Soft-tissue anatomy of the extant hominoids: A review and phylogenetic analysis.  Journal of Anatomy, 200, 3–49. 

Goh, C., Blanchard, M. L., Crompton, R. H., Günther, M. M., Macaulay, S., & Bates, K. T. (2017). 

A 3D musculoskeletal model of the Western lowland gorilla hind limb: Moment arms and torque of the hip, knee and ankle.  Journal of Anatomy, 231(4), 568–584. 

Grand, T. I. (1986). The functional anatomy of the lower limb of the howler monkey ( Alouatta Caraya).  American Journal of Physical Anthropology, 28, 163–181. 

Hallisy, J. E. (1930). The muscular variations in the human foot. A quantitative study.  The American Journal of Anatomy, 45(3), 411–442. 

Hanna, J. B., & Schmitt, D. (2011). Comparative triceps surae morphology in primates: A review. 

 Anatomy Research International, 2011, 1–22. 

Hicks, J. H. (1954). The mechanics of the foot. II: The plantar aponeurosis and the arch.  Journal of Anatomy, 88, 25–31. 

Hirasaki, E., & Kumakura, H. (2010). Estimating the functional axis of the primate foot using the distribution of plantar muscles.  International Journal of Primatology, 31(2), 239–261. 

Hur, M. S., Kim, J. H., Gil, Y. C., Kim, H. J., & Lee, K. S. (2015). New insights into the origin of the lumbrical muscles of the foot: Tendinous slip of the flexor hallucis longus muscle.  Surgical and Radiologic Anatomy, 37(10), 1161–1167. 

Hur, M. S., Kim, J. H., Woo, J. S., Choi, B. Y., Kim, H. J., & Lee, K. S. (2011). An anatomic study of the quadratus plantae in relation to tendinous slips of the flexor hallucis longus for gait analysis.  Clinical Anatomy, 24(6), 768–773. 

Inokuchi, S. (1967). On the muscles of the foot in Formosan monkey and crab-eating monkey.  Acta Medica Nagasakiensia, 11, 164–205. 

Jungers, W. L., Meldrum, D. J., & Stern, J. T. (1993). The functional and evolutionary significance of the human peroneus tertius muscle.  Journal of Human Evolution, 25, 377–386. 

Kelly, L. A., Cresswell, A. G., Racinais, S., Whiteley, R., & Lichtwark, G. (2014). Intrinsic foot muscles have the capacity to control deformation of the longitudinal arch.  Journal of the Royal Society Interface, 11, 20131188. 

6  Myology of the Primate Foot

137

Kelly, L.  A., Lichtwark, G., & Cresswell, A.  G. (2015). Active regulation of longitudinal arch compression and recoil during walking and running.  Journal of the Royal Society Interface, 12, 20141076. 

Ker, R. F., Bennet, M. B., Ribby, S. R., Kester, R. C., & Alexander, R. M. (1987). The spring in the arch of human foot.  Nature, 325, 147–149. 

Kingston, A., Boyer, D., Patel, B., Larson, S., & Stern, J. (2010). Hallucal grasping in  Nycticebus coucang: Further implications for the functional significance of a large peroneal process. 

 Journal of Human Evolution, 58(1), 33–42. 

Kura, H., Luo, Z. P., Kitaoko, A. B., & An, K.-N. (1997). Quantitative analysis of the intrinsic muscles of the foot.  Anatomical Record, 249, 143–151. 

Langdon, J. H. (1990). Variations in cruropedal musculature.  International Journal of Primatology, 11(6), 575–606. 

Le Minor, J. (1987). Comparative anatomy and significance of the sesamoid bone of the peroneus longus muscle (os peroneum).  Journal of Anatomy, 151, 85–99. 

Lewis, O. J. (1962). The comparative morphology of M. flexor accessorius and the associated long flexor tendons.  Journal of Anatomy, 96(3), 321–333. 

Lewis, O. J. (1964). The tibialis posterior tendon in the primate foot.  Journal of Anatomy, 98(2), 209–218. 

Lewis, O. J. (1981). Functional morphology of the joints of the evolving foot.  Symposium of the Zoological Society of London, 46, 169–188. 

Lisowski, F. P., Albrecht, G. H., & Oxnard, C. E. (1974). The form of the talus in some higher primates: A multivariate study.  American Journal of Physical Anthropology, 41(2), 191–215. 

Miller, R. A. (1952). The musculature of  Pan paniscus.  American Journal of Anatomy, 91, 183–232. 

Morton, D. J. (1922). Evolution of the human foot.  American Journal of Physical Anthropology, 5(4), 305–336. 

Myatt, J. P., Crompton, R. H., & Thorpe, S. K. S. (2011). Hindlimb muscle architecture in nonhuman great apes and a comparison of methods for analysing inter-species variation.  Journal of Anatomy, 219(2), 150–166. 

Oishi, M., Ogihara, N., Endo, H., Komiya, T., Kawada, S.-I., Tomiyama, T., Sugiura, Y., Ichihara, N., & Asari, M. (2009). Dimensions of the foot muscles in the lowland gorilla.  The Journal of Veterinary Medical Science/The Japanese Society of Veterinary Science, 71(6), 821–824. 

Oishi, M., Ogihara, N., Endo, H., Une, Y., Ichihara, N., Asari, M., & Amasaki, H. (2012). Muscle dimensions of the foot in the orangutan and the chimpanzee.  Journal of Anatomy, 221(4), 311–317. 

Oishi, M., Ogihara, N., Shimizu, D., Kikuchi, Y., Endo, H., Une, Y., Soeta, S., Amasaki, H., & Ichihara, N. (2018). Multivariate analysis of variations in intrinsic foot musculature among hominoids.  Journal of Anatomy, 232(5), 812–823. 

Patel, B. A., Wallace, I. J., Boyer, D. M., Granatosky, M. C., Larson, S. G., & Stern, J. T. (2015). 

Distinct functional roles of primate grasping hands and feet during arboreal quadrupedal locomotion.  Journal of Human Evolution, 88, 79–84. 

Payne, R., Crompton, R. H., Isler, K., Savage, R., Vereecke, E. E., Günther, M. M., Thorpe, S. K. S., 

& D’Août, K. (2006). Morphological analysis of the hindlimb in apes and humans. I. Muscle architecture.  Journal of Anatomy, 208(6), 709–724. 

Raven, H. C. (1936). Comparative anatomy of the sole of the foot.  American Museum Novitates, 871, 1–9. 

Raven, H. C. (1950).  The anatomy of the gorilla. Columbia University Press. 

Reeser, L. A., Susman, R. L., & Stern, J. T. (1983). Electromyographic studies of the human foot: Experimental approaches to hominid evolution.  Foot & Ankle, 3(6), 391–407. 

Sargis, E., Boyer, D., Bloch, J., & Silcox, M. (2007). Evolution of pedal grasping in primates. 

 Journal of Human Evolution, 53(1), 103–107. 

Sarin, V., Erickson, G., Giori, N., Bergman, A., & Carter, D. (1999). Coincident development of sesamoid bones and clues to their evolution.  Anatomical Record, 257(5), 174–180. 

138

E. E. Vereecke

Sarmiento, E.  E. (1994). Terrestrial traits in the hands and feet of gorillas.  American Museum Novitates, 3091, 1–29. 

Schmitt, D., & Larson, S. G. (1995). Heel contact as a function of substrate type and speed in primates.  American Journal of Physical Anthropology, 96(1), 39–50. 

Sichting, F., Holowka, N. B., Ebrecht, F., & Lieberman, D. E. (2020). Evolutionary anatomy of the plantar aponeurosis in primates, including humans.  Journal of Anatomy, 237, 85–104. 

Sooriakumaran, P., & Sivananthan, S. (2005). Why does man have a quadratus plantae? A review of its comparative anatomy.  Croatian Medical Journal, 46(1), 30–35. 

Straus, W. L. (1930). The foot musculature of the highland gorilla ( gorilla beringei).  The Quarterly Review of Biology, V(3), 261–317. 

Swindler, D. R., & Wood, C. D. (1973).  An atlas of primate gross anatomy. Baboon, chimpanzee, and man. University of Washington Press. 

Szalay, S. F., & Dagosto, M. (1988). Evolution of hallucial grasping in the primates.  Journal of Human Evolution, 17, 1–33. 

Thorpe, S.  K. S., Crompton, R.  H., Günther, M.  M., Ker, R.  F., & Alexander, R.  M. (1999). 

Dimensions and moment arms of the hind-and forelimb muscles of common chimpanzees 

( Pan troglodytes).  American Journal of Physical Anthropology, 110, 179–199. 

Tocheri, M. W., Solhan, C. R., Orr, C. M., Femiani, J., Frohlich, B., Groves, C. P., Harcourt-Smith, W. E. H., Richmond, B. G., Shoelson, B., & Jungers, W. L. (2011). Ecological divergence and medial cuneiform morphology in gorillas.  Journal of Human Evolution, 60, 171–184. 

Tosovic, D., Ghebremedhin, E., Glen, C., Gorelick, M., & Brown, J. (2012). The architecture and contraction time of intrinsic foot muscles.  Journal of Electromyography and Kinesiology, 22(6), 930–938. 

Tuttle, R. H. (1972). Functional and evolutionary biology of hylobatid hands and feet.  Gibbon and Siamang, 1, 136–206. 

Vereecke, E. E., D’Août, K., Payne, R., & Aerts, P. (2005). Functional analysis of the foot and ankle myology of gibbons and bonobos.  Journal of Anatomy, 206(5), 453–476. 

Vereecke, E. E., D’Août, K., & Aerts, P. (2006). Locomotor versatility in the white-handed gibbon ( Hylobates lar): A spatiotemporal analysis of the bipedal, tripedal, and quadrupedal gaits. 

 Journal of Human Evolution, 50(5), 552–567. 

Wilder, B.  G. (1861). Contributions to the comparative myology of the chimpanzee.  Boston Journal of Natural History, 6, 353–384. 

Zihlman, A. L., McFarland, R. K., & Mi, G. (2011). Functional anatomy and adaptation of male gorillas ( Gorilla gorilla gorilla) with comparison to male orangutans ( Pongo pygmaeus). 

 Anatomical Record, 294, 1842–1855. 

[image: Image 52]

Chapter 7

The Integument and Associated Structures 

of the Primate Foot

Amanda Kingston, Pierre Lemelin, and Daniel Schmitt

Abstract  Primate manual and pedal skin has remained an area of considerable 

interest for evolutionary anthropologists because of its importance in locomotion 

and its role as a sensory organ. Though much critical work has been done on 

the manual integument, there has been less focus on the pedal skin, volar pads, and 

associated fat and plantar aponeurosis, all of which are thought to play a key role in grip and in load management. This chapter fills that gap by reviewing what is known 

about the functional anatomy of pedal skin, pads, and the plantar aponeurosis and 

the extent to which those structures may represent adaptations to locomotion and 

reveal patterns in primate evolution. Pad geometry, surface ridges, distribution, and composition appear to reflect body size and substrate use, with the heel pad in apes and humans reflecting impact loading. However, more studies of heel pad loading 

are needed. New studies show that a prominent plantar aponeurosis is more com-

monly distributed across primates than previously thought and suggest a reconsid-

eration of its primary role in stiffening the foot. Finally, the pattern of nails and claws in primates is reviewed. Though much is known about soft-tissue structures 

of the foot, there are many opportunities for experimental, radiographic, and cadav-

eric studies that can advance our understanding of the function of the pedal integu-

ment in primates. 

Keywords  Volar pads · Heel pad · Skin · Plantar aponeurosis · Nails · Claws · 

Windlass mechanism · Dermal ridges · Friction · Mechanical properties
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7.1   Introduction

The integument is defined broadly as an outer covering in plants and animals. This 

means the integument in primates is the skin and associated glands, hair, nerves, and vessels. Because they derive from the same embryological source as skin, cuticles, 

and nails are also part of the integument. A complete and thorough discussion of the histology and development, especially as it regards nails and claws and frictional 

properties, of the integument of the primate hand is contained in Maiolino et al. 

(2016) and the seminal work of both Cartmill (1974, 1979) and Hamrick (1999). 

Readers are encouraged to explore these excellent works. Since many of the issues 

discussed there apply equally to the foot, especially that about nails and claws, we do not cover that in detail here. Here, instead, we will expand our discussion of the foot integument to focus primarily on pedal volar pads and to include the associated subcutaneous fat and plantar aponeurosis that play an important role in foot compliance. Pedal volar pads are a primary focus of this chapter because it is in this area that some of the clearest patterns of form and function are revealed. 

This chapter, therefore, focuses on the volar pads and associated fat and aponeu-

rosis of the primate foot and the role those structures play in absorbing load, con-

forming to the surface of a substrate and providing a slip-resistant propulsive 

push-off (Chaps. 5 and 9). In addition, we consider the effects of body size on the shape of volar pads, which play a critical role in foot function. It should be said right away, that this chapter will not provide simple answers about the function of the 

primate foot integument. In fact, there are so many unknowns about the primate foot 

integument, it is hoped instead that this chapter will inspire students toward fur-

ther work. 

 7.1.1   The Place of the Foot in Primate Evolution

One of the hallmarks of all living primates is a grasping foot. Yet, textbooks and 

classroom lectures commonly focus on the grasping hand instead. This is partly 

because hands are so expressive and because humans as a species lack a grasping 

foot. In that way, we show our students their kinship to primates, living and fossil, as they marvel at their own amazing hands. In addition, our hands are critical sensory organs by which we explore the world, an arrangement that has been funda-

mental to our evolutionary success (see Maiolino et al., 2016). More than 100 years ago, Wood Jones (1916: 73) noted that “The human hand, a strangely, almost shock-ingly primitive survival, has received enormous praise mistakenly lavished by the 

philosopher and the anatomist; but the human foot, a wonderfully modified and 

distinctly human member, has had but scant appreciation.” Many animals including 

marsupials, raccoons and even cats and rats can do some amazing manipulative 

tasks with their front paws. Few animals, however, can do anything grasping or 

manipulative with their rear paws. With few exceptions – the callitrichids and, of 
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course, humans – primates have a remarkable foot designed for grasping, as well as 

the more “normal” mammalian foot functions like friction, cushioning, and propul-

sion. It is true that our foot is less sensitive and manipulative than the hand, but its role in primate evolution is just as important as the hand, and in many ways, more 

profound. 

Early pre-Darwinian taxonomists like Cuvier (1812) proposed to describe all nonhuman primates as the Quadrumana (as opposed to the bimana) to recognize the 

similarities of the hands and feet in primates. This flawed definition is intuitively appealing because most primates have both grasping hands and feet. However, the 

hands of primates are also used in prey capture, social activities, fine manipulation, and detailed sensory information collection. Although the foot can manipulate 

things and provide sensory information, it is primarily a support and propulsive 

organ, as Wood Jones (1916) noted. Thus, the role of the primate foot is to interact securely with the substrate and absorb load. Again, it is the grasping foot that fundamentally defines the Primate order. 

The primate foot, regardless of the degree of grasping and preferred substrate 

use, represents a good example of biomechanical requirements competing against 

each other. The foot of most primates must engage with and conform to the sub-

strate. It must also resist frictional slippage. It must absorb load with each impact with the substrate, including the high impacts of running and landing. Finally, it 

must securely interact with the substrate to propel an animal forward and/or upward 

when walking, running, and leaping. The foot must balance conflicting require-

ments for stiffness and compliance. This balancing act and the diversity of foot form seen in primates is a dramatic example of the complex problems resolved by natural 

selection and illuminates, in many ways, what it means to be a primate. 

One way to engage in a comparative study of the primate pedal integument is by 

comparing which part of the foot contacts the substrate and what role it has in that interaction between foot and substrate (Chaps. 4 and 9). This perspective on initial foot contact distinguishes those primates who grasp with their foot (almost all of 

them) and those who do so to a lesser degree because of foot morphology or habit-

ual substrate use including callitrichids, large terrestrial cercopithecoids, and large gorillas and humans. At some level, primate feet show similar patterns within taxonomic groups and/or within groups that share locomotor styles, though see below 

and Kingston (2016) for a more nuanced view of this argument. 

 7.1.2   The Main Components of the Primate Foot

The skin and associated pads with their embedded sensory organs are the point of 

interface between the foot and the substrate and, regardless of their locomotor 

mechanics, all primates have, to differing degrees of size, projection, and separa-

tion, heel and pedal volar pads, especially those associated with metatarsal heads 

(Fig. 7.1). Most primates have diminutive heel pads (some with fur overlapping) and, especially in smaller primates, they have discrete volar pads, whose function 
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Fig. 7.1  Integument of the foot of primates and tree shrew [adapted from drawings by Biegert 

(1963) and not to scale]. Note the more discrete volar pads of the sole of the foot (C: calcaneal pad; Th: thenar pad; Hp-Hd: hypothenar pad; I–IV: interdigital pads) in smaller tree shrew and primate species (a–c, g), and expanded apical pads at tip of the digits of the galago (b) and especially tarsier (g). Larger primate species (d–f, g–l) have coalesced volar pads that form a single and more uniform friction surface. Note the claws (falculae) on all digits of the tree shrew (a), claw-like nails (faculae) of the aye-aye (d), and “grooming” (or “toilet”) claw on second digit of strepsirrhines (b–e) or second and third digit of the tarsier (f). Most primates have flattened nails on their digits like those seen the lateral toes of the orangutan (i)

has rarely until recently been explored in a seminal study that adds much to our 

understanding of pad anatomy (Kingston, 2016) (Fig. 7.1). 

Beneath the skin and pads (which are extensions of the skin) we find other struc-

tures that are part of, or are closely associated with the integument and play critical roles in foot function. The primate foot includes, to varying degrees of development, the ligament-like plantar aponeurosis along with thick bands of collagen and adipose tissue, often contained within collagenous septa (Chi  & Schmitt, 2005). 

Beneath that we find the deep ligaments of the bones of the foot. These ligaments 

are covered in other chapters (Chaps. 4, 10, and 11) and they interact with integumentary structures in important ways but they need no further discussion here as 

they are wholly separate from the integument. Finally, nails are part of the integu-

ment. The debate about the role of nails is deep and unresolved at this point in time, but we will consider the roles of nails of the foot at the end of this chapter. 
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7.2   Mechanics

This section considers the basic mechanics of the foot. Many of these mechanical 

issues apply to both the hand and the foot in quadrupedal primates. However, 

because (1) the hand has a more manipulative and sensory role than does the foot, 

(2) primates bear more weight on their hind limbs than their forelimbs (see Kimura, 

1979; Demes et al., 1994), and (3) primates power leap from their feet, the foot faces a different set of loading challenges. However, see Kingston (2016) and below (Sects. 7.3.3 and 7.3.4) for a consideration of the degree to which weight-bearing patterns and impact influences pad anatomy. 

In this light, the primate foot has to meet a complex set of functional demands, 

some of which are potentially competing against each other. A foot has to be able to grasp and conform to a surface, absorb load (be compliant), and be a lever for push-off at the end of a step (be relatively inflexible). As described in this volume (Chaps. 

3, 4, 9, and 10) and also reviewed in Chi and Schmitt (2005) and Chi and Roth 

(2010), some of the variable compliance (a cushioned landing and a stiff push-off) is accomplished by osteological and ligamentous elements that help form arches 

and that lock into each other as the foot is loaded. As a foot contacts the substrate, it is loaded vertically (axially) and in shear (Fig. 7.2). That loading compresses the arch and stretches the plantar aponeurosis and skin of the foot. Throughout this 

loading pattern, moderation of compliance and stiffness is created by the integu-

ment itself – the plantar aponeurosis (Chap. 10), fat and collagen-filled digital pads (including the heel pad in humans and some other apes), and the skin. 

The ways in which the foot interacts with the substrate and how it absorbs load 

is central to understanding the functional anatomy of the foot. The volar skin and 

pads (the integument proper) and associated subcutaneous fat, together with the 

plantar aponeurosis, mediate the relationship between the foot and the substrate. 

Fig. 7.2 (a) Foot loading at midstance and stretch of plantar aponeurosis. Modified from Kirby 

(2017), open access. (b) Heel pad deformation at impact. Modified from Chi and Schmitt (2005)
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The part of the foot that contacts the substrate at initial ground contact has to absorb the impact of initial contact and much of the load of body weight and avoid slipping. 

The part of the foot that bears weight at midstance deforms, possibly to absorb and 

return energy or even amplify power or increase plantar pressures (Ker et al., 1987; 

Chi & Schmitt, 2005; Takahashi & Stanhope, 2013). The part of the foot that engages during toe-off must also interlock with the substrate and the whole foot 

should be limited in its deformation in order to function as an effective lever. This creates an illuminating compromise involving the complex interplay among all 

parts of the foot. Interactions between bones that promote or limit compliance are 

covered in Chaps. 3, 4, 5, 9, 10, and 11 of this volume. The foot skeleton and its ligaments interact with each other to form both mobile and stiff phases. The integument 

and associated aponeurosis has a role in that interplay as well, in the same way that a loose or tight glove or shoe enables or limits the motion of the hands and feet. 

The basic idea presented in the following sections is that the remaining parts of 

the integument of the primate foot, or really any mammalian foot, are designed for 

(1) friction (grasping and nongrasping friction) and (2) load absorption (impact and pressure). The shape and form the integument takes then is influenced by substrate 

use and body size (Cartmill, 1974, 1979). These are ideas well explored for the hand 

(see Cartmill, 1974, 1979) but less so for the foot. From that starting point we can examine the pads of primate feet and see whether these ideas hold up. 

 7.2.1   The  Plantar  Aponeurosis

Humans have a robust plantar aponeurosis that effectively stiffens the foot, stores 

energy, and, working with muscles, its longitudinal arch (see Chaps. 4 and 10). The 

plantar aponeurosis is a thick fibrous band running from the calcaneus to the base of the digits. It has long been viewed as a unique human feature, and many have argued 

for its centrality in understanding human evolution, beginning as early as Morton 

(1922, 1924) and Jones (1916, 1944) and more recently (Griffin et al., 2015). There is a considerable amount of work done on the function of the plantar aponeurosis 

and its loading in humans that focuses on it absorbing and returning energy (see 

Hicks, 1954; Acigno and Payne, 1990; Kitaoka et al., 1994; Erdemir et al., 2004; Caravaggi et al., 2010 for some examples), though in addition it has been argued that it also serves, along with the fat it encapsulates, to protect structures of the foot including the metatarsal heads (Bojsen-Moller & Flagstad, 1976). 

The most common representation of the mechanics of the plantar aponeurosis is 

as a windlass mechanism that tightens when the toes are extended and when load is 

applied at the apex (or keystone) of the arch (Hicks, 1954). It can stiffen the foot and store and return energy. Griffin et al. (2015) speculated on whether we could ever determine when this specialized form evolved. In a perfect example of a productive 

broad perspective that upends long-held beliefs about human uniqueness, Sichting 

et al. (2020) appear to have the answer, and they derived their argument from rejecting the assumption that the plantar aponeurosis of humans is special (Fig. 7.3). 
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Fig. 7.3  Taken from Sichting et al. (2020) to show similarities in plantar aponeurosis in (a) nonhuman primate and (b) human [reprinted with permission from Sichting et al. 2020]

Instead, they concluded that a human-like aponeurosis is present in 19 primate spe-

cies, including African apes and many terrestrial cercopithecoids. They demon-

strated that three defining features of the aponeurosis – the presence of an associated plantaris muscle (see Chap. 6), a lateral band, and a central band – were present in these species. 

This analysis changes our long held thoughts on which primates possess a plan-

tar aponeurosis but it does not necessarily change our understanding of its function. 

It still can be argued that it has an important role in stiffening the foot in propulsive pedal progression. However, Farris et al. (2020) recently argued that active muscle contraction was more important in developing foot stiffness than the passive 
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windlass mechanism. Thus, there is renewed debate about this structure that had 

been assumed to be well-understood. The possibility that the aponeurosis stores and 

returns energy is also still worth considering. In our view, these revisions to our 

understanding of the plantar aponeurosis are more exciting than the previous model 

of the aponeurosis as a unique human feature. 

7.3   Pedal  Volar  Pads

The skin of the feet is exceptionally thick compared to other parts of the body 

including the hand and that thickness varies across species, and this is especially 

true for gorillas (Sokolov & Sokolov, 1982). While all regions of the integument share major roles in protecting deep tissues from ultraviolet damage, preventing 

dehydration, regulating body temperature, and housing sensory organs, pedal skin 

has many important roles in loading when standing and moving. The histology of 

the skin is reviewed in Maiolino et al. (2016) and thus is only briefly reviewed here 

in Fig. 7.4. Similarly, much of the work done on manual pad frictional properties of the hand comes from Cartmill’s (1974, 1979) excellent work and in Maiolino et al. 

(2016) and does not need to be revisited here. So here we focus on the arrangement and size of pads. 

Volar pads are an extension of the skin. They play a key role in friction and load 

absorption. Like the hand, the foot can be divided into discrete areas with pads at the digits, heads of the metatarsals, and heel. Like the hand, the foot has distinct ridges that form patterns (dermatoglyphics) (see Biegert, 1963) that function probably as 

do the same on the hand to improve friction (Cartmill, 1974, 1979; Kingston, 2016) and direct moisture (Warman & Ennos, 2009). They extend deeper into the epidermal layer (all the way to the stratum basale) where they transition into intermediate ridges and grooves (valleys). These all function like radial tires in the rain (Warman 

& Ennos, 2009). 

Mammals that apply all or part of the pedal volar surfaces directly to a substrate 

during locomotion often rely upon a cushion of sorts to diffuse reaction forces 

applied to their limbs and protect the underlying bones and vessels. For most mam-

mals, in the foot this cushion takes the form of fat pads which sit deep to the volar skin. The fatty tissues that comprise these pads are surrounded by septa of collagen and elastin fibers, an arrangement Chi and Schmitt (2005) refers to as fibrous adi-

pose. The arrangement of these structures has profound effects on pad mechanical 

properties and their ability to safely (without injury) absorb and return energy and maintain a frictional foot-substrate contact area (Chi & Schmitt, 2005; Chi and 

Roth, 2010). This configuration results in volar pads that behave mechanically as a semisolid, viscoelastic material (Bennett & Ker, 1990; Ker, 1990; Aerts et al., 1995, 

1996; Pawluk & Howe, 1999; Jindrich et al., 2003; Chi & Schmitt 2005). In simple 

terms, this means that the pads are able to deform and rebound, to varying degrees 

depending on the geometric properties size (smaller more projecting pads may be 

stiffer than broader, less discrete pads) and their material properties, with 

applied force. 
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Fig. 7.4  Photomicrograph of a stained (trichrome) histological section through the apical pad (left pedal fifth digit) of a rhesus macaque (Macaca mulatta). Note the thickness of the epidermis (1) compared to the dermis (2). The corneal layer and underlying clear layer (stratum corneum and stratum lucidum, (3) made of dead keratinocytes is particularly thick. The rest of the epidermis can be appreciated with its granular layer (stratum granulosum, (4) containing pigments, spiny layer (stratum spinosum, 5), and single-cell basal layer (stratum basale or germinativum, 6) giving rise to new keratinocytes. The more superficial papillary layer of the dermis (7) is made of areolar connective tissue and contains nerve endings (white arrows). The deeper reticular layer of the dermis (8) is made of more irregular and denser connective tissue with more elastic fibers. Thick skin seen of the volar surface of feet has a very notable peak-and-valley interface between the dermis and epidermis. Each dermal papilla (9) is surrounded by a limiting ridge (10) and intermediate ridge (11), both part of the epidermis
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The number and shape of volar pads are similar between the hands and feet of 

primates (Fig. 7.5). But they do vary with body size (Kingston, 2016). A baseline arrangement of a thenar (proximal to the hallux) and a hypothenar pad (proximal to 

digit V), though both are less pronounced in the foot than in the hand, and four 

interdigital pads proximal to the bases of the proximal phalanges (Haines, 1955, 

1958; Biegert, 1963) persists across primates. It should be noted that some large primates, particularly apes and humans have a dramatic and elaborated heel pad in 

addition. Also, to varying degrees, most primates have expansions of apical pads, 

which can be seen dramatically in arboreal primates like  Tarsius, though the reason for this expansion is unclear; theories for it are discussed below. 

Fig. 7.5  Plantar surface of the left foot of the fat-tailed dwarf lemur ( Cheirogaleus medius). Scale bar is one cm. The volar pad nomenclature follows that of Biegert (1963): thenar pad (1), hypothenar pad (2), interdigital digital pads (3), and apical pads (4). Like most strepsirrhines and tarsiers, the heel is covered with fur and there is no calcaneal (heel) pad (see text and Fig. 7.1 for more details). Original scans of lemur foot taken at the Duke Lemur Center and courtesy of Dr. Doug Boyer (Duke University)
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 7.3.1   Heel  Pads

For the vast majority of primates, the foot begins its support phase by contacting the substrate with the forefoot or midfoot (see Chaps. 4, 8, 9, and 10). In a few species, most notably humans, African apes, and possibly orangutans, the initial contact is in the hindfoot (see Chap. 3) (Gebo, 1992; Meldrum, 1993; Schmitt & Larson, 1995; Zeininger et al., 2020). Regardless of initial contact, the midfoot (see Chap. 4) is brought down onto the substrate and the sole of the foot conforms to the substrate 

and absorbs body weight. Finally, primates propel their body forward by pushing 

off with the forefoot (see Chaps. 5, 8, 9, 10, and 11). 

In humans and great apes in which the heel first contacts the ground and absorbs 

high impact forces, the heel pad is expanded and has mechanical properties that 

mitigate load absorption (Chi & Schmitt, 2005; Aerts et al., 1995). In most other primates (and other mammals) the heel remains raised during the stance phase 

(Schmitt & Larson, 1995) and is relatively narrow, has a limited fat pad, and is often covered with fur. Interestingly, there are primates with glabrous (hairless) heels 

(e.g.,  Lemur catta) that do not contact the substrate with their heel during the stance phase. There is variation among primates with glabrous heels, with humans and 

gorillas having relatively large and wide heel pads. 

Humans have a highly developed heel pad with complex material properties (Chi 

& Schmitt, 2005 and references therein), and gorillas and chimpanzees appear to as 

well (Morton, 1944; Biegert, 1963). Histological studies (Sokolov & Sokolov, 1982; Chi & Schmitt, 2005) indicate that footpads of humans and other animals are composed of adipose tissue subdivided into compartments by collagenous membranes. 

As a result these footpads can be viewed as a hydrostatic support (Ker, 1990). It appears that properties of the heel pad are compliant enough to allow absorption of 

energy and are stiff enough to stabilize the foot and allow return of energy as well (Aerts et al., 1995; Chi & Schmitt, 2005; Takahashi & Stanhope, 2013). A similar pattern has been shown for impact loaded pads in carnivores (Chi & Roth, 2010). 

 7.3.2   Effect of Body Size on Pad Geometry 

 and Material Properties

One of the central questions that always need to be addressed in functional anatomy 

is how does body size affect patterns of anatomy (see Schmidt-Nielsen (1984) as 

one source of review). This is a central question for understanding pedal volar pads (Chi & Roth, 2010). This problem has been considered deeply by Cartmill (1974, 

1979) in regards to the role of viscoelastic properties and friction in weight support by volar pads. Cartmill (1974, 1979) and Chi and Roth (Chi & Roth, 2010) recog-

nize that the number, distribution, geometry, surface configuration, and composition all affect the function of volar pads. 
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It has been argued (though see details below) that small primates like galagos, 

lorises, and cheirogaleids have discrete, well-separated volar pads that engage 

with narrow supports, while larger primates have relatively flatter and coalesced 

pads that form a more uniform traction surface (Biegert, 1963; Cartmill, 1974, 

1979). However, even human and gorilla feet have notable heel and interdigital pads and some slight apical expansion. Relatively expanded pad size is intuitively 

and theoretically attributable to needs of frictional force (Cartmill, 1974, 1979). 

But these rules are not sacrosanct. For example,  Arctocebus has more coalesced volar pads compared with the larger  Perodicticus (see Biegert, 1963; Cartmill, 

1979). The functional patterns here are not clear and the difference in body size is not extreme. Nevertheless, body size alone does not explain the pad patterns 

observed in primates. Similarly, apical pad size of the hand does not scale with 

body size in New World monkeys (Hamrick, 1998) and the same may be true in 

strepsirhines as well. 

The question of how body size influences pad morphology and function remains 

widely open. Foot pads clearly play a central role in transmitting force during foot-ground contact. This has been explored for humans in detail (Sokolov & Sokolov, 

1982; Alexander et al., 1986; Aerts et al., 1995; Ker, 1990). But comparative scaling studies across primate foot pads and in fact most mammals have been absent. 

The exceptions are Kingston (2016), which is reviewed in more detail below and 

Chi and Roth (Chi & Roth, 2010). 

Chi and Roth (2010) raise the question, as primates get larger do their pads scale functionally with size from a perspective of loading? If the properties of the pad both in terms of geometry and the mechanical properties of the fibrous adipose 

tissue do not change with size, then plantar pressure will increase and risk damag-

ing the pad tissue. In short, pads must, like other structures, keep pace with body 

size to avoid injury. Pad size and volume and the material it is made up of deter-

mine its mechanical properties to sustain load. It was argued previously that the 

loading frequency of impact (Alexander & Vernon, 1975; Chi & Schmitt, 2005) is at a frequency that is optimal for bone formation (Rubin et al., 1990). This suggests that pad loading frequency should stay the same and the pad should adjust 

according to increases in size of the effective foot mass (Chi & Schmitt, 2005; Chi 

& Roth, 2010). 

Chi and Roth’s (2010) study of digitigrade carnivorans revealed intriguing differences and provides a model for a similar study of primates. They found that as body 

mass increases pad size doesn’t keep up. As a result, pressure increases on the pads of larger animals to a greater extent than smaller animals. However, stiffness of the pad (its resistance to deformation) increases with body mass so the tissue deforms 

(strains) less. They also found that foot pads stored more energy than manual pads, 

and speculated that this is associated with more of a role in propulsion. The latter might be tested with pads at the balls of the feet and tips of the toes in primates, which, at least in the case the metatarsal head pads, might be expected to store 

energy and resist strain effectively. Chi and Roth (2010) argue that pad stiffness 
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appears to be adjusted to body size to maintain appropriate loading frequency via 

changes in geometry and material properties, rather than geometry alone. This 

exciting finding could, and should, be explored in primates. 

From Chi and Roth (2010), it is clear that the surface area and the viscoelastic properties of a pad play a role in maintaining frictional resistance between the substrate and the foot and storing and returning energy. Further, that role is maintained in carnivores across a range of body sizes. Animals rely on the frictional and viscoelastic properties of foot pads, with the latter being especially important at small body sizes (Cartmill, 1974,  1979; Kingston, 2016). Broadly, small animals have more discrete and projecting volar pads compared to larger animals (Biegert, 1963; Kingston, 2016). In the latter, pads are flatter and coalesced into a more uniform traction surface (Biegert, 1963; Kingston, 2016). This broader surface can function effectively as a large tire, deforming as needed (Takahashi & Stanhope, 2013), shed-ding water along its ridges and also creating a frictional surface, though not necessarily because of the properties of the ridges themselves (Warman & Ennos, 2009), 

but instead via surface area of the skin (Cartmill, 1974, 1979). 

Pads in large animals may coalesce, in part, as an adaptation to the interactive 

effects between body size and the types of substrates they are on. With that assump-

tion in mind, it is no surprise that humans and gorillas have a few large and nonprojecting pads (Biegert, 1963). In comparison, discrete and projecting pads in small 

animals can aid in grasping a support by interlocking with that support (Kingston, 

2016). In this way small primates can “grip” a support with their pads. Bishop (1964) has explored this idea in exquisite detail for the primate hand, examining the orientation of objects in association with manual pads. There is good reason to think that some of the ideas of foot orientation relative to substrate might apply here. The orientation of the foot relative to substrates is a topic covered by Gebo (1985, 1986). 

Yet, this remains an area with limited data and will be worth experimental analysis. 

Recent work by Toussaint (2018) lays a foundation in this exciting area. 

As stated above, there are a lot of factors to explore when considering how pad 

anatomy reflects adaptations to size and substrate use. These include the number of 

pads, how discrete and projecting they are, and the depth, size, and number of ridges are on the surface. Little is known about this. But a recent study by Kingston (2016) sheds new light on what we know about pads on both the hands and the feet. 

Exploring the relationship between metatarsal size, body size, and pad size, 

Kingston (2016) found that pad area and metatarsal size scale together and that both 

scale with positive allometry. This means that larger strepsirrhines have larger pads than predicted by metatarsal or body size alone and can develop higher coefficients 

of friction, assuming the same stiffness of material. An interesting notable excep-

tion is the first interdigital pad which is supported by muscle and not bone and so is isometric with body size. This suggests the intuitive conclusion that at large body 

sizes, contact area is more important than viscoelastic properties, an area requiring more testing. 
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 7.3.3   The Effect of Body Size on Pad Surface Anatomy

Separate from the geometry and mechanical properties of the pads, which is impor-

tant, is the surface (ridge number, depth, and width) of the pad itself. The ridge 

frequency and morphology may also vary by body size and appears to at least in 

strepsirhines. Kingston (2016) reports that small animals have many small dermatoglyphic ridges. Whether these ridges expand the contact area or help distribute 

moisture or both remains an area of discussion and debate (Cartmill, 1974, 1979; Warman & Ennos, 2009). It is certainly the case that the shape and whorls of these 

ridges have been said to reflect both function and phylogeny (see Wilder, 1924; 

Jones, 1916, 1944; Biegert, 1963). But no clear patterns have emerged in this respect and this remains an area also ripe for exploration. 

The depth and width of ridges would affect their efficacy as a gripping surface 

and should change with body size. Once again, Kingston (2016) explored this. She found that larger strepsirhines have more ridges than smaller strepsirhines. Ridge 

depth, contrary to expectations, in her sample is isometric with body size, while 

ridge width is negatively allometric. Taken together, that suggests that larger strepsirhines have narrower ridges, and therefore have many more ridges for a given pad 

area (Kingston, 2016). 

Kingston (2016) has suggested that width may be constrained by sensory cor-

puscle size and function, though this remains speculative. This means that the foot 

pads may have greater frictional properties, to the extent that ridge anatomy influ-

ences friction, in bigger strepsirhines because they have more, narrower ridges that are of the same depth as those of smaller strepsirhines. Thus, Kingston (2016) sug-

gested that smaller strepsirhines may use pads to interlock the foot with a substrate, whereas larger strepsirhines may rely more on friction to maintain contact, especially during propulsion. 

 7.3.4   Effect of Substrate on Pad Size and Distribution

Body size is not the only factor in pad geometry and composition. The substrate the 

animal moves on could have a profound effect. Implicit in the idea that pads func-

tion to absorb and mitigate forces during impact and loading (dynamic and static) is the assumption that pad geometry and distribution will vary with substrate and locomotion. It may be argued that areas of higher impact have expanded pads. The 

expanded heel pad is clearly an example of this (Aerts et al., 1995; Chi & Schmitt, 

2005). But it remains a difficult question to assess. Consider the hairless pads of the 

heel of lemurs or the expanded apical pads of lemurs and tarsiers. How should those 

two odd features be interpreted? As to the glabrous heel of primates that does not 

contact the ground, there is no obvious functional reason for it to exist except for perhaps that the heels contact the substrate during resting postures. 
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The apical tufts are equally enigmatic. In the hand, apical pads are interpreted as 

key parts of the manual sensory system, in addition to a role in grip and load bear-

ing, for the latter especially on vertical supports. But in the foot their role in grip seems more compelling. Tarsiers have expanded apical pads and cling to trees. But 

no data support the argument that these expanded pads are for load bearing that is 

any greater than that of other primates. However, it is worth noting that claw- bearing callitrichines do not have expanded pads. Sifakas appear to have large pads, though 

Maiolino et al. (2016) have argued that they are not larger than other nonclinging leapers. This is a critical area for further study. Experimental studies on foot position and grip patterns would again be useful here. Johnson (2012) argued from force data on clinging primates that those pads are important for maintaining a static cling 

posture. Johnson (2012) further argued that these expanded pads are associated with nails in primates and also allows the hallux to provide forceful grip. The fact that most lemurs and many other clawless primates adopt clinging postures and may use 

these pads to maintain grip on large supports may explain the expanded apical pads. 

Kingston (2016) reports little or no ubiquitous effects of habitual locomotor behaviors on pad size or distribution. But there are species-specific patterns. 

 Euoticus has broad pads for clinging on vertical supports. Lorises have pads with lots of “overhang” (relief) for grasping and holding onto narrow substrates. Vertical clinging and leaping species have a relatively long first and second interdigital pad for grasping at landing and takeoff. These patterns, like the expanded heel pad of 

primates that land with a heel strike, suggest intriguing and specific patterns of 

functional relationships between foot pads and locomotion. It is probable that more 

fine-grained analysis using locomotor behaviors and foot posture and loading infor-

mation, like recent work by Toussaint (2018), will help fill this gap in our knowledge. 

 7.3.5   The Effect of Limb Loading on Pad Geometry

Even when on the same substrate, primates show different patterns of limb loading 

(Demes et al., 1994; Schmitt & Hanna, 2004), with differing degrees of relatively increased loading on the hindlimbs. This implies that pad geometry and composition may be reflective of that increased hindlimb loading. This is based on the idea that pedal volar pads play a key role in absorbing load. This certainly seems to be 

the case with the human heel pad at heel strike and the digital pads of digitigrade 

cats and dogs (Aerts et al., 1995; Chi & Schmitt, 2005; Chi & Roth, 2010). Chi and 

Roth (2010) reported that hindpads (foot pads) were more able to stiffen and store and return energy than forepads (hand) in carnivores. But the primate story is less 

clear. Once again, Kingston (2016) examined associations between pad anatomy and forelimb and hindlimb loading in strepsirhines. She suggested that impact 

doesn’t appear to be a factor since pad relief (height as a measure of the ability to absorb load) doesn’t track loading and mass. There is reason to argue that human 

(and gorilla) heel pads reflect the impacts of heel strike loading. But that remains an idea that requires testing. 
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Fig. 7.6  Plantar surface of 

the left foot of the 

fat-tailed dwarf lemur 

( Cheirogaleus medius: a), 

ring-tailed lemur ( Lemur 

 catta: b), and Coquerel’s 

sifaka ( Propithecus 

 coquereli: c). Bar scales 

are one cm. Note the more 

discrete and differentiated 

volar pads of the smaller 

lemur (a) compared to the 

more coalesced volar 

surface of larger lemurs (b, 

c). The ring-tailed lemur is 

unusual among 

strepsirrhine primates in 

having glabrous (hairless) 

skin over the heel area (b) 

instead of fur (a, c). All 

strepsirrhines are 

characterized by a 

“grooming” (or “toilet”) 

claw at the tip of the 

second digit (arrows). 

Original scans of lemur 

feet taken at the Duke 

Lemur Center and courtesy 

of Dr. Doug Boyer (Duke 

University)

7.4   Pedal  Nails

No discussion of the integument of the primate foot would be complete without a 

discussion of nails (ungulae) and claws (falculae), or the absence of the latter. The shape and form of nails varies considerably among primate groups and variation has 

been explored and discussed by Clark (1936), Thorndike (1968), Soligo and Müller (1999), and Hamrick (1999, 2001) thoroughly. Maiolino et al. (2016) also do an excellent review, and much of what is written below comes from that and from the 

other sources listed above. There remains considerable debate about the underlying 

histological nature of nails and the relationship to the nail bed and the distal phalanx. This is important for considering phylogeny and the evolution of clawlessness 

(Soligo & Müller, 1999; Hamrick, 1999), but is beyond the scope of this paper. Here we focus on the presence of functional claws and nails in primates and we do not 

attempt to resolve the question as to why primates have nails. 

In the absence of friction pads, many mammals (but not primates) use claws to 

engage the surface and change the effective radius of curvature by interlocking with 

it (Cartmill, 1974, 1979) (Fig. 7.6). Claws (falculae) and claw-like nails (tegulae) 
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are also very useful in arboreal locomotion because they allow mammals to climb, 

particularly vertical substrates like tree trunks, which are large relative to body size 

(Cartmill, 1974, 1985; Garber, 1992). The tips of the claws are interlocked with the substrate (tree bark) to assist in supporting the animal’s weight (Fig. 7.6). 

Pads on the other hand, as described above and in Cartmill (1974, 1979) and Maiolino et al. (2016) can help an animal maintain friction and normal forces to avoid slipping, depending on the orientation of the substrate. 

Although of considerable interest, functional arguments to explain the preva-

lence of nails (as opposed to claws) in primates have been unconvincing. Lack of 

claws is usually thought to be associated with an increased reliance on grasping; 

primarily they are either thought to be actively selected against because they impede 

grasping (e.g., Le Gros Clark, 1959; Napier, 1993) or to be converted to nails as a result of a broadened digit tip due to an enlarged apical pad, which is usually associated with increased reliance on grasping behaviors (e.g., Cartmill, 1974; Hamrick, 

1998). Garber (1980, 1992), Lemelin and Grafton (1998), and others have shown, however, that animals that possess claws (or claw-like nails) are not impeded during 

grasping (e.g., Cartmill, 1974; Rasmussen, 1990; Lemelin & Grafton, 1998). 

Anyone who has seen a squirrel run on a wire will know that this is the case for 

hands and feet. There are also plenty of mammals with wide apical pads that do not 

possess nails, though the extent they can be engaged is not clear and deserves fur-

ther study. 

The nails of the primate foot vary in shape and some even take on a claw-like 

quality, noting again that here we are not making any histological or phylogenetic 

arguments, but rather are making functional arguments. Many strepsirrhines have a 

so-called “toilet” or “grooming” claw on their second digit, a topic well-reviewed 

by Soligo and Müller (1999). This grooming claw has qualities of a claw in shape, but is used for grooming rather than engaging with the substrate and supporting 

body weight (Martin, 1990). Aye-ayes have claws on their pedal digits which appear to function in engaging with the substrate (Soligo & Müller, 1999); though more 

research on this is needed to demonstrate the use of the claws in climbing. Tilden 

(1990) has argued that  Eulemur rubriventer has pointed nails on its pedal digits and the same applies to  Phaner and  Euoticus. These claw-like nails are assumed to be important for engagement with a vertical support. Callitrichids are well known for 

having claw-like nails on the manual and pedal digits. Many other New World mon-

keys have considerable lateral compression of the nails into blunt claws (Clark, 

1936; Hamrick, 1999). The same has not been reported for Old World monkeys or apes (Soligo and Müller, 1999 provide an excellent table that summarizes these patterns). 

Regardless of the presence of a grooming claw alone (most strepsirhines) or 

claws on other nonhallucial digits (as in  Daubentonia,  Cebuella,  Callithrix, and Saguinus) all these species have a flattened nail on their hallux. It may be argued that this pattern is associated with strong pedal grasping, especially on vertical supports. In fact, the presence of a flat nail on the hallux of all of the extant primates is seen as part of a defining suite of features (including forward facing eyes and 
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grasping hands and feet) of our order (Mivart, 1873; Napier & Napier, 1967; Martin, 

1968, 1990). 

The patterns observed across primates also raise the question of what it even 

means to say that some primates have claws. Falculae and ungulae are not necessar-

ily discrete character states; some mammals have ungula-like falculae and others 

have falcula-like ungulae creating a morphological continuum (Hamrick, 1998, 

2001, 2003; see below). Further, it is now widely recognized that primate ungulae are derived from falculae (see Soligo and Müller, 1999 for a review). As mentioned above,  Daubentonia and callitrichid monkeys have falcula-like ungulae (tegulae). 

Regarding the foot then, more research needs to be undertaken to see how these 

tegulae are used in locomotion and postural support. It is clear that callitrichids use their claws to support body weight. But it is less clear the role these claws play for Daubentonia. 

7.5   Future  Directions

The integument of the foot gets very little attention compared to the hand. If all goes well, this chapter will inspire readers to rectify that. Some soft-tissue structures of the foot have attracted more research than others. The heel pad and plantar aponeurosis get a ton of attention. But even with all that research, we still know relatively little about those structures, and new research continues to overturn long-held 

assumptions. Detailed mechanical and loading studies of the aponeurosis like those 

of Ker et al. (1987) would be warranted. Recent studies by Sichting et al. (2020) and Farris et al. (2020) show how little we understand the role of the plantar aponeurosis or about the role of intrinsic muscles in maintaining foot stiffness. This area is wide open and a perfect opportunity for experimental study. 

In addition, the heel pads of apes are poorly understood anatomically and even 

less so experimentally. Despite the importance of heel strike as a pattern in human 

evolution (see Chaps. 9 and 10), we do not know the relationship between heel pad shape and calcaneal shape. Force and plantar pressure studies of heel strike in gorillas and orangutans can fill that gap. 

Foot position relative to substrate is another easier area for exploration. The ori-

entation of the foot is said to vary between anthropoids and strepsirrhines relative to substrate (Gebo, 1985, 1986). A videographic study of foot position and the pattern of primate pads will be well worth the effort and is already started in part by 

Toussaint (2018). 

Similarly, we know little about the frictional and mechanical properties of foot 

pads. Studies like those of Cartmill (1974, 1979) and Chi and Roth (Chi & Roth, 

2010) could both be replicated across the order to test specific hypotheses. Kingston (2016) lays a foundation for such studies. More detailed studies of strain and stiffness, like those of Chi and Roth (Chi & Roth, 2010) may reveal allometric and specific patterns in primates. Imaging studies of the heel pad under load following 

methods like that Miller et al. (2008) and loading studies like those Ker et al. (1987) 
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have the potential to examine the whole pattern of compliance in the foot and reveal areas of power absorption (Takahashi & Stanhope, 2013). 

In the same vein, histological studies of the compartments of the heel pad like 

that of Sokolov and Sokolov (1982) and Chi and Schmitt (2005) are critical to 

understanding foot function since both pad geometry and composition matter for 

mechanical properties. One might ask what is the histology and collagen content of 

ape heel pads? How do they differ from humans and other primates and is a pattern 

like that reported in Chi and Roth (2010) observed? 

In addition, much more detailed analysis of the sensory role of the foot is in 

order. The role of the foot in absorbing load and generating force needs to be experimentally explored as Cartmill (1974, 1979) did for the hand. His work was an excellent start. But as can be seen by Kingston’s (2016) work, the principles that appear to guide the hand may not apply to the foot. Throughout this chapter there were 

many instances where there remains serious debate or an absence of data. It is hoped that those notations inspire further research into a structure that so many consider fundamental to understanding our order. Attention to the skin, associated pads, and 

fat is needed and warranted to fully understand the foot of primates. In short, there are many questions left open. The grasping primate foot is a fundamental adaptation 

of the order and its integument deserves more attention than it has received. 
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Chapter 8

Experimental Research on Foot Use 

and Function During Climbing 

by Primates

Jandy B. Hanna and Vivek Venkataraman

Abstract  Vertical climbing has played a central role in the evolutionary history of the primate foot. Yet, to date, very little experimental work has examined how the 

primate foot functions during climbing, due in part to logistical limitations and ethical considerations associated with experimental data collection. Additionally, the 

current literature generally lacks an integrative approach for collecting multiple 

types of data and examining the interactions of various physical setups in an experimental setting. This chapter reviews literature on the experimental biomechanics of 

primate climbing, with a focus on the primate hindlimb and foot. We first describe 

how the primate foot is used during climbing in naturalistic contexts. We then 

review and synthesize studies on four aspects of the primate foot during climbing: 

spatiotemporal features, kinematics, kinetics, and electromyography. We conclude 

that future studies should attempt to include more biomechanical data on the foot 

specifically, collect data that allow an understanding of how substrate affects foot function, and broaden the species sample from which data are collected. 
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8.1   Introduction

From discussion of the unique form of the human foot by Morton (1922, 1924a, b, 

1927, 1935) to Lewis’ (1964, 1980a, b, c) paradigmatic publications on the form-function relationships of the primate ankle and foot joints, the foot has often been implicated as a structure integral to locomotor diversification within the Primate 

order. Lewis (1980a) proposed various functional relationships regarding the grasping nature of the primate foot, including a prominent role during vertical locomo-

tion and posture. Gebo described the strepsirrhine foot and ankle as a unique and 

derived complex specialized for vertical posture and movement (Gebo, 2011; Gebo 

& Dagosto, 1988) and has provided broad studies of foot and ankle morphology across anthropoids (Gebo, 1986, 1988, 1992). In addition, Dagosto (2007) reviewed the variety of foot, ankle, and hindlimb morphological characteristics thought to be functionally related to climbing and grasping (e.g., during climbing). Cartmill 

described that the “grasping hind foot is probably the only locomotor specialization 

characteristic of the whole order Primates” (Cartmill, 1974: pg. 46). 

Yet despite a plethora of comparative studies of primate feet that relate morpho-

logical features to observed functional patterns, few experimental studies have actually examined the mechanics of nonhuman primate climbing, much less the specific 

roles of the foot and ankle during climbing. Studies of human climbing and foot 

mechanics during climbing are more numerous, but these usually focus on clinical 

applications (e.g., stair climbing or fall risk). Other studies have focused on humans climbing trees, ladders, or rock walls, but studies in the latter two categories do not reflect scenarios that are relevant to the evolutionary history of human climbing 

(while some of our fossil ancestors most likely climbed trees, these were more 

likely small-diameter trees rather than the broader trees often climbed by children 

in Western societies [e.g., Kraft et al., 2014]). Still others have analyzed humans walking on inclines less than 45 degrees, and while these do not strictly qualify as vertical climbing, movement patterns on these substrates do differ from level walking and might be considered as an intermediate reference point and provide grounds 

for future work on human movement in vertical environments. 

In this chapter, we provide an overview of the published experimental studies of 

primate climbing, and we discuss in greater detail those studies that have attempted to unravel form-function relationships within the primate foot, ankle, and hindlimb. 

The importance of the experimental approach is in providing a quantitative view of, 

or even testing, theoretical mechanical models or characteristics that are proposed 

to have adaptive significance. For example, mechanical models regarding climbing 

style and body size and climbing by primates have been proposed by multiple 

researchers (Bock & Winkler, 1978; Cartmill, 1974, 1985; Preuschoft, 2002; Preuschoft et al., 2016); experimental data can test these models (see the section on kinetics). Additionally, certain gait features exhibited mainly by primates are proposed to be related to greater stability during arboreal movement (particularly 

climbing) (see the section on spatiotemporal studies); experimental data can test 

this proposition. In this chapter, we organize experimental studies on primate climbing by methodology (e.g., Vereecke and Wunderlich’s (2016)). A chronological list-ing of the studies discussed is provided in Table 8.1. 
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Table 8.1  Summary of experimental studies of primates during climbing

Reference

Technique

Species

Topic

Remarks

Arms et al.  Behavior

 Saguinus oedipus, 

Climbing 

Nothing specific about 

(2002)

 Saimiri sciureus

frequency in a 

foot or hindlimb 

lab setting

during climbing bouts

Doran 

Behavior

 Pan troglodytes

Climbing 

Nothing specific to 

(1992)

frequency

foot/ankle

Doran 

Behavior

 Pan troglodytes and  Climbing 

Nothing specific to 

(1993)

 paniscus

frequency

foot/ankle

Garber 

Behavior

 Saguinus fuscicollis,  Climbing 

No foot/ankle specifics

(1991)

 geoffroyi, and  mystax  frequency

Gebo and 

Behavior

 Lemur  catta,  Lemur  Climbing 

Nothing specific about 

Dagosto 

 fulvus,  Lemur 

frequency

foot or hindlimb 

(1988)

 mongoz,  Lemur 

during climbing bouts, 

 coronatus,  Lemur 

morphometrics

 macaco,  Varecia 

 variegata, 

 Hapalemur griseus, 

 Propithecus 

 verreauxi,  Galago 

 senegalensis,  Tarsius 

 syrichta,  Tarsius 

 bancanus

Kraft et al.  Behavior

 Homo  sapiens, 

Review of 

Distance climbed and 

(2014)

 Hunter-gatherers

human climbing

climbing speed 

reported; review of 

climbing styles

McGraw 

Behavior

 Colobus polykomos  Climbing 

No foot/ankle specifics

(1998)

and  badius, 

frequency

 Cercopithecus diana

Nekaris 

Behavior

 Loris tardigradus

Climbing 

Nothing specific to 

(2001)

frequency

foot/ankle

Sarringhaus  Behavior

 Pan troglodytes

Climbing 

Older chimpanzees 

et al. (2014)

frequency in the  engaged in more 

wild across age 

hindlimb loading 

classes

behaviors

Wright 

Behavior

 Cebus apella,  Cebus   Climbing 

Climbing frequency is 

(2007)

 olivaceus

frequency in the  not correlated with 

wild

calcaneal width and 

length

Nyakatura 

Behavior, 

 Saguinus mystax and  Footfall patterns

Incline locomotion, 

and 

Kinematics, 

 fuscicollis

nothing specific to 

Heymann 

spatiotemporal

ankle/foot

(2010)
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Table 8.1 (continued)

Reference

Technique

Species

Topic

Remarks

DeSilva 

Behavior, 

 Pan troglodytes, 

Ankle 

Vertical climbing

(2008)

video, 

 Gorilla  gorilla, 

dorsiflexion at 

kinematics

 Pongo pygmaeus, 

the talocrural 

 Papio papio, 

joint

 Theropithecus 

 gelada

Fleagle, 

EMG, strain 

 Ateles geoffroyi and  Strain at 

No foot/ankle specifics

Stern, et al.  gauge

 fusciceps

coronoid 

(1981)

process, EMG of 

triceps and 

biceps brachii

Hirasaki 

EMG

 Macaca fuscata

Gastrocnemius, 

Similar to horizontal 

et al. (1995)

tibialis anterior

walking

Hirokawa 

EMG

 Galago garnetti

Vastus lateralis 

No ankle/foot data

and 

and biceps 

Kumakura 

femoris activity 

(2003)

during climbing, 

ankle angle and 

HL stance time 

provided, also

Boyer et al.  EMG

 Varecia variegata, 

Muscle activity 

Fibularis mm. not 

(2007)

 Eulemur Rubriventer (fibularis longus,  involved in powerful 

brevis; flexor 

grasping as previously 

digitorum 

suggested, rather they 

tibialis, fibularis;  act to resist powerful 

adductor 

inversion, digital 

hallucis) during  flexors involved in 

grasping while 

adduction

climbing

Kingston 

EMG

 Nycticebus coucang

Muscle activity 

Fibularis mm. not 

et al. (2010)

(fibularis longus,  involved in powerful 

brevis; flexor 

grasping as previously 

digitorum 

suggested; rather, they 

tibialis, fibularis;  act to resist powerful 

adductor 

inversion. Adductor 

hallucis) during  hallucis and flexor 

grasping while 

digitorum tibialis are 

climbing

the primary muscles 

involved in powerful 

grasping

(continued)
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Table 8.1 (continued)

Reference

Technique

Species

Topic

Remarks

Patel et al. 

EMG

 Sapajus apella

Muscle activity 

Some data collected on 

(2015)

(fibularis longus,  inclined poles, but not 

brevis; Flexor 

reported separately 

digitorum 

from horizontal

tibialis, fibularis; 

Adductor 

hallucis, Tibialis 

anterior) during 

grasping while 

climbing

Stern and 

EMG

 Pan troglodytes, 

Muscle activity 

Vertical climbing, no 

Susman 

 Hylobates lar,  Pongo  (gluteals)

foot/ankle specifics

(1981)

 pygmaeus

Stern 

EMG

 Atelines

Upper limb

No foot/ankle specifics

(1977)

Stern et al.  EMG

 Alouatta,  Ateles, 

Muscle activity 

Upper limb

(1980)

 Lagothrix,  Hylobates  of upper limb

Stern et al.  EMG

 Ateles geoffroyi and  Serratus anterior No foot/ankle specifics

(1980)

 fusciceps,  Alouatta

Vangor 

EMG

 Atelines,  Hylobates,  Gluteal muscles,  No foot/ankle specifics

(1977)

 Erythrocebus

thigh muscles

Vangor 

EMG

 Ateles

Gluteal mm. 

No foot/ankle specifics

(1979)

Vangor and  EMG

 Ateles,  Lagothrix 

Hip and thigh 

Gluteal and thigh mm. 

Wells 

 lagotricha, 

muscles

(1983)

 Erythrocebus patas

Hanna et al.  Energetics

 Loris tardigradus, 

Equivalency of 

No foot/ankle specifics

(2008)

 Cheirogaleus 

mass-specific 


 medius,  Nycticebus 

cost of climbing 

 coucang,  Saimiri 

across size

 sciureus,  Eulemur 

 mongoz

Hanna and  Energetics, 

 Loris tardigradus, 

Equivalency of 

No foot/ankle specifics

Schmitt 

kinematics

 Cheirogaleus 

mass-specific 

(2011b)

 medius,  Nycticebus 

cost of climbing 

 coucang,  Saimiri 

across size

 sciureus,  Eulemur 

 mongoz

Elton et al.  Energetics

 Homo  sapiens

Energy cost of 

Nothing specific to the 

(1998)

climbing

foot/ankle. Climbing 

frame was utilized
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Table 8.1 (continued)

Reference

Technique

Species

Topic

Remarks

DeSilva 

Kinematics

 Pan troglodytes

Ankle 

(2009)

dorsiflexion at 

the talocrural 

joint 

(quantitative), 

inversion 

(qualitative)

Hanna 

Kinematics

 Loris tardigradus, 

Shoulder and hip  No foot/ankle specifics

(2006)

 Cheirogaleus 

angles during 

 medius,  Nycticebus 

climbing

 coucang

Isler 

Kinematics

 Gorilla  gorilla,  Pan   Climbing 

Provides elevation of 

(2002a)

 paniscus

sequences, joint  foot above hip measure

angles

Isler (2005) Kinematics

 Gorilla  gorilla,  Pan   Climbing 

3D, provides elevation 

 paniscus,  Pongo 

sequences, joint  of foot above hip 

 pygmaeus, 

angles

measure

 Hylobates concolor

Reghem 

Kinematics

 Microcebus murinus  Hand grip

No foot/ankle specifics

et al. (2009)

Isler 

Kinematics, 

 Hylobates lar, 

Footfall patterns Footfall sequence

(2002b)

spatiotemporal  leucogenys, and 

 gabriellae

Isler (2004) Kinematics, 

 Ateles fusciceps, 

Differences in 

Footfall sequence

spatiotemporal  Lagothrix lagotricha  parameters 

between 

substrate 

diameter

Isler and 

Kinematics, 

 Rhinopithecus bieti

Climbing style, 

Footfall sequence

Grüter 

spatiotemporal

footfall patterns, 

(2006)

differences in 

parameters with 

speed

Nyakatura 

Kinematics, 

 Saguinus oedipus

Footfall patterns Incline locomotion, 

et al. (2008) spatiotemporal

nothing specific to 

ankle/foot

Kivell et al.  Kinetic, 

 Daubentonia 

Hand/foot 

Incline pressures of 

(2010)

spatiotemporal  madagascariensis

pressure 

foot

differential 

during incline 

locomotion

Isler and 

Spatiotemporal  Pongo pygmaeus

Footfall patterns Footfall sequence

Thorpe 

(2003)

(continued)
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Table 8.1 (continued)

Reference

Technique

Species

Topic

Remarks

Nakano 

Spatiotemporal  Macaca fuscata, 

Stance phase

Incline and vertical 

(2002)

 Hylobates lar

locomotion; relative 

stance phase of the HL 

was reported

Schoonaert  Spatiotemporal  Pan paniscus

Footfall patterns Footfall sequence

et al. (2016)

Hanna and  Kinetics

 Macaca fascicularis  Climbing 

No foot/ankle specifics

Schmitt 

frequency 

(2011a)

influences force 

distribution. 

Compared with 

Hirasaki et al. 

(1993) species

Hanna et al.  Kinetics

 Loris tardigradus, 

Climbing forces  No foot/ankle specifics

(2017)

 Cheirogaleus 

FL/HL ratio

 medius,  Nycticebus 

 coucang,  Saimiri 

 sciureus,  Eulemur 

 mongoz, 

 Daubentonia 

 madagascariensis, 

 Macaca fascicularis

Schoonaert  Kinetics

 Pan paniscus

No data provided Incline-no data 

et al. (2006)

provided

Yamazaki 

Kinetics and 

 Hylobates agilis

Joint moments 

Ankle joint moments 

and Ishida 

kinematics

and muscle force are presented, and 

(1984)

triceps surae and 

tibialis anterior muscle 

moments are presented

Hirasaki 

Kinetics, 

 Ateles geoffroyi, 

Peak forces 

Some discussion of 

et al. (1993) kinematics

 Macaca fuscata

during climbing,  ankle angle and 

footfall sequence support patterns

Pontzer and  Modeling, 

 Pan troglodytes

Daily energy use  No foot/ankle specifics

Wrangham  behavior, 

based on 

(2004)

energetics

modeling after 

behavioral data 

collection

Hirasaki 

Modeling

 Ateles and  Macaca

Gastrocnemius, 

Ankle joint moments 

et al. (2000)

soleus, peronei, 

and modeling

flexor digitorum 

longus and 

hallucis, tibialis 

posterior, 

anterior 

compartment of 

the leg
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Table 8.1 (continued)

Reference

Technique

Species

Topic

Remarks

Congdon 

Pressure

 Lemur  catta, 

Grip strength of  Grip strength of toes

and Ravosa 

 Propithecus 

manual and 

(2016)

 coquereli,  Varecia 

pedal digits

 rubra

Wunderlich  Pressure

 Pan troglodytes

Distribution of 

Discussion of 

and 

pressure across 

relationship to 

Ischinger 

forefoot

metatarsophalangeal 

(2017)

morphology

8.2   Behavioral  Studies

Understanding how the primate foot functions during climbing begins with a 

broader understanding of the overall manner in which primates climb and how ecol-

ogy influences climbing by primates. Hunt et al. (1996) conducted a seminal study 

that involved behavioral observations of a wide range of primates, followed by the 

production of descriptive categories for the wide variety of vertical climbing meth-

ods that are used by primates (in this study, vertical climbing was defined as loco-

motion on inclines angled at 45 degrees or greater). Utilizing these descriptive 

categories, Gebo (1996) provided a comprehensive review of observational studies that explicitly measured the percent of total locomotor behavior that was spent on 

climbing by various species of wild primates. It has been over 20 years since these 

seminal papers, and more observational studies are available that describe locomo-

tor behaviors for a variety of additional primate species. Table 8.2 summarizes the 

work published since Gebo’s (1996) review. 

More recently, these behavioral studies have examined the variety of factors that 

influence the amounts of time that primates spend climbing. These factors include 

canopy height (Manduell et al., 2011), support size (Thorpe & Crompton, 2005), the type of food available (Toussaint et al., 2015), age (Sarringhaus et al., 2014), and even habitat structure (Dagosto & Yamashita, 1998). In addition, although some have hypothesized that body size influences the proportions of time that various taxa spend climbing (Fleagle & Mittermeier, 1980; Fleagle et  al. 1981), more recent analyses have called this idea into question (Blanchard et al., 2015; McGraw, 1998, 

2000; Thorpe & Crompton, 2005). 

In addition to examining percent time spent climbing and associated factors, 

some observational studies have described the general mechanics of climbing 

approaches. For example, Toussaint et al. (2015) provided data on the variable use of the grasping hands and feet during climbing in the gray mouse lemur,  Microcebus murinus. They found the type of food present has an effect on the orientation of substrate used by  M. murinus. While much of the manuscript discussion revolved around grasping hand use, the implications of these data for foot use during climbing are important. Gray mouse lemurs used the narrowest substrates more regularly 

when cockroaches were present, and they also grasped cockroaches with one or 

both hands (instead of with their mouth) during feeding. This may suggest that the 
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Table 8.2  Percent climbing in  locomotor or behavioral repertoire for various primate species 

since reported by Gebo (1996)

Species

Activityb

Ca (%) Reference

 Ateles belzebuth

Arboreal

13

Cant et al. (2001)

 Ateles paniscus

Locomotion 28.1

Youlatos (2002)

 Avahi occidentalis

Locomotion 20

Warren and Crompton (1997)

 Callithrix jacchus

Locomotion ~8

Cuhna et al. (2006)

 Cebus apella

Locomotion 9

Wright (2007)

 Cebus olivaceus

Locomotion 9

Wright (2007)

 Cebus spp. 

Locomotion ~38

Cuhna et al. (2006)

 Cercocebus atys

Locomotion 12.5

McGraw (1998)

 Cercopithecus aethiops

Locomotion 4.6

Isbell et al. (1998)

 Cercopithecus campbelli

Locomotion 14.5

McGraw (1998)

 Cercopithecus diana

Locomotion 19.4

McGraw (1998)

 Cercopithecus nictitans stampflii  Locomotion 15.2

Bitty and Bitty and McGraw (2007)

 Cercopithecus petaurista

Travel

<10

McGraw (2000)

 Cercopithecus petaurista

Foraging

~21

McGraw (2000)

 Colobus angolensis

All

0.8

Dunham (2015)

 Colobus badius

Locomotion 17

McGraw (1998)

 Colobus polykomos

Locomotion 14.3

McGraw (1998)

 Colobus verus

Locomotion 12

McGraw (1998)

 Erythrocebus patas

Locomotion 1.2

Isbell et al. (1998)

 Eulemur fulvus

Locomotion 12.9

Dagosto and Yamashita (1998)

 Eulemur rubriventer

Locomotion 13.4

Dagosto and Yamashita (1998)

 Lagothrix lagotricha

Arboreal

14

Cant et al. (2001)

 Lepilemur edwardsi

Locomotion 30.4

Warren and Crompton (1997)

 Lepilemur leucopus

All

~34.5

Nash (1998)

 Loris tardigradus

All

13

Nekaris (2001)

 Microcebus murinus

Locomotion ~68

Toussaint et al. (2015)

 Nomascus nasutus

Locomotion 20.5

Fan et al. (2013)

 Pongo pygmaeus

Arboreal

25

Thorpe and Crompton (2006)

 Pongo pygmaeus abelii

Locomotion ~20

Thorpe and Crompton (2005)

 Pongo pygmaeus wurmbii

Locomotion 10

Manduell et al. (2011)

 Propithecus diadema

Locomotion 9.1

Dagosto and Yamashita (1998)

 Propithecus verreauxi

All

10.7

Furnell et al. (2015)

 Rhinopithecus roxellana

All

2.5

Zhu et al. (2015)

 Saguinus oedipus

Locomotion 4

Arms et al. (2002)

 Saimiri sciureus

Locomotion 10

Arms et al. (2002)

 Tarsius bancanus

Locomotion 38

Crompton et al. (2010)

 Trachypithecus delacouri

Locomotion 14.7

Workman and Schmitt (2012)

 Trachypithecus leucocephalus

Locomotion 19.7

Xiong et al. (2009)

 Trachypithecus francoisi

Locomotion 13.4

Xiong et al. (2009)

aClimbing frequency studies prior to 1996 are summarized in Gebo (1996). Only studies subsequent to his publication are included in this table. Bold species indicate new species since Gebo 

1996. Climbing, unless otherwise noted, includes movement (ascent and descent) on supports angled at 45–90 degrees, per Hunt et al. 1996

b“Locomotion” includes travel and foraging data, “All” includes locomotion and positional data, and “Arboreal” is as a percentage of all arboreal locomotion
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Fig. 8.1  Collage of vertical climbing on rigid substrates by 13 different primate species. Outlines were taken from video at the point where the left hip is approximately perpendicular to the foot. 

Note the various foot and ankle postures utilized by each species, including the varied use of the hallux, particularly on large vs. small substrates (I vs. J and K vs. L). Species: A  Loris tardigradus, B  Cheirogaleus medius, C  Nycticebus pygmaeus, D  Saimiri sciureus, E  Galago garnetti, F  Aotus nancymaae, G  Eulemur mongoz, H  Sapajus libidinosus, I  Daubentonia madagascariensis, J 

 Lagothrix lagotricha, K  Ateles geoffroyi, L  Macaca fascicularis, M  Macaca fuscata, N  Pan troglodytes. (A–D, F–G, I, and L from video collected by Hanna. Details in Hanna et al. (2017). E 

adapted from Hirokawa and Kumakura (2003). H from video of wild  Sapajus collected by D. Fragaszy and K. Wright (unpublished data). J from video collected at Monkey Jungle/DuMond Conservancy in Miami, Florida, by M. D. Rose and J. Turnquist; details in videos are available on request from the Animal Locomotion Lab at Duke University). K and M adapted from Hirasaki 

et al. (1993). N adapted from Nakano et al. (2006)

mouse lemurs relied on their grasping feet in order to free up the hands to grasp the cockroaches (or any mobile food) and must therefore be on a substrate that allows 

their grasping foot to almost fully encircle the substrate. Clearly, the amount of time spent climbing is multifactorial, and the ecological factors that influence vertical locomotion in primates should continue to be explored, particularly with reference 

to the constraints that they introduce to climbing mechanics. 

Behavioral observations related to climbing and the primate foot indicate little 

variation in the type of grip used by the foot (Arms et al., 2002) and consistency in foot placement such that the hindlimbs (feet) always touch the front side of the vertical/inclined support (Nakano, 2002). However, much of the data we and others have collected over the years suggest that primates utilize a variety of grips with their feet, from grasping the side of the substrate to the back or even the front (Fig. 8.1).  

It is surprising, given the volume of information related to different grasping behaviors of the hand, that similar data are not well-described or quantified for the foot. 

Human climbing represents a special case among primates, as humans do not 

have a grasping foot. Yet despite their derived lower-limb anatomies associated with terrestrial bipedalism, we should not make the mistake of assuming that these anatomies preclude arboreal behavior. Even Darwin noted that for some modern humans 

[image: Image 61]

8  Experimental Research on Foot Use and Function During Climbing by Primates

173

“…the foot has not altogether lost its prehensile power, as shown by their manner of climbing trees, and of using them in other ways” (Darwin, 1871: pg 58). Kraft et al. 

(2014) provided comparative context for the frequency and nature of human climbing behavior. Humans climb less than other primates, but hunter- gatherers and other subsistence populations may climb trees frequently to acquire food items, such as 

honey, fruit, and game, or to avoid predators (Kraft et al., 2014). 

The position and role of the foot during human tree climbing can vary substan-

tially. Humans are bipeds with relatively long legs and a tibia that is oriented orthogonal to the ground (i.e., our ankles are not habitually inverted). Flexible postures at the ankle joint, such as those used by other climbing primates, are not easily achiev-able by humans. Such anatomical constraints force humans to climb in one of sev-

eral ways: “walking” up the tree in a layback position with the hands and arms 

advancing alternately; climbing “frog style,” in which the hips are highly abducted 

and the foot inverted; or using the big toe as a grasping mechanism on small vines 

(Kraft et al., 2014; Fig. 8.2). Each of these styles appears to be associated with a Fig. 8.2  Sketches of foot postures during tree climbing in humans. (a) When ascending small-diameter trees, climbers adopt a “layback” posture and dorsiflex the ankle while applying counter-pressure via the foot to the surface of the tree. (b) When climbing large-diameter trees in which the arms cannot fully encircle the tree, climbers may adopt the so-called frog style in which the hips are abducted and the climber applies a slightly everted foot to the surface of the tree. Pressure appears to be maintained through passive tension in the hip joint. (c) Climbers ascend vines by grasping the vine between the hallux and the second digit. These styles are described more in-depth in Kraft et al. (2014) and Venkataraman et al. (2013a, b). Drawings by Samantha Shields
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distinct set of spatiotemporal, kinematic, and kinetic features in terms of how the 

foot engages with the substrate, but unfortunately little original work has studied 

climbing in the small-scale societies that habitually engage in these behaviors. 

An important consideration with humans is, of course, that our bodies are not 

primarily adapted for climbing behaviors and we may use extensive cultural adapta-

tions to increase the safety and ease of climbing, including harnesses, ropes, or, 

most frequently, material tied between the feet to create a stiff platform for propulsion. Perhaps surprisingly, small-scale societies who habitually climb often opt for little or no technological aids (Kraft et al., 2014; Venkataraman et al., 2013), possibly in an effort to increase proprioception. We suggest that analyzing these styles of unassisted climbing may lend the most relevant insights into modes of climbing 

used throughout human evolution. 

8.3   Spatiotemporal  Studies

Spatiotemporal studies of primate climbing include examination of gait parameters 

such as duty factor, stride length, and diagonality. Spatiotemporal variables provide a view of how the hindlimb, and, by default, the foot, functions during climbing. 

Duty factor and diagonality, in particular, are thought to be indicators of stability or security on supports (Cartmill et al., 2002, 2007a, b; Schoonaert et al., 2016) or related to mass distribution and hindlimb weight support (Raichlen et  al., 2009; 

Shapiro & Raichlen, 2005). For a thorough review of the various theories related to spatiotemporal gait characteristics, see Stevens (2006) and Granatosky et al. (2019). 

In terms of climbing, diagonal sequence gaits and other primate-associated spatio-

temporal characteristics are theorized to (1) have evolved as a consequence of more 

frequent movement on inclined or vertical supports (Isler & Thorpe, 2003; Nyakatura et al., 2008; but see Schoonaert et al., 2016; Vilensky et al., 1994) and/or (2) permit greater propulsion by the hindlimbs during incline movement (Nyakatura et  al., 

2008). To this end, several studies have examined spatiotemporal parameters during climbing on inclined vs. vertical supports and supports of different diameters, and 

these are summarized in Table 8.3. 

Generally, these studies conclude that gait parameters are influenced by substrate 

orientation. In support of Hunt’s definition of climbing (movement on supports of 

45 degrees or greater) (Hunt et  al., 1996), Nakano found that at inclines of 15 

degrees to ~45 degrees, cycle duration and duty factor are transitional between horizontal movement and vertical climbing (Nakano et  al., 1996). Additionally, as incline increases, hindlimb duty factor increases (Nakano, 2002; Schoonaert et al., 

2016), and relative hindlimb stride length tends to decrease. However, these parameters are variable across species, and the diameter of typical substrates may play a role in this variation. One of the main reasons spatiotemporal variables have been 

examined is an interest in changes in diagonality during incline and climbing loco-

motion and the relevance to early primate evolution. However, Vilensky et al. (1994) and Nyakatura & Heyman (2008, 2010) report increased diagonality on inclined 
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Isler (

Isler (
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Isler 

(2003

Isler (

Isler 
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Isler (
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)
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ymann (
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Reference

Schoonaert et al. 

(2016
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(2016
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Granatosk

(2019

b

rot

A/2.56/61.54

A/2.63/61.84

A/15/41.67

A/5.13/30.77/N

A/10/33.33/N

A/14.47/21.05/N

ace/DSLC/DSSF/DSDC/

% P

LSDC/LSSF/LSLC/T

16.7/0/0/16.7/0/0/54.2/12.5

24.0/0/0/16.0/0/0/60.0/0.0

44.4/0/0/5.6/0/0/33.3/16.7

*

*

*

0/0/N

0/0/N

0/0/N

%laterality or 

Diagonality

~56

~56

*

*

*

ve 

HL 

relati

stride 

length

ertical) 

HL duty 

factor

0.637

0.68 

(v

0.63 

(incline)

ycle 

ertical) 

HL c

duration

0.43 

(v

0.62 

(incline)

0.99

ertical

ertical

ertical

f pole 45 

grees

f pole 60 

grees

f pole 90 

grees

grees

grees

grees

grees

Substrate type

Stif

de

Stif

de

Stif

de

Incline 60–90 

de

Incline 60–90 

de

Incline 50–90 

de

Incline 50–90 

de

Rigid v

Rigid v

Rigid v

 adus

(continued) 

 digr

 us coucang

 ogaleus medius

 guinus mystax

 guinus fuscicollis

Species

 Pan paniscus

 Pan paniscus

 Pan paniscus

 Sa

 Sa

 Macaca fuscata

 Hylobates lar

 Loris tar

 Cheir

 Nycticeb

Table 8.3

8  Experimental Research on Foot Use and Function During Climbing by Primates 177

-



2008

y et al. 

y et al. 

y et al. 

y et al. 

y et al. 

al. 

)

)

)

)

)

)

)

)

)

Reference

Granatosk

(2019

Granatosk

(2019

Granatosk

(2019

Granatosk

(2019

Granatosk

(2019

Hirasaki et al. 

(1993

Hirasaki et al. 

(1993

Isler and Grüter 

(2006

Isler and Grüter 

(2006

b

rot

A/16.0/8.0

These include Nyakatura et 

spp. at 16, 21, and 34° inclines), and 

A/0.00/58.62/

A/75.96/4.81/

A/52.94/5.88/

A/9.30/34.88/

( Saimiri

A/64.0/8.0/N

ace/DSLC/DSSF/DSDC/

1969

A/3.45/34.48

A/0.96/17.31

A/2.94/38.24

A/4.65/48.84

g length estimated from the literature

% P

LSDC/LSSF/LSLC/T

0/4.0/N

0.00/3.45/N

N

0.00/0.96/N

N

0.00/0.00/N

N

2.33/0.00/N

N

1.9/3.8/46.2/30.8/5.8/1.9/0/9.6

29.0/54.8/12.9/0/0/0/3.2/0.0

0/7.9/10.5/34.2/15.8/0/0/31.6

3.2/19.4/16.1/48.4/3.2/0/0/9.7

grees are not considered here. 

%laterality or 

Diagonality

trunk length***Le

*

17.8

a

ws: 

ve 

a

a


***

***

1.77

2.09

3.39

HL 

relati

stride 

length

3.42

ar glider at 30° incline), Prost and Sussman 

HL duty 

factor

60.4

64.9

(sug

2010

ycle 

oung Y

HL c

duration

0.6

0.92

rot

g length, unless otherwise noted as follo

ertical 

ertical 

ertical 

ertical 

ertical

ertical

ertical

ertical

ertical

ertical

ertical

arious, v

ge tree, oblique 

arious, v

ge tree, oblique 

(humans at 10° incline)

Substrate type

Rigid v

Rigid v

Rigid v

Rigid v

Rigid v

Rigid v

Rigid v

V

thin tree, v

lar

trunks

V

thin tree, v

lar

trunks

Pace/0/0/DS/0/0/LS/T*

1998





aits: 

at 28° incline), Shapiro and 

w)

arren, 

 eus

 oyifr

w)

 eof

ve stride length, normalized to le

and W

 gascariensis

xtended elbo

xed elbo

 guinus oedipus

Species

 Saimiri sciur

 Aotus nancymaae

 Eulemur mongoz

 Daubentonia 

 mada

 Macaca fascicularis

 Macaca fuscata

 Ateles g

 Rhinopithecus bieti

(e

 Rhinopithecus bieti

(fle

For relati

DSLC-diagonal sequence, lateral couplets/DSSF-diagonal sequence, single foot/DSDC-diagonal sequence, diagonal couplet/LSDC-lateral sequence, diagob nal couplet/LSSF-lateral sequence, single foot/LSLC-lateral sequence, lateral couplet For % sequence g Other studies of spatiotemporal characteristics of primates on inclines of less than 45 de ( Sa  Diedrich 

178

J. B. Hanna and V. Venkataraman

supports, whereas Isler and Grüter (2006), Isler (2004), Schoonaert et al. (2016), 

and Granatosky et  al. (2019) report a reduction in diagonal sequence gaits with increasing incline. Some variation in results may be due to the locations of data collection (e.g., captive vs. wild settings) (Isler & Thorpe, 2003), the flexibility of the substrates (Isler, 2004; Nyakatura & Heymann, 2010), the size of the substrate rela-

tive to grasping ability and speed (Isler, 2004; Isler & Thorpe, 2003; Schoonaert et al., 2016), and the angle of inclination of the substrate. Further spatiotemporal 

studies of primates during climbing are necessary, along with more controlled 

examination of these variables that may affect the use of diagonal sequence gaits. 

There are numerous studies addressing spatiotemporal parameters during human 

stair climbing and incline walking. For stair climbing, cycle duration is greater during ascent compared with descent of stairs, but the duty factor does not differ 

between ascent and descent (Protopapadaki et al., 2007). Riener et al. (2002) found 

that cycle duration and duty factor increased with the inclination of stairs and both were higher in general compared with level walking. 

Data on duty factor, cycle duration, and diagonality from experienced human 

climbers in small-scale societies would provide especially informative comparative 

context, but few data exist. We are aware of only one published report on the spatiotemporal parameters associated with human tree climbing, which concerns profes-

sional coconut climbers who tie belts between their feet to create a rigid platform. 

George et al. (2013b) studied the spatiotemporal parameters of gait in professional coconut climbers, finding that climbing cadence (36–39 steps per minute) was lower 

than for normal walking (80–100 steps per minute), indicating slower and more 

deliberate movements during climbing. Because duty factor is typically interpreted 

as representing the “difficulty” of climbing (Isler, 2005), we might expect that duty factors during climbing in humans should be higher compared with the other great 

apes. An analysis of a small sample ( n = 4 men) of hunter-gatherers climbing (VV 

Venkataraman, unpublished data) showed that hindlimb duty factors averaged 

~0.70, similar to that of adult male gorillas (Isler, 2005). 

8.4   Kinematic  Studies

Both behavioral and spatiotemporal studies of primate climbing have provided rudi-

mentary understandings of hindlimb and foot function during climbing, but such 

data are difficult to connect to morphological features. Kinematic studies, on the 

other hand, quantify the motions of the hindlimb, including the foot/ankle complex, 

and provide a clearer opportunity to correlate behavior with morphology. 

The first kinematic studies of primate climbing were presented in the 1980s. 

Prost (1980) described how the kinematics of the chimpanzee hindlimb joints during vertical climbing more closely resembled those of human hindlimb joints during 

bipedal walking than chimpanzee kinematic patterns during bipedalism; this result 

set off a storm of subsequent studies examining vertical climbing across primates. 

One of the earliest of these was conducted by Yamazaki and Ishida (1984), who 
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analyzed various forms of gibbon locomotion, including vertical climbing. During 

climbing, gibbons exhibit high degrees of dorsiflexion at the ankle, much greater 

than during their own bipedalism and even human bipedal walking. Similarly, gib-

bons exhibit high degrees of flexion at the hip during vertical climbing (and bipedalism) relative to those experienced during human bipedalism. Knee motion during 

vertical climbing is within a similar range as during bipedal walking within gib-

bons, but the timings of movement within that range differ. During vertical climb-

ing, the overall trend is toward extension for most of the stance phase (though 

extension is less than in humans), followed by flexion approaching toe-off. During 

bipedal walking by gibbons, initial flexion of the knee at touch down is followed by extension and another bout of flexion toward toe-off. 

Several years later, Hirasaki and colleagues published a suite of papers examin-

ing the kinematics (and forces) during climbing by  Ateles geoffroyi and  Macaca fuscata (Hirasaki et al., 1993, 2000; Hirasaki & Matano, 1996). Their work described different styles of climbing (based on quantifications of joint motions), and these 

styles appear related to their degree of arboreality. With specific reference to the foot, Hirasaki and colleagues describe two different patterns of foot use, with the 

spider monkey showing “abrupt plantar flexion [sic] at the end of the stance phase” 

(Hirasaki et  al., 1993: pg. 151). This result was in contrast to those concerning Japanese macaques, which used a more limited degree of plantarflexion toward toe-off. Mean values for ankle plantarflexion for the spider monkey were reported as 

~74 degrees, whereas for the macaques, it was closer to 98 degrees of 

plantarflexion. 

Following Hirasaki and colleagues’ work with the spider monkey and Japanese 

macaque, Isler published a set of studies examining the kinematics of climbing by 

gorillas, orangutans, bonobos, and gibbons (Isler, 2002a, 2005). Despite some limitations in comparing three-dimensional data collected for the apes with Hirasaki 

and colleagues’ two-dimensional data, Isler found that the climbing kinematics of 

the apes are more similar to one another than any of them are to  Ateles. Isler did not, however, provide data on ankle kinematics. 

In addition to Isler and colleagues’ studies on apes, they also collected data on 

maximum hip and knee extension in  Rhinopithecus bieti (Isler & Grüter, 2006), 

which were comparable to those values observed in  Ateles by Hirasaki et al. (1993). 

Interestingly, Isler and Grüter indicate that  R. bieti exhibited a third style of climbing, different from those of  Ateles and  Macaca, which they termed pulse climbing. 

Pulse climbing is an asymmetric, galloping style of ascent that is not considered 

elsewhere in this chapter because no other studies have examined it. However, this 

is a style of climbing used by many primates (pers. obs.), including humans (Kraft 

et al., 2014), and should be further examined and compared with similar modes of horizontal locomotion (e.g., galloping, bounding, etc.). 

About the same time that Isler presented data on hominoid and colobine vertical 

climbing, Hirokawa and Kumakura (2003) conducted a kinematic study of vertical climbing in  Galago garnetti. These data indicate greater joint excursions at the hip, knee, and ankle compared with the same species’ mode of horizontal walking. 

Nakano and colleagues published ankle kinematic data for five primate species 
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during vertical climbing, which included ankle range of motion through the climb-

ing stride (Nakano et al., 2006). The text indicates that the gibbon exhibits the least amount of plantarflexion. However, in contrast, the graphical representation of the 

same data suggests that at toe-off, the gibbon, spider monkey, and Japanese macaque 

all have similar degrees of plantarflexion of the ankle. In the same year, Hanna published vertical climbing kinematics for  Loris tardigradus,  Cheirogaleus medius, Nycticebus coucang, and  Nycticebus pygmaeus (Hanna, 2006). Unfortunately, no ankle data were provided, but the data do show that the hindlimb in general undergoes a greater excursion in the lorisids than in  C. medius.  In terms of other prosimian kinematic data during climbing, Stevens and colleagues also provide hindlimb 

excursion data for  Eulemur species during locomotion on inclines (up to 60 degrees), revealing that  Eulemur species tend to flex their hindlimb joints in such a way as to bring their body closer to the inclined substrate (Stevens et al., 2011). Again, no kinematic data for the ankle were provided. 

Perhaps in response to the dearth of experimental data on the great ape ankle and 

foot during climbing, DeSilva provided the first ankle kinematic data on chimpan-

zees climbing in the wild (DeSilva, 2009). The results of his study showed that chimpanzees exhibit high degrees of dorsiflexion during climbing, much more than 

had been reported for both  Ateles and  Macaca in Hirasaki’s studies (Hirasaki et al., 

1993, 2000; Hirasaki & Matano, 1996), but similar to that reported for the gibbon by Yamazaki and Ishida (1984) .  While this study was tantalizing in suggesting kinematic consequences for features of bony morphology thought to be related to climb-

ing (e.g., the tibial facet of the talus causing a close-packed position during 

dorsiflexion as described by Lewis (1980a)), some of these relationships have proven to be complex and variable. Most recently, Holowka et al. (2017) provided an in-depth examination of the ankle complex in chimpanzees during climbing, 

examining kinematics in all three planes, as well as those at the leg, rearfoot, and forefoot. They found much more limited degrees of dorsiflexion during climbing, 

and, although motion at the talocrural joint suggests a close-packed position of the ankle during dorsiflexion, the differences between climbing and horizontal movement are not that great. 

Two studies demonstrate that compared with maximum dorsiflexion during nor-

mal walking in modern humans, ~15°–20° (Parenteau & Viano, 1998; Rome, 1996), 

ankle dorsiflexion during human climbing can be rather high. Venkataraman, Kraft, 

DeSilva, and Dominy (2013) showed that rainforest-dwelling Twa climbers exhibited ankle dorsiflexion angles ~45 degrees during unassisted climbing, similar to 

those employed by chimpanzees (DeSilva, 2009). George et al. (2013b) found that 

coconut tree climbers, using belts to hold their feet together, exhibited dorsiflexion during the stance phase ranging from 20 to 36 degrees, followed by high degrees of 

plantarflexion (16–51 degrees) at toe-off. George et al. (2013b) further found that 

the feet of “coconut climbers were always inverted except [during] late stance and 

early swing” (George et  al., 2013b; pg. 791). The spatiotemporal and kinematic characteristics of vertical climbing with respect to the ankle are thus rather different than for walking on a level surface. 
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One common thread behind these human climbing studies is the crucial role 

of developmental plasticity. Both Twa climbers and coconut climbers are 

highly trained for climbing, and their soft tissue anatomy reflects this mechan-

ical demand. Bhat and Kumar (2009), also studying coconut climbers, associ-

ated changes in climbing ability across the life course with the condition and 

shape of the intrinsic foot muscles. Further study of intrinsic foot architecture 

among foragers who climb without assistance would be particularly 

informative. 

Coconut tree climbing is associated with stereotypical dynamics and foot pos-

tures that place severe strain on the hard and soft tissues of the climber’s hindlimb, resulting in a variety of ailments and injuries (Bhat & Kumar, 2014; George et al., 

2013a). These studies, while again focused on clinical relevance, suggest interesting future avenues for studying developmental plasticity and the biomechanical impacts 

of various climbing styles. 

Studies on the kinematics of human inclined walking have been performed at 

angles up to 39 degrees. There is an observed trend of increasing ankle dorsi-

flexion with increasing slope (Tulchin et al., 2010). This aids toe clearance during swing phase and prepares the foot for contact on an inclined surface. 

Accordingly, during ascent of inclines and stairs, the foot tends to land in a 

forefoot position (Shamaei et  al., 2011). Andriacchi et  al. (1980) also found inversion moments about the ankle during stair ascent that are not typically 

observed during level walking. Not surprisingly, preferred walking speed on 

stairs or inclines is less than that experienced during level walking (Protopapadaki et al., 2007). 

Although some of these studies have examined motion of the ankle complex 

during climbing, none of them provide a clear and comprehensive picture of 

the breadth of ankle motion in primates. Additionally, none of the available 

studies provide any quantitative data on the movement of the foot itself, save 

for the recent study by Holowka et al. (2017). There are still many opportunities for testing form-function relationships through kinematic approaches. For 

example, the intermembral index (the ratio of forelimb to hindlimb length) is 

thought to be related to mechanical aspects of vertical climbing. Species with 

longer forelimbs (e.g., apes) should position themselves such that increased 

friction at the foot is possible (Cartmill, 1974; Jungers, 1977; Preuschoft,  

1990). Kinematic studies would be able to examine this proposition. 

Additionally, the general morphology of the primate tibiotalar joint includes 

differences in the malleoli that permit for greater abduction of the foot during 

dorsiflexion compared with non-primates (for review, see Dagosto, 2007). 

Such motion subsequently allows for greater inversion, which is critical to a 

grasping foot (Dagosto, 2007; Lewis, 1980a). A kinematic study that relates foot angles, the degree of hallucial abduction, and the degrees of dorsiflexion 

and inversion to the shape of the tibiotalar joint would permit examination of 

this morphologic hypothesis. 
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8.5   Kinetic  Studies

Kinetic data may include several different kinds of data, but when studying locomo-

tor biomechanics, these are typically data gathered from force and pressure plates. 

Currently, kinetic data from primate climbing are limited to 12 species for which 

force data are available, and pressure data are available for even fewer, likely 

because of the challenge of setting up equipment to collect data on a vertical sub-

strate (Fig. 8.3). The first kinetic data on primate climbing were from Yamazaki and Ishida (1984), who presented force data in concert with limb kinematics in their study of gibbon locomotion. Their results revealed that ankle moments of the gibbon are similar during climbing and bipedal walking and they are much smaller than 

those exhibited during human bipedalism. Following up on this paper, Hirasaki and 

colleagues provided kinetic data during climbing by  Ateles geoffroyi and  Macaca fuscata (Hirasaki, 1992; Hirasaki et al., 1993; Hirasaki & Matano, 1996). While 

their kinetic data were not presented as joint moments, the force data were more 

readily comparable to horizontal walking studies with peak force values available 

for each limb. These horizontal force data and the limb force ratios are generally 

interpreted as measures of reliance on specific limbs (e.g., higher hindlimb peak 

forces than forelimb peak forces indicate a greater reliance on the hindlimb during 

locomotion). These force data during horizontal locomotion are often interpreted as 

one in a set of features related to the locomotor diversification of primates (see 

Schmitt, 2010 for review). Hirasaki et  al.’s (1993) peak force results indicate a greater reliance on the hindlimb for peak propulsive efforts by  Ateles compared with Macaca.  The interpretation of this result was that the hindlimb-reliant climbing style of the more arboreal spider monkey may be pre-adaptive for bipedal movement. 

Following up on Hirasaki et al.’s (1993; Hirasaki & Matano (1996) work, Chatani (2003) provided force data collected from  Macaca fascicularis, which is intermedi-

ate in terms of its percent arboreality and time spent climbing 2003. These macaques were found to exhibit a forelimb/hindlimb force distribution (and spatiotemporal 

characteristics and joint kinematics) intermediate between those of  Ateles and M. fuscata (Hanna & Schmitt, 2011a). These results further support the notion that the degrees to which primates employ climbing behavior are related to the biomechanics of their climbing. Most recently, Hanna et al. (2017) published additional 

force data during climbing by eight additional primate species. Their data included 

both peak force and impulse data and reveal that the force distribution between 

limbs is conserved between horizontal and vertical movement (Hanna et al., 2017). 

This is the first report of such a pattern. Other mammals for which data are reported indicate a change in force ratio between climbing and horizontal movement 

(Lammers et al., 2006). Hanna et al. (2017) interpreted these differences between primate and non-primate mammals as perhaps reflecting adaptations that would 

have emerged in the earliest primates to navigate complex three-dimensional 

environments. 

[image: Image 62]
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Fig. 8.3  Schematic of metabolic data collection setup (top) with video frame of actual equipment (bottom). The animal moves within a “whole body mask,” from which air is drawn through and 

analyzed for oxygen content. Details in Hanna et al. (2008)

Pressure data related to primate climbing are even more limited than force data. 

To date, only one study reports pressure data during climbing by prosimians (three 

species), and one other study reports such data from a single great ape species. 

Congdon and Ravosa (2016) reported pressure data from pedal grasping during 

vertical climbing in  Lemur   catta,  Propithecus coquereli, and  Varecia rubra. The authors found that the hallux exerts the greatest pressures compared with the other 

digits in both  L. catta and  V. rubra, but not in  P. coquereli. Their data suggest that different primate species may have different grasping strategies during climbing 

and that these strategies may relate to phalangeal curvature or to the functional axes of the foot. However, the experimental setup used a pole diameter that was the same 

for all species, despite known differences in foot size and body mass for each spe-

cies. This variable would need to be controlled before making definitive links 

between morphology and biomechanical strategy. Pressure data are available for 
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 Daubentonia madagascariensis during locomotion on an incline of 30 degrees 

(Kivell et al., 2010), but since these do not fit the definition of vertical climbing in nonhuman primates, they will not be considered here. 

Wunderlich and Ischinger (2017) recently reported pressure data during climb-

ing by a single ape species,  Pan troglodytes. They show that loading of the forefoot during vertical climbing is higher than during horizontal walking and that these 

results support a relationship between some morphological features of the toes (e.g., a wide plantar aspect of the medial metatarsal heads) and vertical climbing rather 

than horizontal walking. Pressure data may provide the most detail on the distribu-

tion of forces across the elements of the foot and should be a fruitful area of research moving forward. 

Limited kinetic data are available for human incline walking and rock climbing. 

During incline walking, ankle plantarflexor moments increase with increasing slope 

(Lay et al., 2006). Further, Riener et al. (2002) showed that maximum power production at the ankle joint occurred at the end of stance phase during ascent of stairs. 

Baláš et al. (2014) examined the kinetics of human rock climbing on differing slope inclinations (85, 90, and 98 degrees). They found that intermediate climbers applied higher vertical loading on footholds compared with novice climbers, who used their 

arms more. With increasing inclination beyond the vertical (comparing 98 to 90 

degrees), vertical loading of footholds decreased, emphasizing that arms become 

more important in propulsion. Noé et al. (2001) also found increased action by the hindlimb to support a rock climber in a vertical stance. We expect that experienced 

tree climbers would evince a similar pattern of increased emphasis on the hindlimb 

for propulsive forces, rather than the arms. 

8.6   Electromyography (EMG) Studies

Around the same time that Prost’s (1980) seminal kinematic study was published, researchers began reporting muscle recruitment patterns for the hindlimb during 

vertical climbing by various primate species (summarized in Table 8.4). Stern and Susman (1981) presented muscle recruitment data on various locomotor modes of the chimpanzee, gibbon, and orangutan. Although not directly linked to the leg or 

foot, muscle activity of the gluteals during vertical climbing in each of these pri-

mates indicates a different function than in humans. While humans recruit the glu-

teals for abduction during bipedalism, their function during vertical climbing in 

great apes is quite different. In apes during vertical climbing, the gluteals are mainly utilized as medial rotators and are recruited at similar points in the gait cycle, and with similar magnitude, as they are during bipedalism. At the same time, Vangor 

(1979) provided similar results during vertical climbing for  Ateles and  Lagothrix, showing that the recruitment patterns of gluteus minimus (pars anterior and posterior), gluteus medius, rectus femoris, adductor magnus, and gluteus superficialis 

were very similar between bipedal walking and vertical climbing and quite different 

from their roles during quadrupedalism. Some of results were later published 
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(Vangor & Wells, 1983) alongside additional comparative data from  Lagothrix lagotricha and  Erythrocebus patas. Stern and Susman followed up on their 1981 

manuscript with additional EMG data collected during vertical climbing by  Ateles belzebuth,  Hylobates lar,  L. lagotricha, and  P. troglodytes. This time, they focused on the long and short fibularis muscles, revealing that these muscles are active during vertical climbing and that their activity may be related to pronation/eversion of the foot (Stern & Susman, 1983). 

Subsequent to these works, Jungers et al. (1983) provided additional EMG data for  Nycticebus coucang during vertical climbing, focusing on quadriceps femoris .  

Their results showed that while both  Lagothrix lagotricha and  Pan troglodytes exhibited differential muscle recruitment during vertical climbing compared with 

horizontal locomotion,  N. coucang exhibits similar quadriceps recruitment patterns between the locomotor modes. Kumakura (1989) reported EMG data from biceps 

femoris in  Macaca fuscata,  Ateles geoffroyi,  Hylobates lar, and  Pan troglodytes.  

Data were collected during both vertical climbing and climbing on a pole inclined 

at 45 degrees. During the latter, each of the four species exhibited a recruitment pattern intermediate between horizontal quadrupedalism and vertical climbing. The 

activity pattern of biceps femoris appeared to indicate that it contributed to hindlimb propulsion. However, previous work suggested that this muscle may be most active 

when the thigh is abducted (Larson & Stern, 1987). Kinematic data were only collected in the sagittal plane, so Kumakura was unable to address this hypothesis. 

Subsequent to this study, Hirokawa and Kumakura (2003) provided similar data for a specialized vertical clinger and leaper,  Galago garnetti.  They provided EMG data for biceps femoris and vastus lateralis during vertical climbing. Their results indicated that muscle recruitment patterns for both thigh muscles are similar between 

horizontal quadrupedalism and vertical climbing in this species, although biceps 

femoris was silent toward the end of stance phase. The knee joint and the thigh in 

general appear to be the main sources of propulsion for vertical climbing in 

the galago. 

Aside from Stern and Susman (1983) and Vangor and Wells (1983), researchers during the 1980s and 1990s rarely focused on the collection of EMG data from leg 

or foot muscles during vertical climbing (most focused instead on muscles of the 

hip and/or thigh). However, Hirasaki et al. (1995) published EMG data on vertical climbing by  Macaca fuscata, focusing on recruitment patterns of a variety of hindlimb muscles, including gastrocnemius and tibialis anterior (and upper limb 

muscles, as well). Their results indicate that  M. fuscata hindlimb muscle recruitment is similar between horizontal progression and vertical climbing. This was the 

first quantitative report on recruitment patterns of leg muscles during primate climbing, aside from Stern and Susman’s (1983) narrative description of fibularis activity (see above) for some primate species. 

More recently, Boyer et al. (2007) studied recruitment activity for muscles specifically related to the grasping function of the foot (fibularis brevis, fibularis longus, flexor digitorum fibularis, flexor digitorum tibialis, and adductor hallucis), 

8  Experimental Research on Foot Use and Function During Climbing by Primates 187

during vertical climbing and other locomotor activities by  Varecia variegata and Eulemur rubriventer. In this study, Boyer and colleagues found that EMG activity for each muscle was lower overall during vertical climbing than during horizontal 

locomotion. Further, they found that fibularis longus did not play a key role in hallucial grasping during climbing, as several others had hypothesized (Conroy, 1976; Dagosto, 1988; Gebo & Simons, 1987; Lewis, 1972). This is interesting because it has often been assumed that during climbing, the grasping foot (through adduction 

and flexion) plays a much greater role in maintaining contact with the substrate than it does during horizontal movement (Cartmill, 1974; Dagosto, 1988, 2007; Gebo & 

Dagosto, 1988; Szalay & Dagosto, 1988), and if fibularis longus is not providing adduction and flexion forces to permit for strong hallucial grasping, there must be 

another mechanism. In addition to the other muscles that cause flexion and adduc-

tion of the hallux, it is possible that the abductor hallucis and abductor digiti minimi act to  abduct and flex the first and fifth digits simultaneously so as to resist the tendency of body weight to adduct and extend the digits of a foot on a vertical support (Gebo, 1985; Wunderlich et  al., 1996). These mechanisms would preclude the requirement for a strong contribution of fibularis longus to hallucial grasp. 

In summary, there are EMG studies available that report the functions of some 

hindlimb muscles across 12 species of primates (Table 8.4). Most of these studies examine the function of the hip and thigh, with limited focus on the leg or foot. 


Most recently, EMG of the extrinsic muscles of the grasping foot during climbing 

was reported for three species of strepsirrhine. These most recent experimental 

studies call into question some long held assumptions regarding the functional 

implications of morphological features of the ankle. Clearly, much more work is 

needed in this area. 

Researchers have documented clear differences in leg muscle activation patterns 

between level walking and incline walking in humans. Power production by the 

plantarflexors (soleus and medial gastrocnemius [MG]) and tibialis anterior (TA) 

increased during incline walking along with the mean activity and burst duration 

(but not the burst onset) of these muscles (Lay et al., 2006, 2007; Tulchin et al., 

2010). Lay et al. (2007) found that in late stance, there were greater increases in MG 

and soleus activity, compared with increases in TA activity, which were associated 

with increased peak plantarflexor moments. These findings were replicated by Franz 

and Kram (2012), who found that ankle extensor muscle activations increased with steeper uphill grades and with increased speeds. 

Bartlett et  al. (2014) collected EMG data during various locomotor tasks in humans, including climbing, and demonstrated that the gluteus maximus plays a 

role in generating power to lift the body mass vertically. Moreover, climbing was 

associated with high muscle activity levels that paralleled those experienced during endurance running and were only slightly less than those during sprinting. The findings of Bartlett et al. (2014) are particularly striking due to their implication that 

locomotor activities beyond walking and running must be considered when explain-

ing EMG patterns and their purported adaptive value. For example, they note that 

“the [gluteus maximus] remains an important muscle for climbing in modern 

humans, despite the changes in orientation and size that have occurred during 
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human evolution” (Bartlett et al., 2014: pg. 129). As noted by Venkataraman, Kraft, and Dominy (2013) and Kraft et al. (2014), this logic may be applied more broadly to the musculature of the human foot and ankle. Although the muscles and tendons 

in the foot and ankle are active during bipedal walking and running, there have been few attempts to explore how these muscles also operate during other locomotor 

tasks that would have had selective importance in the past. 

8.7   Studies of Energetic Costs

In addition to the above-described studies, a few other researchers have examined 

primate climbing through experimental methods that have been more rarely used. 

For example, energy expenditure studies connect the morphological and biome-

chanical studies in terms of describing how differences in morphology or climbing 

style may affect the efficiency of the locomotor system. There are limited energy 

expenditure studies of primates during climbing; however, some do exist. For exam-

ple, Hanna and colleagues (Hanna & Schmitt, 2008) published energy use data during climbing by five primate species and compared these results to similar data 

collected during human climbing (ladder-mill climbing, Fig. 8.4). They found that the cost per unit of body mass for primate climbing is constant, indicating that large primates can move vertically for a similar relative amount of energy as small primates. However, a large primate spends absolutely more energy climbing. In addi-

tion, Hanna et al. (2008) compared their data with energy costs during horizontal locomotion and found that the difference in energy cost between climbing and horizontal locomotion is much higher for large primates. These results suggest that 

larger primates are more likely to experience selective pressures encouraging them 

to climb less or to develop more efficient climbing morphologies. In addition to this study, daily energy use studies have been conducted that incorporate regression 

equations for costs of climbing into their calculations (Pontzer & Wrangham, 2004). 

They hypothesize that morphological specializations for climbing in chimpanzees 

are likely not related to minimizing energy expenditure, but are linked instead to 

avoiding falls from trees. Thus, measures of efficiency or energetic optimization 

during climbing may not lead to a better understanding of the selective pressures 

faced by species (though see Hanna et al., 2008). No other studies have analyzed the metabolic cost of climbing by primates, and significantly more data would be 

required to test these hypotheses. 

8.8   Future  Directions

The study of primate locomotion dates back to Darwin’s  Origin  of the Species and his recognition that modern human bipedalism is unique among extant primates but 

has its origins in the arboreal nature of early primates. Since then, researchers have sought to understand the specific features of arboreal movement that have 

[image: Image 63]
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Fig. 8.4  Video still of kinetic data collection setup. The force transducer is similar to a small force plate and is affixed to a solid wall. The force transducer has a short section of rigid pole attached to it, and above and below this section (separated from the instrumented pole by small gaps) are another set of rigid poles to make an almost continuous, vertical substrate for climbing. When the animal strikes the instrumented section of pole, the forces exerted are recorded in a computer influenced the primate postcranial skeleton. The unique nature of the primate grasping foot has been a focus of many morphologic studies (see Chapters 2, 3, 4, 5 and 

6) and the focus of many experimental studies during horizontal movement (see Chap. 7). However, a very limited amount of experimental work has examined how the primate foot functions during climbing, in both human and nonhuman primates. 

This is due, in part, to limitations in experimental setups, for example, the need for large vertical spaces in laboratories to accommodate climbing. However, in the last 

several years, more experimental work has begun to explore the functions of the 

hindlimb and the foot/ankle complex, specifically, during climbing. Researchers 

should focus on integrated studies that collect multiple types of experimental data, in order to increase most efficiently our dearth of knowledge in this area. Additionally, a morphologically diverse sample of primates should be included, such that these 

experimental results can expand our knowledge of the relationships between skele-

tal anatomy and locomotor biomechanics. 

8.9   Summary

Vertical climbing was an essential behavior in primate origins and later evolution. 

The mechanical requirements of gripping a support and propelling the body upward 

have had a strong influence on the morphology of the primate foot, with most 
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primates possessing relatively long, mobile, grasping feet that serve this purpose. 

The most obvious and well-recognized exception to the primate pattern is the human 

foot. Despite the importance of vertical climbing in the evolution of the primate 

foot, experimental studies have rarely examined the way in which the primate foot 

functions during climbing. In this chapter, we reviewed the data available on foot 

mechanics during climbing and identified important gaps in existing knowledge. 

Behavioral studies have documented the time spent climbing vertically, with a few 

studies examining specific aspects of foot posture. These studies have revealed little variation in grip type during climbing, though there is a need for much more data. 

Human foot posture is different from other primates in that they lack an abducted 

hallux and cannot grip the substrate. Behavioral studies reveal postural and techno-

logical strategies that humans have developed for solving this problem. Experimental studies have shown significant effects of substrate orientation on both spatiotemporal variables and kinematic and kinetic patterns, with some additional anatomical 

variation associated with different habitual locomotor patterns. For example, sus-

pensory primates such as spider monkeys and apes adopt different strategies than 

macaques and other quadrupeds. Once again humans show complex patterns of foot 

posture and loading when they use vertical supports, and these reflect the special-

ized anatomy of their foot. One area that has received a lot of attention is muscular activity during climbing. EMG studies have been central to arguments about the 

evolution of primate locomotion and especially to the origins of bipedalism. Finally, more recent studies of the energetic costs of vertical climbing reveal that compared to horizontal locomotion, large primates have higher metabolic costs during climbing than smaller primates. Taken together, limited experimental studies reveal exciting patterns that deserve further exploration. Future studies should broaden the 

species sample from which data are collected and should use integrated methods to 

include more biomechanical data on the foot and the ways in which substrate affects 

foot function. 

References

Andriacchi, T., Andersson, G., Fermier, R., Stern, D., & Galante, J. (1980). A study of lower-limb mechanics during stair-climbing.  Journal of Bone and Joint Surgery, 62(5), 749–757. 

Arms, A., Voges, D., Fischer, M., & Preuschoft, H. (2002). Arboreal locomotion in small New-World monkeys.  Zeitschrift für Morphologie und Anthropologie, 83, 243–263. 

Baláš, J., Panáčková, M., Strejcová, B., Martin, A. J., Cochrane, D. J., Kaláb, M., Kodejška, J., & Draper, N. (2014). The relationship between climbing ability and physiological responses to rock climbing.  The Scientific World Journal, 2014, 678387. 

Bartlett, J. L., Sumner, B., Ellis, R. G., & Kram, R. (2014). Activity and functions of the human gluteal muscles in walking, running, sprinting, and climbing.  American Journal of Physical Anthropology, 153(1), 124–131. 

Bhat, P., & Kumar, A. (2009). The medial longitudinal arch in tree climbing communities.  Scientific Medicine, 1(2). 

Bhat, P., & Kumar, A. (2014). A study of footprints of tree-climbing communities of South India. 

 Nitte University Journal of Health Science, 4(4), 60. 

8  Experimental Research on Foot Use and Function During Climbing by Primates 191

Bitty, E. A., & McGraw, W. S. (2007). Locomotion and habitat use of Stampflii’s putty-nosed monkey ( Cercopithecus nictitans stampflii) in the Taï National Park, Ivory Coast.  American Journal of Physical Anthropology, 134(3), 383–391. 

Blanchard, M. L., Furnell, S., Sellers, W. I., & Crompton, R. H. (2015). Locomotor flexibility in Lepilemur explained by habitat and biomechanics.  American Journal of Physical Anthropology, 156(1), 58–66. 

Bock, W. J., & Winkler, H. (1978). Mechanical analysis of the external forces on climbing mammals.  Zoomorphologie, 91(1), 49–61. 

Boyer, D. M., Patel, B. A., Larson, S. G., & Stern, J. T. (2007). Telemetered electromyography of peroneus longus in  Varecia variegata and  Eulemur rubriventer: Implications for the functional significance of a large peroneal process.  Journal of Human Evolution, 53(2), 119–134. 

Cant, J. G., Youlatos, D., & Rose, M. D. (2001). Locomotor behavior of  Lagothrix lagothricha and Ateles belzebuth in Yasunı National Park, Ecuador: General patterns and nonsuspensory modes. 

 Journal of Human Evolution, 41(2), 141–166. 

Cartmill, M. (1974). Pads and claws in arboreal locomotion. In F.  Jenkins (Ed.),  Primate Locomotion (pp. 45–83). Academic Press. 

Cartmill, M. (1985). Climbing. In M.  Hildebrand, D.  Bramble, K.  Liem, & D.  Wake (Eds.), Functional vertebrate morphology (pp. 73–88). Harvard University Press. 

Cartmill, M., Lemelin, P., & Schmitt, D. (2002). Support polygons and symmetrical gaits in mammals.  Zoological Journal of the Linnean Society, 136(3), 401–420. 

Cartmill, M., Lemelin, P., & Schmitt, D. (2007a). Primate gaits and primate origins. In M. J. Ravosa 

& M. Dagosto (Eds.),  Primate origins: Adaptations and evolution (pp. 403–435). Springer. 

Cartmill, M., Lemelin, P., & Schmitt, D. (2007b). Understanding the adaptive value of diagonal-sequence gaits in primates: A comment on Shapiro and Raichlen, 2005.  American Journal of Physical Anthropology, 133(2), 822–825. 

Chatani, K. (2003). Positional behavior of free-ranging Japanese macaques ( Macaca fuscata). 

 Primates, 44(1), 13–23. 

Congdon, K. A., & Ravosa, M. J. (2016). Get a grip: Substrate orientation and digital grasping pressures in strepsirrhines.  Folia Primatologica, 87(4), 224–243. 

Conroy, G. C. (1976). Hallucial tarsometatarsal joint in an Oligocene anthropoid  Aegyptopithecus zeuxis.  Nature, 262(5570), 684. 

Crompton, R. H., Blanchard, M. L., Coward, S., Alexander, R. M., & Thorpe, S. K. (2010). Vertical clinging and leaping revisited: Locomotion and habitat use in the western tarsier,  Tarsius bancanus explored via loglinear modeling.  International Journal of Primatology, 31(6), 958–979. 

Cuhna, A., Vieiera, M., & Grelle, C. (2006). Preliminary observations on habitat, support use and diet in two non-native primates in an urban Atlantic forest fragment: The capuchin monkey ( Cebus sp.) and the common marmoset ( Callithrix jacchus) in the Tijuca forest, Rio de Janeiro. 

 Urban Ecosystem, 9, 351–359. 

Dagosto, M. (1988). Implications of postcranial evidence for the origin of euprimates.  Journal of Human Evolution, 17(1–2), 35–56. 

Dagosto, M. (2007). The postcranial morphotype of primates. In M.  J. Ravosa & M.  Dagosto (Eds.),  Primate origins: Adaptations and evolution (pp. 489–534). Springer. 

Dagosto, M., & Yamashita, N. (1998). Effect of habitat structure on positional behavior and support use in three species of lemur.  Primates, 39(4), 459–472. 

Darwin, C. (1871).  The descent of man, and selection in relation to sex. John Murray. 

DeSilva, J. (2008).  Vertical climbing adaptations in the anthropoid ankle and midfoot: Implications for locomotion in Miocene catarrhines and Plio-Pleistocene hominins. PhD dissertation, University of Michigan. 

DeSilva, J. M. (2009). Functional morphology of the ankle and the likelihood of climbing in early hominins.  Proceedings of the National Academy of Sciences, 106(16), 6567–6572. 

Diedrich, F. J., & Warren, W. H., Jr. (1998). The dynamics of gait transitions: Effects of grade and load.  Journal of Motor Behavior, 30(1), 60–78. 

192

J. B. Hanna and V. Venkataraman

Doran, D. M. (1992). Comparison of instantaneous and locomotor bout sampling methods: A case study of adult male chimpanzee locomotor behavior and substrate use.  American Journal of Physical Anthropology, 89(1), 85–99. 

Doran, D. M. (1993). Comparative locomotor behavior of chimpanzees and bonobos: The influence of morphology on locomotion.  American Journal of Physical Anthropology, 91(1), 83–98. 

Dunham, N. T. (2015). Ontogeny of positional behavior and support use among  Colobus angolensis palliatus of the Diani Forest, Kenya.  Primates, 56(2), 183–192. 

Elton, S., Foley, R., & Ulijaszek, S. (1998). Habitual energy expenditure of human climbing and clambering.  Annals of Human Biology, 25(6), 523–531. 

Fan, P., Scott, M. B., Fei, H., & Ma, C. (2013). Locomotion behavior of cao vit gibbon ( Nomascus nasutus) living in karst forest in Bangliang Nature Reserve, Guangxi, China.  Integrative Zoology, 8(4), 356–364. 

Fleagle, J. G., & Mittermeier, R. A. (1980). Locomotor behavior, body size, and comparative ecology of seven Surinam monkeys.  American Journal of Physical Anthropology, 52(3), 301–314. 

Fleagle, J. G., Mittermeier, R. A., & Skopec, A. L. (1981). Differential habitat use by  Cebus apella and  Saimiri sciureus in central Surinam.  Primates, 22(3), 361–367. 

Fleagle, J. G., Stern, J. T., Jungers, W. L., Susman, R. L., Vangor, A. K., & Wells, J. P. (1981). 

Climbing: A biomechanical link with brachiation and with bipedalism.  Symposium of the Zoological Society of London, 48, 359–375. 

Franz, J. R., & Kram, R. (2012). The effects of grade and speed on leg muscle activations during walking.  Gait & Posture, 35(1), 143–147. 

Furnell, S., Blanchard, M. L., Crompton, R. H., & Sellers, W. I. (2015). Locomotor ecology of Propithecus verreauxi in Kirindy Mitea National Park.  Folia Primatologica, 86(4), 223–230. 

Garber, P. (1991). A comparative study of positional behavior in three species of tamarin monkeys. 

 Primates, 32(2), 219–230. 

Gebo, D.  L. (1985). The nature of the primate grasping foot.  American Journal of Physical Anthropology, 67(3), 269–277. 

Gebo, D. L. (1986). Anthropoid origins—The foot evidence.  Journal of Human Evolution, 15(6), 421–430. 

Gebo, D.  L. (1988). Foot morphology and locomotor adaptation in Eocene primates.  Folia Primatologica, 50(1–2), 3–41. 

Gebo, D. L. (1992). Plantigrady and foot adaptation in African apes: Implications for hominid origins.  American Journal of Physical Anthropology, 89(1), 29–58. 

Gebo, D. L. (1996). Climbing, brachiation, and terrestrial quadrupedalism: Historical precursors of hominid bipedalism.  American Journal of Physical Anthropology, 101(1), 55–92. 

Gebo, D.  L. (2011). Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates.  American Journal of Physical Anthropology, 146(3), 323–335. 

Gebo, D.  L., & Dagosto, M. (1988). Foot anatomy, climbing, and the origin of the Indriidae. 

 Journal of Human Evolution, 17(1–2), 135–154. 

Gebo, D. L., & Simons, E. L. (1987). Morphology and locomotor adaptations of the foot in early Oligocene anthropoids.  American Journal of Physical Anthropology, 74(1), 83–101. 

George, B., Kumar, A., & Rao, M. (2013a). Foot deformations in coconut tree climbers of South India.  Nitte University Journal of Health Science, 3(1), 45–51. 

George, B. M., Kumar, A., & Rao, M. S. (2013b). Biomechanics of climbing coconut trees and its implications in ankle foot morphology-a video sequence analysis.  Journal of Clinical and Diagnostic Research, 7(5), 790. 

Granatosky, M. C., Schmitt, D., & Hanna, J. (2019). Comparison of spatiotemporal gait characteristics between vertical climbing and horizontal walking in primates.  Journal of Experimental Biology, 222(2), 185702. 

Hanna, J. B. (2006). Kinematics of vertical climbing in lorises and  Cheirogaleus medius.  Journal of Human Evolution, 50(4), 469–478. 

8  Experimental Research on Foot Use and Function During Climbing by Primates 193

Hanna, J. B., & Schmitt, D. (2011a). Interpreting the role of climbing in primate locomotor evolution: are the biomechanics of climbing influenced by habitual substrate use and anatomy?. 

 International Journal of Primatology, 32(2), 430–444. 

Hanna, J. B., & Schmitt, D. (2011b). Locomotor energetics in primates: gait mechanics and their relationship to the energetics of vertical and horizontal locomotion.  American Journal of Physical Anthropology, 145(1), 43–54. 

Hanna, J. B., Granatosky, M. C., Rana, P., & Schmitt, D. (2017). The evolution of vertical climbing in primates: Evidence from reaction forces.  Journal of Experimental Biology, 220, 157628. 

Hanna, J. B., Schmitt, D., & Griffin, T. M. (2008). The energetic cost of climbing in primates. 

 Science, 320(5878), 898–898. 

Hirasaki, E. (1992). Vertical climbing in  Ateles geoffroyi and  Macaca fuscata and its comparative neurological background. In S. Matano, R. Tuttle, H. Ishida, & M. Goodman (Eds.),  Topics in primatology (pp. 167–176). University of Tokyo Press. 

Hirasaki, E., Kumakura, H., & Matano, S. (1993). Kinesiological characteristics of vertical climbing in  Ateles geoffroyi and  Macaca fuscata.  Folia Primatologica, 61(3), 148–156. 

Hirasaki, E., Kumakura, H., & Matano, S. (1995). Electromyography of 15 limb muscles in Japanese macaques ( Macaca fuscata) during vertical climbing.  Folia Primatologica, 64(4), 218–224. 

Hirasaki, E., Kumakura, H., & Matano, S. (2000). Biomechanical analysis of vertical climbing in the spider monkey and the Japanese macaque.  American Journal of Physical Anthropology, 113(4), 455–472. 

Hirasaki, E., & Matano, S. (1996). Comparison of locomotor patterns and the cerebellar complex in  Ateles and  Macaca.  Folia Primatologica, 66(1–4), 209–225. 

Hirokawa, Y., & Kumakura, H. (2003). Functional analysis of the thigh muscles during locomotion in the Garnet galago ( Galago garnetti).  Anthropological Science, 111(2), 187–201. 

Holowka, N. B., O’Neill, M. C., Thompson, N. E., & Demes, B. (2017). Chimpanzee ankle and foot joint kinematics: Arboreal versus terrestrial locomotion.  American Journal of Physical Anthropology, 164, 131–147. 

Hunt, K. D., Cant, J. G., Gebo, D. L., Rose, M. D., Walker, S. E., & Youlatos, D. (1996). Standardized descriptions of primate locomotor and postural modes.  Primates, 37(4), 363–387. 

Isbell, L.  A., Pruetz, J.  D., Lewis, M., & Young, T.  P. (1998). Locomotor activity differences between sympatric patas monkeys ( Erythrocebus patas) and vervet monkeys ( Cercopithecus aethiops): Implications for the evolution of long hindlimb length in  Homo.  American Journal of Physical Anthropology, 105(2), 199–207. 

Isler, K. (2002a). Characteristics of vertical climbing in African apes.  Senckenbergiana Lethaea, 82(1), 115–124. 

Isler, K. (2002b). Characteristics of vertical climbing in gibbons.  Evolutionary Anthropology, 11(S1), 49–52. 

Isler, K. (2004). Footfall patterns, stride length and speed of vertical climbing in spider monkeys ( Ateles fusciceps robustus) and woolly monkeys ( Lagothrix lagotricha).  Folia Primatologica, 75(3), 133–149. 

Isler, K. (2005). 3D-kinematics of vertical climbing in hominoids.  American Journal of Physical Anthropology, 126(1), 66–81. 

Isler, K., & Grüter, C. C. (2006). Arboreal locomotion in wild black-and-white snub-nosed monkeys ( Rhinopithecus bieti).  Folia Primatologica, 77(3), 195–211. 

Isler, K., & Thorpe, S.  K. (2003). Gait parameters in vertical climbing of captive, rehabilitant and wild Sumatran orang-utans ( Pongo pygmaeus abelii).  Journal of Experimental Biology, 206(22), 4081–4096. 

Jungers, W. (1977). Hindlimb and pelvic adaptations to vertical climbing and clinging in Megaladapis, a giant subfossil prosimian from Madagascar.  Yearbook of Physical Anthropology, 20, 508–524. 

194

J. B. Hanna and V. Venkataraman

Jungers, W., Stern, J., & Jouffroy, F. (1983). Functional morphology of the quadriceps femoris in primates: A comparative anatomical and experimental analysis.  Annales des Sciences Naturelles Zoologie et Biologie Animale, 5(2), 101–116. 

Kingston, A. K., Boyer, D. M., Patel, B. A., Larson, S. G., & Stern, J. T. (2010). Hallucal grasping in  Nycticebus coucang: Further implications for the functional significance of a large peroneal process.  Journal of Human Evolution, 58(1), 33–42. 

Kivell, T. L., Schmitt, D., & Wunderlich, R. E. (2010). Hand and foot pressures in the aye-aye ( Daubentonia madagascariensis) reveal novel biomechanical trade-offs required for walking on gracile digits.  Journal of Experimental Biology, 213(9), 1549–1557. 

Kraft, T. S., Venkataraman, V. V., & Dominy, N. J. (2014). A natural history of human tree climbing.  Journal of Human Evolution, 71, 105–118. 

Kumakura, H. (1989). Functional analysis of the biceps femoris muscle during locomotor behavior in some primates.  American Journal of Physical Anthropology, 79(3), 379–391. 

Lammers, A. R., Earls, K. D., & Biknevicius, A. R. (2006). Locomotor kinetics and kinematics on inclines and declines in the gray short-tailed opossum  Monodelphis domestica.  Journal of Experimental Biology, 209(20), 4154–4166. 

Larson, S., & Stern, J. (1987). EMG of the hamstrings in chimpanzees and orangutans.  Yearbook of Physical Anthropology, 72, 223–230. 

Lay, A. N., Hass, C. J., & Gregor, R. J. (2006). The effects of sloped surfaces on locomotion: A kinematic and kinetic analysis.  Journal of Biomechanics, 39(9), 1621–1628. 

Lay, A. N., Hass, C. J., Nichols, T. R., & Gregor, R. J. (2007). The effects of sloped surfaces on locomotion: An electromyographic analysis.  Journal of Biomechanics, 40(6), 1276–1285. 

Lewis, O.  J. (1964). The tibialis posterior tendon in the primate foot.  Journal of Anatomy, 98, 209–218. 

Lewis, O.  J. (1972). The evolution of the hallucial tarsometatarsal joint in the Anthropoidea. 

 American Journal of Physical Anthropology, 37(1), 13–33. 

Lewis, O. J. (1980a). The joints of the evolving foot. Part I. The ankle joint.  Journal of Anatomy, 130, 527–543. 

Lewis, O.  J. (1980b). The joints of the evolving foot. Part II.  The intrinsic joints.  Journal of Anatomy, 130, 833–857. 

Lewis, O.  J. (1980c). The joints of the evolving foot. Part III.  The fossil evidence.  Journal of Anatomy, 131, 275–298. 

Manduell, K. L., Morrogh-Bernard, H. C., & Thorpe, S. K. (2011). Locomotor behavior of wild orangutans ( Pongo pygmaeus wurmbii) in disturbed peat swamp forest, Sabangau, Central Kalimantan, Indonesia.  American Journal of Physical Anthropology, 145(3), 348–359. 

McGraw, W. S. (1998). Comparative locomotion and habitat use of six monkeys in the Tai Forest, Ivory Coast.  American Journal of Physical Anthropology, 105(4), 493–510. 

McGraw, W. S. (2000). Positional behavior of  Cercopithecus petaurista.  International Journal of Primatology, 21(1), 157–182. 

Morton, D. J. (1922). Evolution of the human foot.  American Journal of Physical Anthropology, 5(4), 305–336. 

Morton, D. J. (1924a). Evolution of the human foot II.  American Journal of Physical Anthropology, 7(1), 1–52. 

Morton, D. J. (1924b). Evolution of the longitudinal arch of the human foot.  Journal of Bone and Joint Surgery, 6(1), 56–90. 

Morton, D. J. (1927). Human origin. Correlation of previous studies of primate feet and posture with other morphologic evidence.  American Journal of Physical Anthropology, 10(2), 173–203. 

Morton, D.  J. (1935).  The human foot: Its evolution, physiology, and functional disorders. 

Columbia University Press. 

Nakano, Y. (2002). The effects of substratum inclination on locomotor patterns in primates. 

 Zeitschrift für Morphologie und Anthropologie, 83, 189–199. 

Nakano, Y., Hirasaki, E., & Kumakura, H. (2006). Patterns of vertical climbing in primates. In H. Ishida, R. Tuttle, M. Pickford, N. Ogihara, & M. Nakatsukasa (Eds.),  Human origins and environmental backgrounds (pp. 97–104). Springer. 

8  Experimental Research on Foot Use and Function During Climbing by Primates 195

Nakano, Y., Ishida, H., & Hirasaki, E. (1996). The change of the locomotor pattern caused by the inclination of the substrata in a Japanese macaque.  Primate Research, 12(2), 79–87. 

Nash, L.  T. (1998). Vertical clingers and sleepers: Seasonal influences on the activities and substrate use of  Lepilemur leucopus at Beza Mahafaly Special Reserve, Madagascar.  Folia Primatologica, 69, 204–217. 

Nekaris, K. (2001). Activity budget and positional behavior of the Mysore slender Loris ( Loris tardigradus lydekkerianus): Implications for slow climbing locomotion.  Folia Primatologica, 72(4), 228–241. 

Noé, F., Quaine, F., & Martin, L. (2001). Influence of steep gradient supporting walls in rock climbing: Biomechanical analysis.  Gait & Posture, 13(2), 86–94. 

Nyakatura, J. A., Fischer, M. S., & Schmidt, M. (2008). Gait parameter adjustments of cotton-top tamarins ( Saguinus oedipus, Callitrichidae) to locomotion on inclined arboreal substrates. 

 American Journal of Physical Anthropology, 135(1), 13–26. 

Nyakatura, J. A., & Heymann, E. W. (2010). Effects of support size and orientation on symmetric gaits in free-ranging tamarins of Amazonian Peru: Implications for the functional significance of primate gait sequence patterns.  Journal of Human Evolution, 58(3), 242–251. 

Parenteau, C., & Viano, D. (1998). Biomechanical properties of human cadaveric ankle-subtalar joints in quasi-static loading.  Journal of Biomechanical Engineering, 120(1), 105–111. 

Patel, B. A., Wallace, I. J., Boyer, D. M., Granatosky, M. C., Larson, S. G., & Stern, J. T. (2015). 

Distinct functional roles of primate grasping hands and feet during arboreal quadrupedal locomotion.  Journal of Human Evolution, 88, 79–84. 

Pontzer, H., & Wrangham, R. W. (2004). Climbing and the daily energy cost of locomotion in wild chimpanzees: Implications for hominoid locomotor evolution.  Journal of Human Evolution, 46(3), 315–333. 

Preuschoft, H. (1990). Gravity in primates and its relation to body shape and locomotion.  Human Evolution, 5(6), 559–578. 

Preuschoft, H. (2002). What does “arboreal locomotion” mean exactly and what are the relationships between “climbing”, environment and morphology?  Zeitschrift für Morphologie und Anthropologie, 83, 171–188. 

Preuschoft, H., Schönwasser, K.-H., & Witzel, U. (2016). Selective value of characteristic size parameters in hylobatids. A biomechanical approach to small ape size and morphology. In U. Reichard, H. Hirai, & C. Barelli (Eds.),  Evolution of Gibbons and Siamang (pp. 229–265). 

Springer. 

Prost, J., & Sussman, R. (1969). Monkey locomotion on inclined surfaces.  American Journal of Physical Anthropology, 31(1), 53–58. 

Prost, J.  H. (1980). Origin of bipedalism.  American Journal of Physical Anthropology, 52(2), 175–189. 

Protopapadaki, A., Drechsler, W. I., Cramp, M. C., Coutts, F. J., & Scott, O. M. (2007). Hip, knee, ankle kinematics and kinetics during stair ascent and descent in healthy young individuals. 

 Clinical Biomechanics, 22(2), 203–210. 

Raichlen, D., Pontzer, H., Shapiro, L., & Sockol, M. (2009). Understanding hind limb weight support in chimpanzees with implications for the evolution of primate locomotion.  American Journal of Physical Anthropology, 138(4), 395–402. 

Reghem, E., Pouydebat, E., & Bels, V. (2009). Biomechanics of a primate hand ( Microcebus m) in climbing: Function, strategies and human implications.  Computer Methods in Biomechanics and Biomedical Engineering, 12, 213–214. 

Riener, R., Rabuffetti, M., & Frigo, C. (2002). Stair ascent and descent at different inclinations. 

 Gait & Posture, 15(1), 32–44. 

Rome, K. (1996). Ankle joint dorsiflexion measurement studies. A review of the literature.  Journal of the American Podiatric Medical Association, 86(5), 205–211. 

Sarringhaus, L., MacLatchy, L., & Mitani, J. (2014). Locomotor and postural development of wild chimpanzees.  Journal of Human Evolution, 66, 29–38. 

196

J. B. Hanna and V. Venkataraman

Schmitt, D. (2010). Primate locomotor evolution: Biomechanical studies of primate locomotion and their implications for understanding primate neuroethology. In M. Platt & A. Ghazanfar (Eds.),  Primate neuroethology (pp. 10–30). Oxford University Press. 

Schoonaert, K., D’Août, K., & Aerts, P. (2006). A dynamic force analysis system for climbing of large primates.  Folia Primatologica, 77(3), 246–254. 

Schoonaert, K., D’Août, K., Samuel, D., Talloen, W., Nauwelaerts, S., Kivell, T.  L., & Aerts, P. (2016). Gait characteristics and spatio-temporal variables of climbing in bonobos ( Pan paniscus).  American Journal of Primatology, 78(11), 1165–1177. 

Shamaei, K., Cenciarini, M., & Dollar, A. (2011). On the mechanics of the ankle in the stance phase of the gait.  Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 2011, 8135–8140. 

Shapiro, L. J., & Raichlen, D. A. (2005). Lateral sequence walking in infant  Papio cynocephalus: Implications for the evolution of diagonal sequence walking in primates.  American Journal of Physical Anthropology, 126(2), 205–213. 

Shapiro, L. J., & Young, J. W. (2010). Is primate-like quadrupedalism necessary for fine-branch locomotion? A test using sugar gliders ( Petaurus breviceps).  Journal of Human Evolution, 58(4), 309–319. 

Stern, J. T. (1977). Electromyography of some muscles of the upper limb in  Ateles and  Lagothrix. 

 Yearbook of Physical Anthropology, 20, 498–507. 

Stern, J.  T., & Susman, R.  L. (1981). Electromyography of the gluteal muscles in  Hylobates, Pongo,  and  Pan: Implications for the evolution of hominid bipedality.  American Journal of Physical Anthropology, 55(2), 153–166. 

Stern, J.  T., & Susman, R.  L. (1983). The locomotor anatomy of  Australopithecus afarensis. 

 American Journal of Physical Anthropology, 60(3), 279–317. 

Stern, J. T., Wells, J. P., Jungers, W. L., Vangor, A. K., & Fleagle, J. (1980). An electromyographic study of the pectoralis major in atelines and  Hylobates, with special reference to the evolution of a pars clavicularis.  American Journal of Physical Anthropology, 52(1), 13–25. 

Stern, J.  T., Wells, J.  P., Jungers, W.  L., & Vangor, A.  K. (1980). An electromyographic study of serratus anterior in atelines and  Alouatta: Implications for hominoid evolution.  American Journal of Physical Anthropology, 52(3), 323–334. 

Stevens, N. (2006). Stability, limb coordination and substrate type: The ecorelevance of gait sequence pattern in primates.  Journal of Experimental Zoology Part A: Ecological Genetics and Physiology, 305(11), 953–963. 

Stevens, N.  J., Ratsimbazafy, J.  H., & Ralainasolo, F. (2011). Linking field and laboratory approaches for studying primate locomotor responses to support orientation. In K. D’Aout & E. Vereecke (Eds.),  Primate locomotion (pp. 311–333). Springer. 

Szalay, F. S., & Dagosto, M. (1988). Evolution of hallucial grasping in the primates.  Journal of Human Evolution, 17(1–2), 1–33. 

Thorpe, S. K., & Crompton, R. H. (2005). Locomotor ecology of wild orangutans ( Pongo pygmaeus abelii) in the Gunung Leuser Ecosystem, Sumatra, Indonesia: A multivariate analysis using log-linear modelling.  American Journal of Physical Anthropology, 127(1), 58–78. 

Thorpe, S. K., & Crompton, R. H. (2006). Orangutan positional behavior and the nature of arboreal locomotion in Hominoidea.  American Journal of Physical Anthropology, 131(3), 384–401. 

Toussaint, S., Herrel, A., Ross, C.  F., Aujard, F., & Pouydebat, E. (2015). Substrate diameter and orientation in the context of food type in the gray mouse lemur,  Microcebus murinus: Implications for the origins of grasping in primates.  International Journal of Primatology, 36(3), 583–604. 

Tulchin, K., Orendurff, M., & Karol, L. (2010). The effects of surface slope on multi-segment foot kinematics in healthy adults.  Gait & Posture, 32(4), 446–450. 

Vangor, A. (1977). Functional pre-adaptation to bipedality in non-human primates.  American Journal of Physical Anthropology, 47(1), 164–165. 

Vangor, A., & Wells, J. (1983). Muscle recruitment and the evolution of bipedality: Evidence from telemetered electromyography of spider, woolly and patas monkeys.  Annales des Sciences Naturelles Zoologie et Biologie Animale, 5(3), 125–135. 

8  Experimental Research on Foot Use and Function During Climbing by Primates 197

Vangor, A. K. (1979).  Electromyography of gait in non-human primates and its significance for the evolution of bipedality. PhD dissertation, State University of New York at Stony Brook. 

Venkataraman, V. V., Kraft, T. S., DeSilva, J. M., & Dominy, N. J. (2013a). Phenotypic plasticity of climbing-related traits in the ankle joint of great apes and rainforest hunter-gatherers.  Human Biology, 85(3), 309–328. 

Venkataraman, V. V., Kraft, T. S., & Dominy, N. J. (2013b). Tree climbing and human evolution. 

 Proceedings of the National Academy of Sciences, 110(4), 1237–1242. 

Vereecke, E., & Wunderlich, R. (2016). Experimental research on hand use and function in primates. In T. L. Kivell, P. Lemelin, B. G. Richmond, & D. Schmitt (Eds.),  The evolution of the primate hand: Anatomical, developmental, functional, and paleontological evidence (pp. 259–284). Springer. 

Vilensky, J. A., Moore, A. M., & Libii, J. N. (1994). Squirrel monkey locomotion on an inclined treadmill: Implications for the evolution of gaits.  Journal of Human Evolution, 26(5–6), 375–386. 

Warren, R. D., & Crompton, R. H. (1997). Locomotor ecology of Lepilemur edwardsi and Avahi occidentalis.  American Journal of Physical Anthropology, 104(4), 471–486. 

Workman, C., & Schmitt, D. (2012). Positional behavior of Delacour’s langurs ( Trachypithecus delacouri) in northern Vietnam.  International Journal of Primatology, 33(1), 19–37. 

Wright, K. (2007). The relationship between locomotor behavior and limb morphology in brown ( Cebus apella) and weeper ( Cebus olivaceus) capuchins.  American Journal of Primatology, 69(7), 736–756. 

Wunderlich, R. E., & Ischinger, S. (2017). Foot use during vertical climbing in chimpanzees ( Pan troglodytes).  Journal of Human Evolution, 109, 1–10. 

Wunderlich, R. E., Simons, E. L., & Jungers, W. L. (1996). New pedal remains of  Megaladapis and their functional significance.  American Journal of Physical Anthropology, 100(1), 115–138. 

Xiong, J., Gong, S., Qiu, C., & Li, Z. (2009). Comparison of locomotor behavior between white-headed langurs  Trachypithecus leucocephalus and Francois’ langurs  T. francoisi in Fusui, China.  Current Zoology, 55(1), 9–19. 

Yamazaki, N., & Ishida, H. (1984). A biomechanical study of vertical climbing and bipedal walking in gibbons.  Journal of Human Evolution, 13(7), 563–571. 

Youlatos, D. (2002). Positional behavior of black spider monkeys ( Ateles paniscus) in French Guiana.  International Journal of Primatology, 23(5), 1071–1093. 

Zhu, W.  W., Garber, P.  A., Bezanson, M., Qi, X.  G., & Li, B.  G. (2015). Age-and sex-based patterns of positional behavior and substrate utilization in the golden snub-nosed monkey ( Rhinopithecus roxellana).  American Journal of Primatology, 77(1), 98–108. 

[image: Image 64]

Chapter 9

Foot Posture During Quadrupedal Walking  

in Primates

Angel Zeininger

Abstract  A highly mobile grasping foot is a hallmark of primates. Grasping feet facilitated the navigation of an arboreal environment in the earliest primates. 

Identifying anatomical traits of pedal grasping abilities, diagnostic of terrestriality, or both requires a comprehensive understanding of foot positions and joint postures 

used during arboreal and terrestrial quadrupedalism. Movements at the ankle, hind-

foot, midfoot, and forefoot allow various parts of the plantar surface of the foot 

(sole) to contact the substrate. Patterns in the timing of substrate contact in each region of the foot, particularly the heel and midfoot, have been used to define and 

categorize primate foot postures. This chapter describes each foot posture in terms 

of anatomy and function. Where possible, foot postures are compared and con-

trasted to postures available in the hand to highlight the role of the foot and the 

hand, as well as their decoupling, during primate quadrupedalism. 

Keywords  Heel strike · Push-off · Semiplantigrady · Digitigrady · Midfoot heel contact · Arboreal · Terrestrial · Strepsirhines · Old World Monkeys · Platyrrhines · 

Apes · Gorilla · Humans · Ontogeny

9.1   Introduction

One of the most easily recognizable features of primates is a highly mobile grasping foot. All primates (except humans) have a grasping foot that can be used during 

locomotion (e.g., climbing and quadrupedal walking across a branch). As a primate 

reaches out to test a potentially unstable new handhold or to grab an insect or fruit, flexed limb postures and a grasping foot that can maintain a firm grip, help to keep the center of mass close to the branch, increase stability, and help prevent the primate from falling. The ability to maintain a firm grasp with both the hand and foot 

increases survivorship, especially among relatively large-bodied arboreal primates 

who lack claws. When walking down a branch that is declined, the grasping foot 

assures a stable foothold as the hindlimb acts as a tether should the animal slip off A. Zeininger (*) 
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the branch. A grasping foot, sometimes accompanied by a prehensile tail, makes it 

possible for some primates to hang upside down, such as when obtaining fruit from 

a lower branch (Grand, 1972). In this sense, although the foot itself is not used to grab or eat food, the grasping hands and feet (cheiridia) of primates work together 

during arboreal locomotion and feeding. 

The evolution of grasping hands and feet allowed the earliest primates to inhabit 

and navigate an arboreal environment. As such, identifying anatomy associated with 

a grasping hand and, in particular, a grasping foot with a divergent and clawless 

opposable hallux has been of great interest to paleoanthropologists who study pri-

mate origins (Chap. 13). While grasping cheiridia make it possible for primates to walk on relatively small branches, mobility in their intrinsic hand and foot joints 

and subsequent versatility in hand and foot postures also allowed ancestral primates to walk efficiently on relatively large branches and/or come down from the trees to 

walk on the ground. Identifying anatomical traits that may be indicative of manual 

and pedal grasping abilities, diagnostic of terrestriality, or both requires a comprehensive understanding of hand/foot positions and joint postures used during arbo-

real and terrestrial quadrupedalism. 

Since it is not possible to observe grasping behaviors in ancestral species, 

researchers study joint postures and movements (kinematics) during locomotion or 

through passive range of motion studies in living primates. Experimental studies 

provide empirical data on the overall positions of the limb in space and mechanisms 

by which the hand/foot (1) makes contact with the substrate at touchdown, (2) 

adjusts itself during weight acceptance as the body’s center of mass (COM) passes 

over the hand/foot, (3) begins to raise, and (4) finally departs the substrate when the digits leave the support at lift-off. This sequence of events during the support phase of walking (from touchdown to lift-off) involves complex movements at multiple 

hand and foot joints. 

The movements and postures of primate hands as they interact with their sub-

strates have been described by Schmitt et al. (2016) in a companion volume, but will be summarized here briefly as a basis for comparison to the movements and postures of the foot. The hand can be divided into two main regions: the palm (metacar-

pals) and the digits (fingers, phalanges). In a palmigrade posture, the joints between the palm and digits, the metacarpophalangeal (McP) joints, and the joints between 

each phalanx, interphalangeal (IP) joints, are in neutral (180°) positions. The proximal palm and the digits (full hand) contact the substrate at touchdown in palmi-

grady. Extension at the McP joint with neutral IP joints elevates the proximal palm 

and causes the metacarpal heads and digits to be load bearing in manual digitigrady 

(Carrano, 1997). Instead of using manual digitigrady, apes with relatively long fingers avoid large bending moments on their digits by tucking in their fingers, creat-

ing a knuckle-walking posture. In this vertical manus posture, the palm is elevated, the McP joints are extended, and the IP joints are flexed such that the dorsal surface of the middle phalanx contacts the ground. 

Anatomical variation between the hand and the foot results in the foot having a 

different set of postures than the hand during quadrupedal walking. For the foot, 

movements can occur throughout the ankle (tibiotalar joint  – dorsiflexion/
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plantarflexion, abduction/adduction), hindfoot (subtalar joint – inversion/eversion), midfoot (e.g., calcaneocuboid joint, dorsiflexion/plantarflexion; cuboid and fifth 

metatarsal joint, dorsiflexion/plantarflexion), and forefoot (metatarsophalangeal 

[MtP] joints, dorsiflexion/plantarflexion; interphalangeal [IP] joints, dorsiflexion/

plantarflexion). Movements at these joints allow various parts of the plantar surface of the foot (sole) to contact the substrate, including the heel (heel pad and calcaneus), lateral midfoot (including the cuboid and fifth metatarsal, hypothenar pad), 

medial midfoot (first metatarsal, thenar pad), metatarsal heads, lateral digits (phalanges of digits 2 to 5), and hallucal phalanges (digit 1). 

Patterns in the timing of substrate contact in each region, particularly the heel 

and midfoot, have been used to define and categorize primate foot postures 

(Table 9.1, Fig. 9.1). Dorsiflexion in the midfoot allows the proximal tarsals, including the calcaneus, to elevate, while the rest of the midfoot and forefoot contact the substrate in what is called semiplantigrady (Meldrum, 1991; Gebo, 1992; Schmitt 

& Larson, 1995). There is no equivalent to semiplantigrady in the hand. While the hand has only one form of palmigrady, the foot is capable of two forms of plantigrady that are distinguished based on the timing of heel contact during support 

phase. In heel-strike plantigrady, the heel makes initial contact with the substrate followed by the midfoot and forefoot (or simultaneously with the midfoot). There is 

not an equivalent proximal palm strike in the hand. In midfoot/heel contact, the heel contacts the substrate after or simultaneously with the midfoot and forefoot. Similar to the hand, extension at the MtP joint with neutral IP joints elevates the proximal foot (heel and midfoot), while the metatarsal heads and digits are load bearing in 

pedal digitigrady. However, pedal digitigrady is much less common than manual 

digitigrady in primates. 

When walking on arboreal supports, the grasping hand and foot act similarly, yet 

when walking on the ground, hand and foot postures often differ. Throughout devel-

opment or even as adults, primates are able to use a variety of cheiridial postures 

within a stride. Some terrestrial or semi-terrestrial cercopithecoids walk with a digitigrade hand (Weidenreich, 1931; Bishop, 1964; Jolly, 1965; Napier & Napier, 

1967; Tuttle, 1969; Yalden, 1972; Brown & Yalden, 1973; Rose, 1973; Rollinson & 

Martin, 1981; Nengo, 1993; Rawlins, 1993; Whitehead, 1993; Hayama et al., 1994; Patel, 2009; Patel, 2010a, b; Patel & Polk, 2010; Patel & Wunderlich, 2010) in combination with a semiplantigrade foot (Brown & Yalden, 1973; Meldrum, 1991; Schmitt & Larson, 1995; Berillon et al., 2010, 2011). While this hand/foot postural decoupling is also seen in bears (digitigrade hand and plantigrade foot) (Brown & Yalden, 1973), it is rare in non-primate mammals that are restricted to their use of 

digitigrady and therefore do not have as clear of a functional decoupling in the hand and foot as primates do. In addition, like the hand (Schmitt et al., 2016), the primate 

foot is capable of transitioning between various postures throughout development 

and throughout support phase (i.e., from touchdown to toe-off). Although this 

behavioral flexibility makes it a bit difficult to classify groups of primates as strictly semiplantigrade, plantigrade, or digitigrade, it is also what separates primates from most non-primate mammals whose anatomy limits them to using a single posture 

and makes it possible for many primates to effectively inhabit both arboreal and 

terrestrial environments. 
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Fig. 9.1  Foot postures during primate quadrupedalism. Red arrow indicates that the heel is in contact with the substrate. The heel contacts the substrate at touchdown in heel-strike plantigrady and after touchdown in midfoot/heel contact plantigrady. The heel remains above the substrate in semiplantigrady and digitigrady. (Figure modified from Schmitt and Larson (1995)) This chapter defines and describes each foot posture in terms of anatomy and 

function. Where possible, foot postures are compared and contrasted to postures 

available in the hand to highlight the role of the foot and the hand, as well as their decoupling, during primate quadrupedalism. 

9.2   Foot Posture Definitions

Definitions of primate foot postures have changed over the years as nuances in foot 

strike patterns have been examined. Most of these changes revolve around refining 

the definition of plantigrady and subsequently determining which species qualify as 

truly plantigrade. For example, Morton (1922, 1924) thought that only humans are really plantigrade. Keith (1929) took a broader view arguing that all apes are plantigrade. One of the earliest examples of further division comes from Elftman and 

Manter (1935) and Elftman (1944), who recognized heel-strike plantigrady in chimpanzees ( Pan troglodytes). Hooton (1947) used a simple definition of plantigrady (full foot contact) to which he classified all primates. Later, Rose (1973) took a 

more limited view and suggested that foot placement in all arboreal primates is 

plantigrade. In the mid-1990s, the debate became further detailed. Gebo (1992) argued that no non-human primates other than chimpanzees and gorillas put their 

heel down on arboreal or terrestrial substrates and, thus, only African apes should 
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be considered plantigrade. Meldrum (1993) responded to Gebo (1992) by noting 

that hylobatids and atelines also make contact with the heel, a pattern which he 

considered to qualify as plantigrady. In response, Schmitt and Larson (1995) contributed to this debate by formally defining a set of foot posture classifications and, for the first time, supporting definitions by quantifying heel contact patterns across primates. 

Using videos of a wide variety of primates walking quadrupedally, Schmitt and 

Larson (1995) quantified frequencies of foot strike patterns as a function of speed and substrate in anthropoid primates and described how heel contact differed when 

walking on the ground versus walking on a pole. The following foot postures defined 

by Schmitt and Larson (1995: 42) form the foundation for the categories used in this chapter (Table 1; Fig. 9.1):

1)   Semiplantigrady: when some portion of the sole, but not the entire heel, contacts the substrate at any point during support phase of locomotion. 

2)   Plantigrady: when there is complete heel contact (including the most proximal portion) with the substrate at some point during support phase of locomotion. 

a) 

 Heel-strike  plantigrady: a type of plantigrady in which the heel contacts the substrate at touchdown at the end of swing phase. 

b) 

 Midfoot/heel  plantigrady: when the heel contacts the substrate after, or simultaneously with, contact by the fore- and midfoot. 

3)   Digitigrady: when the heads of the metatarsals bear weight during support phase but the remainder of the foot does not contact the substrate. 

More recent work has built off of these categories and used high-quality experi-

mental data, including video, force plate, and pressure mat data, to further refine the exact multidimensional position of the hindfoot, midfoot, and forefoot at touchdown and throughout support phase and to understand how these patterns change 

throughout ontogeny. However, the current taxonomic breadth of 3D kinematic, 

force, and plantar pressure data is not exhaustive, and thus our understanding of 

extant primate pedal biomechanics is limited. With a limited understanding of how 

to relate bony morphology to habitual foot postures, the evolutionary context in 

which plantigrady, and in specific heel-strike plantigrady, evolved remains unre-

solved and a potential area of future research. 

9.3   Semiplantigrady

In semiplantigrady, the heel never contacts the substrate. Semiplantigrade posture is used on both arboreal and terrestrial substrates, when a primate is grasping a branch, walking on top of a branch, or walking on the ground. The heel may be held directly 

above an arboreal or terrestrial substrate or to the lateral side of an arboreal support when the foot is highly inverted. Midfoot dorsiflexion can also elevate the heel. 

Dorsiflexion at the calcaneocuboid joint can raise the heel to a limited degree 
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(DeSilva, 2010; Thompson et al., 2014), while dorsiflexion at the cuboid and fifth MT (Wunderlich, 1999; D’Août et al., 2002; Vereecke et al., 2003; DeSilva, 2010) can further raise the heel and proximal midfoot. Semiplantigrady is used by all 

strepsirrhines (Gebo, 1986, 1987, 1992, 1993; Schmitt & Larson, 1995; Toussaint, 

2018), some New World monkeys (Gebo, 1992; Schmitt & Larson, 1995; Toussaint, 

2018), and Old World monkeys (Okada, 1985; Meldrum, 1991; Gebo, 1992; Schmitt 

& Larson, 1995; Wunderlich, 1999; Berillon et  al., 2010 Higurashi et  al., 2010; Hirasaki et al., 2010) and thus appears to be the most common primate foot posture. 

When walking on arboreal supports, pedal grasping mechanics differ between 

strepsirrhines and haplorhines. Strepsirrhines use a highly inverted foot posture 

with a highly divergent hallux (Toussaint, 2018). The lateral digits are abducted with some MtP abduction on medium to small supports. While the lateral digits 

wrap around and make full contact with one side of the support, the hallux is rotated so that the plantar surface of the hallux is in contact with the other side of the support (Toussaint, 2018). Gebo (1985) identified this 1–5 opposable grasp in relatively small cheirogaleids, lorisids, aye-ayes, and tarsiids, who have relatively large 

abductor digiti quinti muscles, and considered it to be primitive. But he observed a different, derived pattern in which the hallux opposed the second digit (1–2 adductor grasp) in the relatively larger lemurids and indriids. These lemurids and indriids have relatively large (by weight) adductor hallucis muscles with fused oblique and 

transverse heads that presumably enhance the 1–2 grasp (Gebo, 1985). 

In contrast to strepsirrhines, haplorhines walk on arboreal supports with less 

inverted foot postures (Toussaint, 2018) with the foot sometimes parallel to (on top of) medium and large supports (Toussaint & Youlatos, 2017). Gebo (1985) categorized haplorhines with large strepsirrhines in using a primitive 1–5 grasp. But 

Toussaint (2018) found New World monkeys to use less divergent hallucial positions and to lack the hallucal rotation seen in strepsirhines. Hallucial divergence 

differed across New World monkeys with squirrel monkeys ( Saimiri) having more divergent halluces than tamarins ( Saguinus) (Toussaint, 2018). These differences in hallucial divergence and pedal grasping are consistent with squirrel monkeys having a relatively long hallux (Hamrick, 1998) and tamarins having a relatively short and immobile hallux (Szalay & Dagosto, 1988; Hamrick, 1998). Tamarins also differed from other New World monkeys and all strepsirhines in having flexed digits 

(Toussaint, 2018). Overall, Toussaint (2018) considered the more convergent and less rotated hallux of New World monkeys to produce less efficient pedal grasping 

than that seen in the more specialized grasps of strepsirrhines. 

While New World monkeys are highly arboreal, some cercopithecoid Old World 

monkeys are semi-terrestrial. Meldrum (1991) described semiplantigrade foot mechanics in arboreal and semi-terrestrial cercopithecines walking on both arboreal 

and terrestrial substrates. During the swing phase of arboreal walking, the hip of 

arboreal cercopithecoids ( Cercopithecus pogonias,  C. nictitans, and  Lophocebus albigena) is laterally rotated, and the foot is laterally deviated (abducted) 30° relative to the support (Meldrum, 1991). At touchdown, the plantar surface of the foot faces medially, the subtalar and transverse tarsal joints are supinated, and the midfoot makes initial contact with the branch, while the heel is elevated above the side 
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of the support (Meldrum, 1991) (Fig. 9.2). These cercopithecoids grasp with plantarflexed lateral digits on one side and the divergent hallux wrapped around the 

other side of the branch (Meldrum, 1991). During weight acceptance, the ankle 

dorsiflexes and the midfoot flexes to 40°, so although the heel depresses, it never 

contacts the branch (Meldrum, 1991). During the push-off phase, the ankle plantarflexes, the hindfoot and midfoot raise, and the metatarsal heads become the load- 

bearing pivot point of the foot. At this point, the lateral digits are still slightly plantarflexed but now face posteriorly. The lateral digits remain in contact with the support until lift-off to help maintain grip and balance. 

This pedal grasp at the end of support phase is made possible, in part, because of 

the diagonal sequence, diagonal couplets (DSDC) gait used by primates (Meldrum, 

1991). In a DSDC gait, the leading hindlimb (the first limb to touchdown in a gait cycle, e.g., right hindlimb) is followed by the contralateral (opposite side) forelimb (e.g., left forelimb), the trailing hindlimb (left hindlimb), and finally the ipsilateral (same side) forelimb (e.g., right forelimb). Following midstance in the leading 

hindlimb, the COM has already moved over and anterior to that foot and toward the 

contralateral forelimb (Meldrum, 1991). The trailing hindlimb then also touches down before the leading hindlimb lifts off, further reducing the need for the foot to be weight-bearing or propulsive at lift-off (Meldrum, 1991). 

When semi-terrestrial cercopithecoids ( C. neglectus and  Cercocebus torquatus) walk on arboreal supports, the hindlimb and pedal postures differ slightly from 

those of arboreal cercopithecoids (Meldrum, 1991). The semi-terrestrial cercopithecoid foot is less inverted than in arboreal cercopithecoids, and the plantar surface of their foot is more perpendicular to the support (Fig. 9.2). Following midstance, the hip of these semi-terrestrial cercopithecoids is no longer laterally rotated so the foot Fig. 9.2  Foot posture in Old World monkeys. Medial view of the plantar surface of the foot in Cercopithecus pogonias (top) and  Cercopithecus neglectus (bottom) walking on a pole. Red arrow indicates that the plantar surface of the foot can be seen in  C. pogonias, with an inverted foot, but not in  C. neglectus. (Images modified from Meldrum (1991))
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stays more pronated and the medial side of the foot rolls against the side of the support. The lateral digits lose contact with the support beginning with the fifth digit and ending with the second digit and the hallux leaving the support at lift-off. 

Compared to arboreal cercopithecoids, these semi-terrestrial species use a less plantarflexed ankle and have an overall quicker lift-off (Meldrum, 1991). 

When walking on the ground,  C. neglectus and  Cercocebus torquatus have a less abducted foot that is more aligned with direction of travel (Meldrum, 1991). These animals touchdown with the midfoot and forefoot pronated so that the plantar surface of the foot is parallel to the ground (Meldrum, 1991). The midfoot is dorsiflexed so that the heel is elevated. The lateral digits are slightly plantarflexed and the hallux can be widely divergent (Meldrum, 1991). Following midstance, the ankle plantarflexes, and dorsiflexion at the midfoot continues until 40° as the hind- and 

midfoot rise (Meldrum, 1991). The midfoot then straightens, tightening the plantar aponeurosis as the MtP joints dorsiflex and the metatarsal heads become weight-bearing. At lift-off, the ankle is less plantarflexed than it is on arboreal supports, and digits 3 and 4 are the last to leave the ground. 

Plantar pressure studies have confirmed these contact patterns of the foot in other 

primates. Red ruffed lemurs ( Varecia rubra) experience higher plantar pressures on their pedal digits when walking up an incline than when walking on a horizontal or 

declined substrate (Parker et al., 2010). During quadrupedal walking in capuchins ( Cebus), peak pressures are higher on the lateral midfoot and metatarsals than on the medial side (Barden et al., 2010) suggesting an inverted and supinated foot posture. 

Most of the plantar pressure studies during quadrupedal walking have been con-

ducted on cercopithecoids. Patas monkeys ( Erythrocebus patas) use an overall similar foot posture when walking on a pole and on the ground, with adducted and 

extended limbs and a pronated foot on both substrates (Wunderlich, 1999). However, the overall peak pressures are lower, and contact time of the digits is longer on the pole (Wunderlich, 1999). On the pole, the lateral digits sometimes touchdown before the Mt. heads (Wunderlich, 1999). The center of pressure moves posteriorly to the midfoot (tarsometatarsal region), and high pressures occur beneath the Mt1 

head (Wunderlich, 1999). Digit 3 is the last digit to leave the ground at lift-off in patas monkeys. Unlike patas, crab-eating macaques ( Macaca fascicularis) walk with a more abducted foot and have a relatively longer and more divergent hallux 

that is clearly used in grasping (Wunderlich, 1999). Crab-eating macaques experience relatively high pressures under the hallucal distal phalanx and hallux on both 

the pole and ground (Wunderlich, 1999). Also unlike patas, these macaques alter their overall limb position and use more flexed hip abduction and knee flexion on 

the pole. On the pole, the latest peak pressure occurs beneath the Mt2, 3, and 4 

heads, while on the ground, the latest peak pressures are under the phalanges 

(Wunderlich, 1999). A more recent plantar pressure study in Japanese macaques ( Macaca fuscata) (Hirasaki et al., 2010) showed a similar pattern when walking on the ground and confirmed that the midfoot contacts the ground first (Fig. 9.3). The heel is elevated throughout support phase, with only 81.4% of the foot length ever 

contacting the ground (Hirasaki et al., 2010). The toes are not very curled in these animals, and following midstance, the Mt2 and 3 heads experience elevated 
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Fig. 9.3  Plantar pressure color maps. Top row: semiplantigrade macaque from Hirasaki et  al. 

(2010). Middle row: heel-strike plantigrade gorilla. Bottom row: heel-strike plantigrade chimpanzee. (Images courtesy of Kevin Hatala)

pressure. Digit 3 leaves the ground last at lift-off and is the functional axis of the foot (Hirasaki et al., 2010). 

9.4   Plantigrady

 9.4.1   Heel-Strike  Plantigrady

Great apes (chimpanzees, bonobos, gorillas, and possibly orangutans) walk with a 

specialized form of plantigrady in which the ankle is dorsiflexed and the forefoot is raised so that the heel makes contact with the substrate at touchdown. Our knowledge of chimpanzee heel strike is mostly based on qualitative observations, and 

there is some debate in the literature regarding the degree to which the foot is 

inverted. When heel strike was first observed in adult chimpanzees, using a simple 

form of a pressure mat, it was noted that the foot is inverted to a higher degree than in humans (Elftman, 1944; Elftman & Manter, 1935). Elftman and Manter (1935) noted that the heel may even contact the ground simultaneously with the lateral 

midfoot in chimpanzees (Elftman & Manter, 1935). Tuttle (1969, 1970) and Susman (1983) observed that the lateral heel contacts the ground first, followed by the lateral midfoot, and then, through a medial weight transfer, the entire forefoot touches 
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down (Tuttle, 1969, 1970; Susman, 1983). Qualitative observations by Schmitt and Larson (1995) also suggested that chimpanzees walk with an inverted heel strike on both arboreal and terrestrial substrates, but they noted that the degree of inversion may be much less than that of the highly inverted orangutan who sometimes walks 

entirely on the lateral side of the foot with curled toes (Tuttle, 1970; Tuttle and 

Beck, 1972). 

A detailed study of plantar pressure in chimpanzees ( Pan troglodytes) described their foot posture when walking quadrupedally on the ground and on a pole 

(Wunderlich, 1999) (Fig. 9.3). On the ground, chimpanzees touchdown with their heel and lateral border of the midfoot (Wunderlich, 1999; Wunderlich & Ford, 

2000). When the heel elevates, the COP travels anteriorly and then moves medially across the Mt. heads. On the ground, peak pressure in chimpanzees occurs beneath 

the heel at touchdown and beneath Mt1 and Mt3 later in stance (Wunderlich, 1999). 

While chimpanzees also heel strike on the pole, peak pressure under the heel is 

much lower on the pole than on the ground (Wunderlich, 1999). On the pole, the 

heel elevates sooner, and the COP travels medially more quickly, with higher medial 

than lateral pressures, where it remains for a longer time than on the ground. Lift-off occurs between the first and second Mt. heads, with little to no involvement from 

the phalanges (Wunderlich, 1999). 

A plantar pressure study of bonobos ( Pan paniscus) highlighted differences 

between heel strike mechanics in bonobos and humans (Vereecke et  al., 2003). 

During a quadrupedal heel strike in bonobos, the foot is inverted to a higher degree than it is in humans. In addition, instead of walking with extended toes like humans, bonobos often curl their lateral toes so that the plantar surface of the digits never contact the ground. Since mostly/only the lateral foot contacts the ground in bonobo quadrupedalism, Vereecke et al. (2003:381) called for a separation of Schmitt and 

Larson’s (1995) heel-strike plantigrady category into two categories: an “inverted heel-strike plantigrady” for great apes and a “full contact heel-strike plantigrady” of humans. Vereecke et  al. (2003) concluded that “….heel-strike plantigrady of the human foot is an apparent specialization to habitual bipedalism and therefore an 

apomorphy of the homininae.” Vereecke et al. (2003) interpret these differences in bonobo and human heels strike to mean that heel strike is a synapomorphy of the 

great apes from a terrestrial ancestor and that modern human heel strike is a diver-

gence from an inverted heel strike. 

Splitting Schmitt and Larson’s (1995) heel-strike plantigrady category, as suggested by Vereecke et al. (2003), requires a comprehensive understanding of heel strike in all great apes. Although the inverted posture of chimpanzees and bonobos 

is often cited as evidence for an inverted hindfoot in all great apes, given the high degree of foot posture variation among primates, it is possible that bonobo foot 

posture may not be posturally equivalent to, or representative of, that of gorillas. 

Since the early 1990s, only one published study has further examined heel strike in 

lowland gorillas ( G. gorilla  gorilla) and found that inversion in gorillas may be less 

than that of chimpanzees or bonobos (Crompton et al., 2008). 

A recent study of captive gorillas at a zoo combined video, force plate, and plan-

tar pressure data and found that, from a very young age (as early as 6 months old), 
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gorillas consistently walk with what can be considered a human-like heel only heel 

strike (Zeininger et al., 2014). Qualitative observations from video indicate that the foot is often not very inverted at heel strike. Plantar pressures in an ontogenetic 

sample of gorillas (from 5 years old to 34 years old) confirm that the heel alone 

makes initial contact with the substrate and there are high peak pressures under the heel, as in human heel strike (Wunderlich et al., 2019) (Fig. 9.3). Although some of the gorillas curled their toes when they walked, plantar pressure profiles also indicate that the full foot, including the medial aspect (albeit with low pressures), comes into contact with the ground (Wunderlich et al., 2019). This pattern of plantar pressure distribution and foot contact would fall in Vereecke et  al.’s (2003) full foot contact category, suggesting that humans are not unique in their type of heel strike. 

Apes, who have high intermembral indices (forelimb length/hindlimb length) 

and long toes that are more stable in plantarflexion than dorsiflexion (Fernández 

et al., 2016; Wunderlich & Ischinger, 2017), might use heel-strike plantigrady and its associated heel-to-toe rollover of the center of pressure beneath the foot to 

increase hip translation (the distance the hip travels during support phase) relative to hindlimb length. In chimpanzees and gorillas, limited hindlimb protraction at 

touchdown, foot rollover, and hindlimb retraction at lift-off place the pivot point of the inverted pendulum far beneath the ground, thereby increasing hindlimb effective 

limb length (ELL; the distance from the hip to the pivot point) (Zeininger et al., 

2020). This long ELL and foot rollover allow chimpanzees and gorillas to have relatively long hip translations despite their short hindlimbs and small hindlimb angular excursion (Zeininger et al., 2020). The limited hindlimb protraction in chimpanzees and to a greater extent gorillas supports the suggestion that, as in humans, heel-strike plantigrady with a heel-to-toe rollover could also help reduce the number and magnitude of center of mass redirections (collisions) and thus lessen collisional 

energy loss at the step-to-step transition, a pattern predicted by Holowka and 

Lieberman (2018). 

While infant and adult gorillas consistently use heel-strike plantigrady, within 

and between individuals, infant and adult chimpanzees are more variable in their 

use of foot postures (Zeininger et al., 2014). Similarly, gorillas as young as 6 months old consistently adopt palm-back knuckle-walking postures, while chimpanzees at 

all ages use a variety of palm-back and palm-in postures. This large variety of pos-

sible hand and foot posture combinations suggests that hand and foot postures are 

decoupled and that knuckle-walking and heel strike are not mechanically linked in 

chimpanzees. Differences in intermembral index and developmental timing and 

mechanics of foot heel-strike plantigrady suggest two alternative, not mutually 

exclusive, hypotheses: that heel-strike plantigrady develops at different rates for 

strictly mechanical reasons or that heel-strike plantigrady evolved independently in chimpanzees and gorillas (Zeininger et al., 2014). 
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 9.4.2   Midfoot/Heel Contact Plantigrady

In midfoot/heel contact plantigrady, the heel contacts the substrate after touchdown or simultaneously with the midfoot and forefoot. This foot posture occurs in atelines 

(Grand, 1968; Meldrum, 1993: Reynolds, 1985; Schmitt & Larson, 1995) and hylobatids (Meldrum, 1993; Schmitt & Larson, 1995; Reynolds, 1985; Vereecke et al., 

2005). The most detailed description of this heel down foot posture in atelines was provided by Grand (1968) on arboreal quadrupedalism in howler monkeys ( Alouatta caraya). Howler monkeys have an abducted hip and knee posture and an abducted and inverted foot that positions the axis of the foot 45°–60° off from that of the trunk and path of travel (Grand, 1968). At touchdown, the howler monkey’s lateral pedal digits make initial contact with the branch in opposition to the hallux. As the hallux and lateral toes increase their grasp of the branch, the hindlimb extends, and the heel contacts the branch (Grand, 1968). Hip and knee extension coupled with ankle plantarflexion help propel the body’s COM forward. Grand (1968) describes the howler monkey midfoot as rigid such that as the ankle plantarflexes, the heel and midfoot 

rise together as one stiff proximal foot, while the forefoot continues to grasp the 

branch. Hip and knee flexion along with ankle dorsiflexion and toe extension lift the foot off of the branch at the end of support phase (Grand, 1968). 

Similar to howler monkeys (Grand, 1968; Schmitt & Larson, 1995), woolly monkeys ( Lagothrix) and spider monkeys ( Ateles) also use midfoot/heel contact; however, it should be noted that all of these genera sometimes also use semiplantigrady in which the heel remains elevated (Schmitt & Larson, 1995). On both arboreal and terrestrial substrates, spider monkeys ( Ateles) tend to touchdown with the midfoot and forefoot and then make heel contact after touchdown at moderate to 

slow walking speeds but switch to semiplantigrady at faster speeds (Schmitt & 

Larson, 1995). Gibbons ( Hylobates lar) are more likely to use the type of midfoot/heel contact plantigrady in which the heel contacts the substrate simultaneously with the midfoot and forefoot (Schmitt & Larson, 1995; Vereecke et  al., 

2005). But since this chapter focuses on foot postures in quadrupedal walking, it 

should be noted that these video (Schmitt & Larson, 1995) and plantar pressure (Vereecke et al., 2005) data are only for gibbons walking bipedally. 

9.5   Digitigrady

Among primates, manual and pedal digitigrady are less common than other chei-

ridial postures and are mostly used by cercopithecoid primates that have relatively 

short fingers and toes and walk frequently on the ground (e.g., baboons, patas mon-

keys, and grivets) (Weidenreich, 1931; Bishop, 1964; Jolly, 1965; Napier & Napier, 

1967; Tuttle, 1969; Yalden, 1972; Clevedon Brown & Yalden, 1973; Rose, 1973; Rollinson & Martin, 1981; Nengo, 1993; Rawlins, 1993; Whitehead, 1993; Hayama 

et al., 1994; Schmitt & Larson, 1995). However, some primates also use digitigrady 

212

A. Zeininger

while standing or walking on branches. While digitigrady has been clearly identi-

fied and quantified in infant and juvenile yellow baboons (Zeininger et al., 2017), it 

is not easy to provide a full list of primates that use pedal digitigrady. This could be due to the fact that primates that can use pedal digitigrady do not always use it and may switch between using semiplantigrady and digitigrady. For example, Schmitt 

and Larson (1995) say that  Papio anubis,  Erythrocebus patas,  Macaca mulatta, Macaca fascicularis, and  Cercopithecus aethiops at any speed and on any substrate as well as  Saguinus,  Callithrix,  Calicebus,  Saimiri, and  Cebus on arboreal supports use digitigrady or semiplantigrady. But they do not specify whether any of these 

animals used only digitigrade postures. 

In digitigrady, the IP joints are in neutral positions, and the plantar surface of the toes contacts the ground. The MtP joints are dorsiflexed such that the midfoot and 

hindfoot are elevated and the metatarsal heads and toes are weight-bearing. Elevating the midfoot and hindfoot aligns the ankle with the center of pressure and ground 

reaction force resultant (GRFr) and reduces the length of the GRFr moment arm (a 

perpendicular line between the GRFr and the ankle joint center of rotation). 

Digitigrady, therefore, maximizes ankle effective mechanical advantage (EMA; the 

ratio of the plantarflexor muscle moment arm length and the GRFr moment arm 

length) and minimizes the plantarflexor muscle force required to maintain ankle 

posture (Biewener, 1989, 1990; Biewener et al., 2004; Polk, 2004; Smith & Savage, 

1956), but also constrains the gear ratios (the inverse of EMA) possible for these animals. 

It is important to recognize that primates preferring digitigrady are not restricted to using this posture. Captive infant yellow baboons (2- to 9-month-old  Papio cynocephalus) use plantigrade, semiplantigrade, and digitigrade foot postures although pedal digitigrady is preferred at all ages (Zeininger et  al., 2017). The degree to which the proximal foot is elevated remains constant with age (i.e., the foot does not become more digitigrade). This, coupled with the fact that the knee becomes slightly more flexed as animals age, means that pedal digitigrady does not play a significant role in the relative hindlimb ELL at midstance in infant and juvenile yellow baboons. 

As in the foot, infant yellow baboons use both palmigrade and digitigrade hand 

postures, but prefer digitigrady at all ages (Zeininger et al., 2017). However, the pattern of joint posture in the hindlimb differs from that of the forelimb in these 

animals. The elbow becomes slightly more extended with age. In the forelimb, both 

an elevated proximal hand and an extended elbow contribute to an increased relative 

forelimb ELL at midstance during slow-velocity walking. These data on the ontog-

eny of hand and foot postures in infant baboons suggest that dissimilar hand and 

foot postures or degrees of proximal hand/foot elevation may be an attempt to 

equalize forelimb and hindlimb ELLs in baboons with an absolutely longer 

hindlimb. 
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9.6   Future  Directions

One of the unresolved debates regarding primate foot posture is in what ecological 

context, arboreal or terrestrial, did heel contact and heel strike evolve? These questions received a lot of attention in the mid-1990s and have direct impacts for understanding the evolution of human heel strike. A key element to this debate is the 

presence/absence of heel strike in Asian apes, specifically the highly arboreal 

orangutan. 

In 1992, Gebo recognized a heel strike in chimpanzees and gorillas and defined 

a suite of anatomical features of the foot that are shared among African apes and 

humans (to the exclusion of Asian apes). Pedal features defined as synapomorphies 

include “a laterally rotated calcaneus with an everted forefoot, a dorsally elevated distal calcaneus with the broadened proximal heel region, an elevated navicular 

position with a large plantar ligamentous region, and the reorientation of the subtalar and transverse tarsal joints” (Gebo, 1992:53). These features are presumably related to a decrease in joint mobility and an increase in stability and weight- bearing. 

Since these features are thought to be related to heel strike in more terrestrial African apes and humans but are not found in the more arboreal Asian apes, Gebo (1992) concluded that heel strike in hominoids evolved from a terrestrial quadrupedal 

ancestor. 

Meldrum (1993) defined plantigrady as full foot contact that involved the heel contacting the substrate at any point during stance phase. Under this definition, 

Meldrum (1993) considered all apes (including gibbons) and atelines to have foot morphology adaptive for plantigrady. Meldrum (1993) noted the prevalence of plantigrady on medium to large arboreal supports and concluded that plantigrady is 

primitive for hominoids and that anatomical features of the foot that are shared 

among African apes and humans are primitive and do not require a terrestrial ances-

tor. Schmitt and Larson (1995) confirmed the presence of heel strike in chimpanzees and gorillas; however, they also qualitatively observed heel-strike plantigrady in 

highly arboreal orangutans ( Pongo) and heel contact in hylobatids, suggesting that heel contact may have evolved in an arboreal setting. 

Future studies are needed to quantify foot posture during arboreal and terrestrial 

walking in orangutans. Three-dimensional high-speed video and/or plantar pressure 

data can examine the position of the hindfoot and forefoot at touchdown to deter-

mine (1) if the heel makes initial contact with the substrate and (2) the degree to 

which the hindfoot is inverted at touchdown. Presence of a heel strike in orangutans would either lend support to the argument that heel strike is an arboreal adaptation that evolved in the last common ancestor of all great apes and humans or suggest 

that heel strike evolved convergently in arboreal and terrestrial large-bodied apes. 

We still lack a direct link between the morphology of foot bones and the forces 

incurred by the foot during the support phase of walking. One example of this is the external shape of the calcaneal tuber and its relationship with forces incurred at heel strike in great apes and humans. Among hominoids, the relative width of the calcaneal tuber and relative length of the calcaneal body are most similar among adult 
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humans and gorillas (Straus, 1926). Gebo (1992) also noted that although all African apes lack a lateral plantar process, compared to chimpanzees, gorillas have more 

bony development on the lateral side of the plantar aspect of the calcaneal tuber 

(i.e., the lateral side of the medial plantar process) and thus, similar to humans, have a wider base of the calcaneal tuber. A relatively wide base of the calcaneal tuber 

may allow for a larger contact area of the heel and the substrate, suggesting that, 

compared to chimpanzees, heel inversion in gorillas may be anatomically restricted 

(Crompton et al., 2012). Testing this hypothesis requires passive inversion and eversion of the foot of anesthetized or cadaveric great apes. 

Since the lateral border of the foot contacts the ground in  Pan (Elftman & Manter, 

1935; Wunderlich, 1999; Wunderlich & Ford, 2000; Vereecke et al., 2003), Lewis (1983) proposed that the chimpanzee calcaneus itself is rotated within the heel at 

touchdown. Placing cadaveric chimpanzee feet in simulated walking positions, 

Lewis (1983) suggested that the calcaneus may be rotated to such a degree that even the lateral aspect of the calcaneus, including the large peroneal trochlea, may be 

weight-bearing. This assertion by Lewis (1983), often cited and used for inferences about heel inversion in extant apes and fossil hominins (Deloison, 1985; Gill et al., 

2014), remains unverified. The degree to which the chimpanzee and gorilla foot are inverted and the exact position of the calcaneus within the foot at touchdown is hard to determine in living animals without 3D video, pressure data, and radiographic 

imaging. In living animals, XROMM would be needed to view the bony orientation 

during a walking step. Magnetic resonance imaging of cadaveric specimens could 

document the position of the calcaneus within the heel during simulations of heel 

pad compression during heel strike in which the foot was inverted to varying 

degrees. A better understanding of how the lack of a lateral plantar process and a 

relatively narrow calcaneal tuber are related to foot posture at touchdown in chim-

panzees will enhance our ability to predict foot postures in fossil hominins (e.g., 

 Australopithecus  sediba whose calcaneus looks rather chimpanzee-like and  Au. afarensis whose calcaneus looks relatively more human-like). 

9.7   Summary

While all non-human primates have a grasping foot, joint mobility within the ankle 

and foot allows for a variety of additional foot postures during quadrupedal walking on arboreal and terrestrial substrates. The foundational posture definitions (Schmitt 

& Larson, 1995) focus on how much of the plantar surface of the foot are in contact with the substrate and whether the heel stays above (semiplantigrady and digitigrady) or makes contact (initial contact, heel-strike plantigrady; contact after touchdown, midfoot/heel contact) with the substrate. Using high-quality experimental 

data, including video, force plate, and pressure mat data, recent work has expanded 

upon these foundational categories. These new methods have further refined the 

exact multidimensional position of the hindfoot, midfoot, and forefoot at touch-

down, throughout support phase, and during ontogeny. However, the current 
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taxonomic breadth of 3D kinematic, force, and plantar pressure data is not exhaus-

tive. Our understanding of extant primate pedal biomechanics and how it relates to 

bony morphology is thus limited. Habitual foot postures and the evolutionary con-

text in which foot postures evolved remain unresolved and a potential area of future research. 
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Chapter 10

Primate Foot Use During Bipedal Walking

Nicholas B. Holowka

Abstract  The foot is the body’s sole point of contact with the substrate during bipedal walking, making it key to understanding the evolution of bipedality in hominins. Although many primate species are capable of some form of facultative 

bipedalism, humans are the only extant primates that rely on bipedal walking as 

their primary form of locomotion. The human foot bears many morphological fea-

tures that distinguish it from the feet of other primates, but determining the adaptive roles of these features requires a comparative perspective of bipedal foot mechanics in non-human primates. This chapter reviews in vivo studies of intrinsic foot joint 

kinematics, kinetics, and plantar pressure distributions in humans, chimpanzees, 

bonobos, gibbons, and cercopithecines during bipedal walking, with a special 

emphasis on aspects of foot function that relate to the collision and push-off phases of a step. Among the non-human primates reviewed,  Pan species (chimpanzees and bonobos) possess the feet that are the best suited to efficient terrestrial bipedalism, thanks to their use of the heel in weight support following foot contact, which 

reduces collisional energy loss and increases effective limb length, and their rela-

tively stiff midfoot joints during push-off. These mechanisms likely derive from 

adaptations for forelimb suspension and terrestrial quadrupedalism, but they may 

have been pre-adaptive for bipedal locomotion. The oldest known fossil hominin 

foot bones resemble those of  Pan species in many respects, suggesting that the last common ancestor between humans and African apes had a  Pan-like foot. 
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10.1   Introduction

For over a century, the human foot has provided physicians, anatomists, and anthro-

pologists with an intriguing conundrum: why does the anatomy of our feet differ so 

much from that of other primates, and what are the functional implications of these 

differences? At the broadest level, the simple answer is that human feet are adapted specifically for bipedal walking and have lost adaptations for arboreal locomotion 

and/or terrestrial quadrupedalism that are present in the feet of other primates. 

However, the simple self-evidence of this inference belies decades of comparative 

studies seeking to understand the functional consequences of the great variation in 

primate foot morphology (e.g., Wood Jones, 1917; Weidenreich, 1923; Morton, 

1924; Keith, 1929; Schultz, 1963; Lewis, 1980a). Much of this research has been 

geared at understanding the evolutionary processes that refashioned the prehensile 

grasping organ of our arboreal ancestors into the modern human foot. While these 

studies chart major morphological transitions on the path to bipedalism, they do not elucidate the functional consequences of these transitions. However, in vivo experimental investigations of bipedalism in non-human primates have provided a com-

plementary approach necessary to interpret the relationships between pedal anatomy 

and bipedal walking capabilities. In this chapter, I will review the major experimental studies of primate foot mechanics during bipedal walking to develop an integra-

tive perspective on the evolution of the human foot. 

Bipedal walking is rare among non-human primates, likely due to challenges 

associated with maintaining stability and minimizing costs of travel while support-

ing the body with a single limb (Saunders et al., 1953; Sockol et al., 2007). Most primates walk quadrupedally on the ground and in the trees, although some adopt 

bipedalism when using the forelimbs for behaviors such as carrying, tool use, and 

feeding (Rose, 1976; Wrangham, 1980; Iwamoto, 1985; Doran & Hunt, 1994; Fragaszy et al., 2004; Carvalho et al., 2012). The only non-human primates that rely on bipedal walking outside of these contexts are hylobatids and certain indriids, due to distinctive forelimb and hindlimb adaptations for other locomotor behaviors that 

render them incapable of sustained quadrupedalism (Fleagle, 1999). However, even these species spend only relatively small amounts of time travelling bipedally in a 

given day (Cannon & Leighton, 1994; Wunderlich & Schaum, 2007). One probable reason for the infrequency of bipedalism among primates is that all non-human species possess feet adapted for grasping arboreal supports. Features believed to be 

advantageous for arboreal behavior include high ankle and midfoot joint mobility, 

an opposable hallux, and long pedal digits (Lewis, 1980a, b; Gebo, 1992; Sargis et al., 2007; Holowka et al., 2017a). The functional demands of bipedal locomotion are seemingly incompatible with a foot adapted primarily for joint mobility and 

grasping arboreal supports. The foot is the only point of contact with the locomotor substrate during bipedalism and thus is heavily involved in absorbing the forces of 

shock associated with landing, as well as generating propulsive forces during push- 

off (Pain & Challis, 2001; Zelik & Kuo, 2010). Human foot anatomy is thought to 
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reflect numerous adaptations for these demands at the expense of arboreal locomo-

tor capabilities. 

To examine the functional significance of different aspects of human foot anat-

omy, this chapter reviews and compares experimental studies of foot mechanics 

during bipedal walking in different primate species. A brief section defining the 

anatomical terminology used in this chapter, along with an overview of the phases 

of bipedal gait, precedes this discussion and is used as an over-arching framework 

for describing different adaptive complexes within the foot. 

10.2   Anatomy  and Gait

 10.2.1   Foot  Anatomy

Of all the features distinguishing the feet of humans from those of other primates, 

the longitudinal arch has garnered perhaps the most attention and has retained the 

most mystique (Elftman & Manter, 1935b; Hicks, 1954; Bojsen-Møller, 1979; Ker et al., 1987; Sarrafian, 1987). As its name implies, the longitudinal arch spans the length of the human foot from the calcaneus to the heads of the metatarsals 

(Fig. 10.1). It is higher on the medial side of the foot than on the lateral side and has Fig. 10.1  Skeleton of the 

Talocrural Joint

human foot, with important 

osteological features 

Subtalar

labeled. Medial view 

Joint
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below. (Images adapted 

from Morton (1922))
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its medial apex at the navicular bone. Numerous intrinsic foot muscles and liga-

ments span the long axis of the foot underneath the longitudinal arch to form a series of trusses that actively and passively maintain tension under loading (Lapidus, 

1963; Ker et al., 1987; Kelly et al., 2014). Additionally, many joints exist between the tarsal and metatarsal bones comprising the longitudinal arch, including the 

transverse tarsal joint complex (formed by the talocalcaneonavicular and calcaneo-

cuboid joints), and the tarsometatarsal (TM) joints (Fig. 10.1). These two joint complexes have received the most attention as possible sites of midfoot motion during 

longitudinal arch depression/elevation (Elftman & Manter, 1935b; DeSilva et al., 

2015). However, definitively quantifying isolated motion at either joint complex in vivo remains exceedingly difficult. Therefore, for the remainder of this chapter, these joints are referred to collectively as the “midfoot joints,” and the assumption is made that motion of the longitudinal arch (or “midfoot” region in non-human 

primates) represents the cumulative sum of motion among them. The longitudinal 

arch has been ascribed several different functions including passive shock absorp-

tion at foot strike (Simkin et al., 1989), elastic energy storage (Ker et al., 1987), and acting as a rigid lever during propulsion (Bojsen-Møller, 1979). 

Less celebrated though also potentially unique to the feet of humans is a trans-

verse arch (Fig. 10.1), delineated by the plantar concavity formed by adjacent tarsal 

bones and metatarsal torsion (Morton, 1924; Elftman & Manter, 1935b; Drapeau & 

Harmon, 2013). Although long neglected, the transverse arch has recently received increased attention for its presence in the feet of fossil hominins (Pontzer et  al., 

2010; Ward et al., 2011) and its potential role in stiffening the midfoot (Venkadesan 

et al., 2020). 

After the longitudinal arch, the flagship feature of the human foot is the fully 

adducted hallux, which has lost the divergence and opposability present in the hal-

luces of all other primates (Fig. 10.2). The hallux is part of the “forefoot,” which Fig. 10.2  Foot skeletons of the primate species compared in this chapter, scaled to identical lengths. (Images adapted from Schultz (1963))
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consists of the metatarsal heads and toes, and the intervening metatarsophalangeal 

(MtP) joints (Fig. 10.1). Humans possess toes that are short relative to those of most other primates (Rolian et al., 2009) and have limited grasping capabilities (Fig. 10.2). 

Human feet are also distinguished from those of most other primates by the pres-

ence of a massive heel (or “rearfoot”), which owes its bulk to a robust calcaneal 

tuber that is underlaid by a thick heel pad composed of adipose tissue tightly bound and compartmentalized by collagenous elements (Bennett & Ker, 1990). Finally, humans also possess ankles that have been argued to differ from those of other primates in morphologically subtle but functionally consequential ways (Lewis, 1980a, 

b; Latimer et al., 1987). In this chapter, “ankle” is referred to as a joint complex 

(e.g., Zelik & Honert, 2018) comprised of (1) the tibiotalar joint, between the talus and the bones of the leg and allowing primarily plantarflexion-dorsiflexion, and (2) the talocalcaneal joint, between the talus and calcaneus and allowing multi-planar 

motion, but most notably inversion-eversion (Fig. 10.1). 

 10.2.2   Phases of the Bipedal Gait Cycle

During bipedal walking, a stride begins when a single lower limb (called the ipsilateral limb) first contacts the ground, hereafter referred to as “touchdown,” and ends at the subsequent touchdown for that limb. A stride can be divided into stance phase, where the ipsilateral limb is in contact with the ground, and swing phase, where the ipsilateral limb is off the ground while the other limb (called the contralateral limb) is in contact. During human walking, stance phase and swing phase make up roughly 

60% and 40% of a stride, respectively. This chapter focuses on stance phase, as few 

studies have addressed swing phase foot kinesiology in non-human primates (but 

see Okada, 1985; Jungers et al., 1993). Stance phase can be further subdivided into double- and single-limb support periods (Fig. 10.3). When the ipsilateral limb touches down, the contralateral limb is still in contact with the ground, making this the first double-support period (DS1). During DS1, the ipsilateral limb is the “leading limb,” and the contralateral limb is the “trailing limb.” DS1 lasts for roughly the first 20% of stance phase, at which point the contralateral limb leaves the substrate, and the ipsilateral limb is the body’s sole point of contact with the ground. This 

single-limb support period (SS) lasts from 20 to 80% of stance. Around “midstance” 

(50% of stance phase), heel lift begins and continues all the way through DS2, when 

the contralateral limb touches down to become the leading limb. The ipsilateral limb loses contact with the ground at the end of DS2, a moment that will hereafter be 

referred to as “liftoff.” 

Human walking has been analogized to an inverted pendulum, with the body’s 

center of mass rising to its highest point at midstance in SS and falling to its lowest point during the DS periods. This rise and fall of the center of mass over a relatively stiff limb during forward progression result in out-of-phase sinusoidal kinetic and 

potential energy curves, much like in a standard pendulum. Consequently, up to 
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Fig. 10.3  Periods of stance phase during bipedal walking in the primate species compared in this chapter. DS1, first double-limb support period; SS, single-limb support period; DS2, second double- limb support period. (Images adapted from Okada (1985))

70% of the external work1 needed to move the center of mass is conserved across a stride, and relatively little energy must be used to continue walking at a constant 

speed (Cavagna et al., 1976). Energy is required, however, to lift and accelerate the center of mass to the highest point of its pendular arc and to redirect its trajectory during the transitional period between the pendular arcs of the two limbs from forward and downward to forward and upward (Kuo et al., 2005). This period, called the “step-to-step transition,” roughly coincides with the DS periods and requires 

that the trailing limb performs positive work to push-off the ground and accelerate 

the center of mass upward, while the leading limb performs negative work during 

braking to slow the fall of the center of mass. For a single limb, collision and push-off are almost coincident with DS1 and DS2, respectively, and together have been 

1 “External work” refers to the amount of work that must be used to move the body’s center of mass to a given distance. During terrestrial locomotion, this work is mainly supplied by the limbs and can be estimated from measurements of ground reaction force at the individual limbs. However, the actual amount of energy used by the body to perform this work, “metabolic energy,” is very difficult to measure empirically, and thus external work is often used as a proxy. 
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Table 10.1  Foot kinematics during primate bipedal walking

First double- 

Single-limb 

Second double- 

Species

limb support

support

limb support

References

Human

Heel 

Midtarsal 

40° MtP joint 

DeSilva et al. (2015), 

touchdown

break usually  dorsiflexion at 

Fernández et al. (2016), 

Full plantigrady absent

medial digits

Holowka et al. (2017b)

~5° midfoot 

High midfoot 

dorsiflexion

plantarflexion

 Pan species

Inverted heel or  Moderate 

20–30° MtP joint  Elftman and Manter 

mid−/forefoot  midtarsal 

dorsiflexion at 

(1935a), Vereecke et al. 

touchdown

break

lateral digits

(2003), Fernández et al. 

Full plantigrady 8° midfoot 

Low midfoot 

(2016), Holowka et al. 

dorsiflexion

plantarflexion

(2017b)

Gibbon

Forefoot 

Large 

30° MtP joint 

Schmitt and Larson 

touchdown

midtarsal 

dorsiflexion at 

(1995), Vereecke, 

Full plantigrady break

lateral digits

D’Août, Van Elsacker, 

35° midfoot 

Low midfoot 

et al. (2005), Vereecke 

dorsiflexion

plantarflexion

and Aerts (2008)

Cercopithecine Forefoot 

Large 

30–60° MtP joint  Schmitt and Larson 

touchdown

midtarsal 

dorsiflexion at 

(1995), Berillon et al. 

Semi- 

break

lateral digits

(2010), DeSilva (2010)

plantigrady

45° midfoot 

Moderate midfoot 

dorsiflexion

plantarflexion

estimated to account for between 30% and 65% of the mechanical energy cost of a 

full stride (Kuo et al., 2005; Umberger, 2010). The foot is heavily involved in both collision and push-off (Zelik & Kuo, 2010; Zelik et al., 2015), making the DS periods important foci in understanding bipedal adaptations of the foot. Therefore, the 

following sections on human and non-human primate walking are divided into sub-

sections for DS1, SS, and DS2. A summary of the primate foot kinematics during 

each period of stance is presented in Table 10.1, and a summary of primate foot 

kinetics and plantar pressure distributions is present in Table 10.2. 

10.3   Human  Bipedal  Walking

 10.3.1   First Double-Limb Support Period (0–20% of Stance)

When walking on flat surfaces, humans virtually always touchdown with their heels 

first, resulting in an abrupt reversal in lower limb momentum. This change creates a rapid spike in ground reaction force over the time it takes for the limb to decelerate to a stop (usually 10–20 ms) (Fig. 10.4a). This transient force is called an “impact peak” and has been implicated in numerous musculoskeletal conditions, including 

lower limb degenerative joint disease and stress fractures (Whittle, 1999; Zadpoor 

& Nikooyan, 2011). Thus, human foot anatomy should be adapted to cope with impact peak forces to shield the body from their potentially damaging effects (Chi 
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Table 10.2  Foot kinetics and plantar pressure distributions during primate bipedal walking Second 

First double- 

Single-limb 

double-limb 

Species

limb support

support

support

References

Human

High-impact 

Slight negative 

High midfoot 

Elftman and Manter 

peak

midfoot power

power 

(1935a), Chi and Schmitt 

Weight support  Center of 

production

(2005), Bruening et al. 

under the heel

pressure through  Push-off from  (2012)

midfoot

rays 1 to 3

 Pan species

Moderate- 

 Midfoot  energy 

Midfoot power  Elftman and Manter 

impact peak

 loss unknown

unknown

(1935a), Vereecke et al. 

Weight support  Center of 

Push-off from  (2003), Pontzer et al. 

under the heel

pressure through  rays 2 and 3

(2014)

midfoot or 

lateral foot

Gibbon

Small or absent  Moderate 

Moderate 

Yamazaki (1985), 

impact peak

negative midfoot  midfoot power  Vereecke, D’Août, Van 

Occasional 

power

production

Elsacker, et al. (2005), 

weight support  Center of 

Push-off from  Vereecke and Aerts 

under heel

pressure through  middle of 

(2008)

midfoot

forefoot

Cercopithecine Small or absent   Midfoot  energy 

Midfoot power  Yamazaki (1985), 

impact peak

 loss unknown

unknown

Hirasaki et al. (2010)

No weight 

Center of 

Push-off from 

support under 

pressure through  rays 2 to 3

the heel

midfoot

1.2

a

1.2

b

1

1

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

Force (Body Weight)

Force (Body Weight)

00

25

50

75

100

00

25

50

75

100

% Stance

% Stance

Fig. 10.4  Vertical ground reaction forces during human bipedal walking with (a) a normal heel-first touchdown and (b) a forefoot-first touchdown. Notice the presence of an impact peak immediately following touchdown in (a) and its absence in (b). (Foot images adapted from Webber and Raichlen (2016))

& Schmitt, 2005). Indeed, the large human heel pad has been shown to function as a viscoelastic shock absorber, dissipating 17–45% of the energy going into the foot 

at impact (Gefen et al., 2001; Pain & Challis, 2001). Additionally, some have argued 
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that the robust calcaneal tuber and large plantar process in the human calcaneus may also aid in energy dissipation (Latimer & Lovejoy, 1989; Prang, 2015), although the mechanism by which added bone could do so is unclear. Others have suggested that 

the longitudinal arch and its associated ligaments may provide some energy dissipa-

tion (Simkin et al., 1989), but this is unlikely, as these structures do not intercede between the heel and the rest of lower limb, and thus should not be able to dampen 

impact-related forces. 

Recently, Webber and Raichlen (2016) revealed that when humans consciously touchdown with their forefoot instead of the heel, they reduce or avoid impact forces (Fig. 10.4b), raising the question of why humans naturally heel strike. Thus far, three convincing explanations have been offered: First, walking with a forefoot 

touchdown increases metabolic energy expenditure because it requires that the 

ankle musculature resists higher ground reaction force moments (Cunningham 

et al., 2010; Usherwood et al., 2012). Second, landing on the heel lengthens the 

distance traveled by the center of pressure under the foot over the course of stance phase, thereby increasing effective lower limb length and increasing the distance 

traveled during each stride (Pontzer, 2007; Webber & Raichlen, 2016). Finally, this center of pressure translation reduces the distance between the points of contact of the limbs during the step-to-step transition, reducing the magnitude of angular 

change of the body’s center of mass during a stride and thereby reducing the amount 

of energy necessary to redirect the center of mass during collision (Cunningham 

et al., 2010; Adamczyk & Kuo, 2013). 

Immediately following touchdown, humans plantarflex at the tibiotalar joint to 

bring the plantar surface of the foot into full contact with the ground. They also 

slightly evert the talocalcaneal joint as the foot begins to accommodate weight. This eversion is passively resisted by a thick deltoid ligament and actively regulated by the tibialis posterior muscle (Murley et al., 2009; Maharaj et al., 2017). Preventing hyper-eversion is important in preventing arch collapse and excessive internal tibial rotation, both of which could contribute to musculoskeletal injury (Mosca, 2010). 

The lower limb dissipates considerable energy during DS1 (Kuo et al., 2005), and 

the foot contributes passively through compression of the heel pad (Zelik & Kuo, 

2010) and potentially through eccentric contraction of the tibialis anterior muscle 

(Usherwood et al., 2012). 

 10.3.2   Single-Limb Support Period (20–80% of Stance)

In the first half of SS, the whole plantar surface of the foot is in contact with the ground, and the center of pressure moves forward from the heel toward the metatarsal heads (Fig. 10.5a). The tibiotalar joint dorsiflexes, but otherwise there is little foot joint motion prior to midstance. During this interval, a combination of intrinsic foot muscle activity (Mann & Inman, 1964; Reeser et al., 1983; Kelly et al., 2015), 

passive tension in the plantar ligaments (Lapidus, 1963), and bony geometry (Venkadesan et al., 2020) resists compression of the longitudinal arch and maintains 
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Fig. 10.5  Plantar pressure distributions summed over the full duration of stance phase from a bipedal walking step in (a) a human and (b) a chimpanzee. The path of the center of pressure over the full duration of stance is also indicated and moves in an antero-posterior direction over time in both species

foot stiffness. At midstance, when heel lift begins, the MtP joints begin to dorsiflex, increasing tension in the plantar aponeurosis through the so-called windlass mechanism of the human foot (Fig. 10.6) (Hicks, 1954; Caravaggi et al., 2009). The plantar aponeurosis is a broad sheet of collagenous tissue that originates as a thickened band from the calcaneal tubercles and has individual ligamentous slips that travel 

under the metatarsal heads and across the MtP joints to insert onto the proximal 

phalanges of the toes. Thus, dorsiflexion of the MtP joints increases tension in the plantar aponeurosis, which produces a linear force that will tend to pull the Mt. 

heads toward the calcaneus, as well as raise the longitudinal arch and counter com-

pressive forces. 

Push-off, as defined by Kuo et al. (2005), begins when the ipsilateral limb starts generating positive power to redirect the center of mass velocity, which usually 

occurs before the end of SS, at around 70–75% of stance (Adamczyk & Kuo, 2009; Umberger, 2010). At this point, the center of pressure has reached the medial forefoot and is located under the heads of metatarsals 1–3. The tibialis posterior muscle activates to invert the talocalcaneal joint (Maharaj et  al., 2017), which has been 

argued to initiate a “midtarsal locking” mechanism, wherein rotatory talocalcaneal 

motion causes a misalignment of the axes of rotation at the calcaneocuboid and 

talocalcaneonavicular joints, thereby stabilizing the transverse tarsal joint complex 
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Fig. 10.6  A schematic representation of the action of the windlass mechanism in the human foot. 

Above, the human foot skeleton is depicted from the medial view with the plantar aponeurosis located below the longitudinal arch, attaching posteriorly to the calcaneus and anteriorly to the proximal phalanges. In the right image, dorsiflexion of the metatarsophalangeal joint tenses the plantar aponeurosis, raising the longitudinal arch. This mechanism is analogized to a mechanical model below. (Images adapted from Hicks (1954))

(Close et al., 1967; Jastifer & Gustafson, 2014). While this mechanism provides a functional explanation for talocalcaneal inversion during push-off, it is based primarily on observations of joint articular surface morphology (Elftman & Manter, 

1935b) and remains largely theoretical (Tweed et al., 2008). The tibiotalar and midfoot joints also begin to plantarflex at the end of SS, initiating a rapid increase in power generation2 at the foot and ankle that continues into DS2 (Fig. 10.7) (Takahashi et al., 2017). 

 10.3.3   Second Double-Limb Support Period (80–100% 

 of Stance)

The ankle plantarflexes rapidly during DS2 to generate most of the positive power 

produced by the trailing limb during the step-to-step transition (Kuo et al., 2005), 

thereby helping the body to overcome negative energy loss at collision and initiate 

2 “Power” refers here to the rate of work performed by muscles acting on a segment. “Positive” 

work refers to work performed by a muscle while it is shortening, whereas “negative” work refers to work performed by a muscle while it is lengthening. Thus, “positive power” refers to the rate at which muscles perform work while they are shortening and is usually involved in accelerating the body forward or maintaining the body’s forward velocity. 
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Fig. 10.7  Calculations of the power at three joint complexes of the human foot over the duration of stance phase in a bipedal step, adapted from Bruening et al. (2012). In this study, the foot was divided into three segments: the rearfoot (talus and calcaneus), the forefoot (navicular, cuboid, cuneiforms, and metatarsals), and the toes (the phalanges). The ankle is the joint between the leg and rearfoot, the midfoot joints are between the rearfoot and forefoot, and the metatarsophalangeal joints are between the forefoot and toes. Joint powers were calculated using inverse dynamics. The total foot power is the sum of all powers calculated for these joints

swing phase (Zelik & Adamczyk, 2016). It has long been thought that the longitu-

dinal arch facilitates ankle power generation by converting the foot into a rigid lever during push-off (Elftman & Manter, 1935a, b; Hicks, 1954; Close et  al., 1967; Bojsen-Møller, 1979; Sarrafian, 1987). Historically, this notion was based on qualitative differences in foot motion between humans and non-human primates during 

walking (Elftman & Manter, 1935a; Bojsen-Møller, 1979; Susman, 1983), but recent developments in detailed 3-D motion capture reveal that the human foot is a 

more dynamically mobile structure during push-off than previously thought (Scott 

& Winter, 1993; MacWilliams et al., 2003; Leardini et al., 2007; Lundgren et al., 

2008; Holowka et  al., 2017b). During DS2, the midfoot joints are rapidly plantarflexed beyond their position in the unloaded foot, effectively elevating the longitudinal arch (Fig. 10.8). This motion is likely achieved through some combination of foot muscle contraction and tension in the plantar aponeurosis (Caravaggi et al., 

2010; Kelly et al., 2015), and coincides with peak ankle power generation (Zelik & Adamczyk, 2016). Inverse dynamics studies have indicated that up to 50% of the positive power typically attributed to the ankle is actually being generated at the 

midfoot joints (Fig. 10.7) (MacWilliams et  al., 2003; Bruening et  al., 2012; Takahashi et al., 2017). 

While the ankle and midfoot joints are plantarflexing, the MtP joints are driven 

into extreme dorsiflexion, causing energy loss (Fig. 10.7) (MacWilliams et  al., 
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Fig. 10.8  Cumulative sagittal plane motion for the midfoot joints between the calcaneus and metatarsals over the duration of stance phase during bipedal walking in (a) chimpanzees and (b) humans. On the y-axis, dorsiflexion angles are positive and plantarflexion angles are negative. 

Vertical dashed lines indicate the beginning and end of single-limb support. (c) Average ranges of motion over full stance, first double-limb support (DS1), single-limb support (SS), and second double-limb support (DS2). (Adapted from Holowka et al. (2017b))

2003; Bruening et al., 2012; Zelik et al., 2015). The MtP joints rapidly plantarflex in the final 5–10% of stance, generating some positive power, but not enough to 

offset the prior losses (Zelik et al., 2015). Although the presence of this energy sink seems maladaptive, MtP joint dorsiflexion may provide a net savings in energy, 
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thanks to the windlass mechanism; by driving the tightening of the plantar aponeu-

rosis, this motion prevents potential midfoot energy losses and may even generate 

power at the midfoot joints that offsets MtP joint losses (Takahashi et al., 2017). At 

the beginning of DS2, the center of pressure is located under the heads of metatar-

sals 1–3, but it moves anteromedially to the hallux and remains there until liftoff, making the hallux the final point of contact between the foot and the ground (Elftman 

& Manter, 1935a). 

10.4   Non-human Primate Bipedal Walking

Non-human primates typically only walk bipedally when they need to use their 

forelimbs for tasks like carrying. However, hylobatids and sifakas ( Propithecus 

spp.) walk bipedally in other contexts because they have special limb adaptations 

that render them incapable of sustained quadrupedalism. In the case of hylobatids, 

these include extremely long forelimbs with highly mobile joints that allow them to 

ricochet between branches using a special form of brachiation (Fleagle, 1999). 

These adaptations render the forelimbs incapable of sustaining high compressive 

loads, forcing hylobatids to rely on bipedalism when travelling above branches 

without overhead supports to grasp, as well as during rare trips to the ground. Unlike hylobatids, sifakas are adapted for a hindlimb-powered form of locomotion called 

“vertical clinging and leaping” that requires a low intermembral index, making qua-

drupedal locomotion awkward (Fleagle, 1999). Thus, sifakas walk and gallop bipedally when travelling on the ground (Wunderlich & Schaum, 2007). 

Unfortunately, no study to date has investigated sifaka foot mechanics during 

bipedal locomotion. 

Occasional bipedalism has been observed in the wild in many other non-human 

primate species, including Old World and New World monkeys (e.g., Rose, 1976; Wrangham, 1980; Iwamoto, 1985; Fragaszy et al., 2004; Machnicki et al., 2016), as well as great apes (e.g., Hunt, 1992; Doran, 1993,  1997; Thorpe et  al., 2007; Carvalho et al., 2012), usually in the contexts of carrying, feeding, or walking on branches with hand-assisted support. The following review focuses on species for 

which three types of data have been collected: intrinsic foot joint kinematics, foot kinetics, and plantar pressure distributions. These criteria restrict this review to three groups of species: (1) cercopithecines, including baboons ( Papio anubis and Papio hamadryas) and macaques ( Macaca fuscata), (2) gibbons ( Hylobates lar and Hylobates agilis), and (3) the members of  Pan, chimpanzees ( Pan troglodytes) and bonobos ( Pan paniscus). Each of these groups walks using pendular mechanics with some kinetic-potential energy exchange (Vereecke et al., 2006; Ogihara et al., 2010; Demes et al., 2015), and therefore the structure from the preceding section is maintained by discussing double- and single-limb support periods (Fig. 10.3). Previous studies have found that DS periods take up roughly the first and last 25% of stance 

in chimpanzees and OW monkeys (Ishida et al., 1974; O’Neill et al., 2015; Holowka 

et al., 2017b) and 22% of stance in gibbons (Ishida et al., 1974). 
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 10.4.1   First Double-Limb Support Period (0–22/25% 

 of Stance)

During bipedal walking, cercopithecines and gibbons consistently touchdown with 

their forefeet (Okada, 1985; Schmitt & Larson, 1995; Vereecke, D’Août, Van Elsacker, et al., 2005; Berillon et al., 2010; Hirasaki et al., 2010), whereas  Pan species variably touchdown with the heel, midfoot, or forefoot (Vereecke et al., 2003; Holowka et al., in prep). All three groups use plantarflexed and inverted foot postures at touchdown and then rapidly dorsiflex and evert their feet at the ankle joint complex after contact has been made (Susman, 1983; Vereecke et al., 2003; Hirasaki et al., 2010; Ogihara et al., 2010; Holowka, 2015; O’Neill et al., 2015). These touchdowns only occasionally generate low-impact peaks in OW monkeys and gibbons 

(Ishida et al., 1984; Yamazaki, 1985), but they usually cause more noticeable impact peaks in chimpanzees (Crompton et al., 2008; Pontzer et al., 2014; Holowka et al., in prep). Gibbons possess fat pads under their forefeet which likely help to dampen 

impact forces during bipedal walking in a manner similar to the human heel pad 

(Vereecke, D’Août, Payne et  al., 2005).  Pan species also possess heel pads that could dampen impact forces (Raven, 1936; Vereecke, D’Août, Payne et al., 2005), 

but unlike humans, these species possess gracile calcanei lacking a pronounced 

bony prominence called the lateral plantar process (Latimer & Lovejoy, 1989).  Pan species also generate high-impact forces regardless of whether they touchdown with 

their forefeet or heels (Holowka et al., in prep); however, they lack fat pads in their forefeet (Vereecke, D’Août, Payne et al., 2005; N. Holowka pers. obs.). 

The midfoot joints of gibbons and cercopithecines are dorsiflexed at touchdown 

(Okada, 1985; Vereecke & Aerts, 2008; Berillon et  al., 2010). Following touchdown, gibbons bring their heels into contact with ground, but usually do not bear 

weight on them (Vereecke, D’Août, Van Elsacker, et al., 2005). Cercopithecines do not bring their heels into contact with the ground (Hirasaki et al., 2010). However, in both groups, the center of pressure travels to the midfoot.  Pan species, on the other hand, touchdown with slightly plantarflexed midfoot joints (Fig. 10.7) and keep the center of pressure under the heel for most of DS1 (Elftman & Manter, 

1935a; Vereecke et al., 2003; Holowka, 2015). Subtalar joint eversion also ensures that the full plantar surface of the chimpanzee foot contacts the ground following 

touchdown (Fig. 10.5b) (Holowka, 2015). As in humans, this plantigrade foot posture may improve the economy of bipedal walking by reducing ankle joint moments 

and collisional energy expenditure (Adamczyk et  al., 2006; Cunningham et  al., 

2010) while increasing the effective length of the lower limb (Pontzer, 2007; Webber 

& Raichlen, 2016). Because gibbons and cercopithecines do not bear weight under their heels, they may not be able to take full advantage of these mechanisms. 

The advantageous bipedal touchdown mechanics in  Pan species are likely related to forelimb suspensory adaptations. Schmitt and Larson (1995) argued that the use of heel contact during quadrupedalism in great apes is related to an active weight 

shift mechanism that spares the forelimbs, which are adapted for mobility and ten-

sile loads, from high forces. Essentially, by using highly protracted hindlimb 
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postures at touchdown, which necessitate heel contact, great apes can actively shift body weight from their forelimbs to their hindlimbs during quadrupedal walking 

(Reynolds, 1985a, b). Cercopithecines, on the other hand, use a much more even distribution of fore- and hindlimb weight support during quadrupedal walking 

(Kimura et al., 1979; Kimura, 1985; Demes et al., 1994) and thus do not need to use protracted hindlimbs with heel contact. Gibbons do not walk quadrupedally, and 

their ancestors may not have passed through a stage of evolution in which they uti-

lized an active weight shift mechanism like that seen in great apes. 

 10.4.2   Single-Limb Support Period (22/25–78/75% of Stance)

At the start of SS, the center of pressure begins to travel forward through the center of the midfoot in all three non-human primate groups, as in humans (Fig. 10.5) (Elftman & Manter, 1935a; Vereecke, D’Août, Van Elsacker, et al., 2005; Hirasaki et al., 2010; Holowka, 2015). Vereecke et al. (2003) found a more lateral trajectory 

for the center of pressure in bonobos, although this may relate to their use of curled digits, unlike the animals in the other studies described here. At the same time, the ankle and midfoot joints dorsiflex in all three primate groups. Heel lift begins near midstance, and in  Pan there is a notable “break” in the midfoot region, wherein the forefoot briefly maintains contact with the ground, while the heel rises (Fig. 10.3) (Elftman & Manter, 1935a). This phenomenon, called the “midtarsal break,” is a visible manifestation of the dorsiflexion occurring at the midfoot joints (Susman, 

1983; DeSilva, 2010; Holowka et  al., 2017b). Recently, Bates et  al. (2013) and 

DeSilva et al. (2015) demonstrated that a similar midtarsal break is present in the 

feet of a small percentage of humans, possibly due to foot muscle weakness and/or 

plantar ligament laxity. In chimpanzees and gibbons, ankle and midfoot dorsiflexion 

continue until the end of SS (Ishida et al., 1984; Vereecke & Aerts, 2008; O’Neill 

et al., 2015; Holowka et al., 2017b), whereas in cercopithecines, the ankle and midfoot joints begin to plantarflex shortly after midstance (Berillon et al., 2010; Ogihara 

et al., 2010; O’Neill et al., 2018). Peak midfoot dorsiflexion angles are greatest in cercopithecines (~45°; Berillon et al., 2010), followed by gibbons (~35°; Vereecke 

& Aerts, 2008) and then chimpanzees (~8°; Holowka et al., 2017b). The high midfoot dorsiflexion values for cercopithecines correspond to results of cadaveric studies demonstrating that midfoot stiffness values are lower (Ker et al., 1987; Bennett et al., 1989) and midfoot joint ranges of motion are higher in macaques and baboons 

compared to humans (Greiner & Ball, 2014). Chimpanzee midfoot dorsiflexion values are not much higher than those of humans during bipedal walking (~5°; Leardini 

et al., 2007; Holowka et al., 2017b), corresponding to their similar midfoot joint 

ranges of motion found in a cadaver study (Greiner & Ball, 2014). However, the midfoot joints of chimpanzees (and gibbons) dorsiflex throughout SS and into DS2, 

whereas human midfoot joints remain relatively static over the same period 

(Fig. 10.8) (Vereecke & Aerts, 2008; Holowka et al., 2017b). This difference is critical, as the foot begins to generate power during SS (Kuo et al., 2005), and thus the 
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relative compliance of the non-human primate foot is likely to hinder push- off. 

Nevertheless, the greater midfoot stiffness in  Pan species compared to gibbons or cercopithecines means that they may suffer relatively less energy loss. 

The relatively stiff midfoot joints in  Pan are seemingly incompatible with the need for a prehensile foot for arboreal grasping. However, a significant proportion 

of  Pan locomotion takes place on the ground (Doran, 1992; Doran & Hunt, 1994; Sarringhaus et al., 2014), where a stiff midfoot could be energetically advantageous. 

Furthermore, unlike cercopithecines,  Pan species use foot postures on arboreal supports that may allow for stiff feet. During arboreal locomotion, cercopithecines use relatively high amounts of midfoot dorsiflexion but low amounts of ankle dorsiflexion (Meldrum, 1991; DeSilva, 2009), whereas chimpanzees do the opposite (Holowka et al., 2017a). Chimpanzees do use high ranges of subtalar joint and midfoot inversion during arboreal locomotion (Holowka et  al., 2017a), which may allow them to achieve optimal foot postures for grasping the substrate with their 

large, opposable halluces and long lateral digits. 

 10.4.3   Second Double-Limb Support Period (75/78–100% 

 of Stance)

By the beginning of DS2, the center of pressure has reached the metatarsal heads in 

each non-human primate group, and in chimpanzees and cercopithecines, it shifts 

slightly medially toward the second and third metatarsal heads (Fig. 10.5b) (Hirasaki 

et al., 2010; Holowka, 2015). The metatarsophalangeal joints also begin to dorsiflex rapidly during this period, reaching peak angles of ~40° in cercopithecines (Berillon 

et al., 2010), ~30° in gibbons (Vereecke & Aerts, 2008), and 10–30° in  Pan species (Griffin et al., 2010; Fernández et al., 2016). Like humans, these non-human primates possess plantar aponeuroses (Swindler & Wood, 1973; Bennett et al., 1989; Vereecke, D’Août, Payne et  al., 2005), but these are thinner in gibbons and  Pan species than in humans, and their abilities to stiffen the foot remain unknown. The 

midfoot joints of all three non-human primate groups plantarflex during DS2, but 

this may actually just be a by-product of unloading of the foot, as unlike humans, 

none of these species achieves plantarflexion angles beyond those present at touch-

down. However, Vereecke and Aerts (2008) have demonstrated that gibbons are capable of producing some power at their midfoot joints during push-off. 

All non-human primate groups rapidly plantarflex their ankle joints during DS2 

(Berillon et al., 2010; Ogihara et al., 2010; O’Neill et al., 2015), likely generating push-off power to help redirect the body’s center of mass during collision. Vereecke and Aerts (2008) estimated that gibbons generate ~2 W/kg at the ankle during push-off, which is about half that typically reported for humans (Winter et al., 1996). 

O’Neill et  al. (2022) found that chimps generate only about a third of the ankle power at push-off that humans do. Cercopithecines appear to use an even lower 

speed of ankle plantarflexion than chimpanzees or humans (Berillon et al., 2010; 
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Ogihara et al., 2010). Computer simulations of macaque muscle use during bipedal walking have indicated that their triceps surae muscles produce little to no force 

during DS2 (Yamazaki et al., 1979; Yamazaki, 1985), suggesting that they generate very little push-off power. 

Ankle power generation in these non-human primates is likely limited by their 

relatively compliant midfoot joints, which prevent the foot from converting to a stiff lever. Another probable factor is that non-human primates lack the robust, stable 

hallux present in humans (Fig. 10.2). Cercopithecines, gibbons, and  Pan load their mobile, divergent halluces very little during most of stance phase and tend to initiate push-off from their second and third metatarsal heads (Vereecke & Aerts, 2008; Hirasaki et al., 2010; Holowka, 2015). Ultimately, cercopithecines and  Pan species use their hallucal digit during the final stages of push-off (Vereecke et al., 2003; Hirasaki et al., 2010; Holowka, 2015), but the center of pressure never travels near the first metatarsal head in these species, possibly because the mobility of the first tarsometatarsal joint makes this region less stable in weight support (Fig. 10.5b). 

10.5   Evolution of the Bipedal Foot

Among the non-human primates surveyed here,  Pan species possess feet that are the best suited to bipedal walking on the ground, based on their use of plantigrade foot postures and relatively stiff midfoot joints. Considering that they are also our closest living relatives, it is parsimonious to infer that the earliest hominins possessed feet that closely resembled those of  Pan. This does not necessarily entail a knuckle-walking last common ancestor (LCA) with  Pan (cf. Gebo, 1992) but does suggest one that possessed forelimbs adapted for suspensory locomotion that necessitated 

use of a plantigrade foot in active weight shift (Schmitt & Larson, 1995) and possibly a stiff midfoot for frequent terrestrial travel. 

The notion of a  Pan-like foot in the earliest hominins appears to be supported by the fossils attributed to  Ardipithecus  ramidus, which at 4.4 Ma is the oldest fossil hominin for which significant pedal remains have been found (Lovejoy et al., 2009). 

This hominin possessed a large, divergent hallux resembling those of African apes, 

as well as long curved phalanges that would have been useful for grasping arboreal 

supports. Aspects of the ankle and midfoot joints also resemble those of  Pan 

(Lovejoy et al., 2009; White et al., 2015), indicating that the  Ar. ramidus would have been capable of assuming the full range of foot postures necessary for arboreal 

locomotion. However, lengthening of the midfoot region suggests a longer distance 

of travel for the foot’s center of pressure during stance phase than in  Pan, which would have increased stride length and reduced collisional energy loss (Adamczyk 

& Kuo, 2013; Webber & Raichlen, 2016). Additionally, metatarsal head morphology indicates that  Ar. ramidus would have been able to push-off with higher lateral metatarsophalangeal joint dorsiflexion angles than  Pan (Lovejoy et al., 2009), which 

may have increased midfoot stiffness and push-off power production via increased 

tension in the plantar aponeurosis. Hence,  Ar. ramidus, which likely post-dates the 
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LCA by 2–5 My (Moorjani et al., 2016), provides evidence that the earliest hominins possessed  Pan-like feet with several features adapted to improve the energetic efficiency of bipedal locomotion beyond that of chimpanzees (see also Chap. 14). 

The Laetoli footprints indicate that by 3.7  Ma, hominins had achieved much 

more human-like foot anatomy and mechanics during bipedalism (Day & Wickens, 

1980; Masao et  al., 2016). These footprints, which are typically attributed to Australopithecus   afarensis, reveal human-like weight support with the heel (Raichlen et al., 2010; Crompton et al., 2012; Raichlen & Gordon, 2017), as well as 

a midfoot region with a shallow medial longitudinal arch impression that indicates 

a stiffer midfoot during bipedal walking than in  Pan (Hatala et al., 2016). However, the hallux appears slightly divergent relative to its position in modern humans 

(Bennett et al., 2009), and the relatively shallow impression under the first metatarsal head suggests that weight was not transferred as far medially under the foot at 

the end of stance as in human bipedalism (Bennett et al., 2016; Hatala, Roach, et al., 

2016). The latter observations are supported by certain aspects of joint morphology in pedal fossils attributed to  Au. afarensis. Specifically, first tarsometatarsal joint morphology indicates a hallux that was not fully adducted as in humans (Berillon, 

1999; Proctor et al., 2008; Proctor, 2010; DeSilva et al., 2018; but see Latimer & Lovejoy, 1990), and metatarsal head morphology suggests that  Au. afarensis was unlikely to have been able to push-off with a highly dorsiflexed first metatarsophalangeal joint (Fernández et al., 2016). Fossil remains and footprints attributed to early members of  Homo reveal that by 1.8 Ma hominins had evolved a foot with a fully adducted hallux and human-like longitudinal and transverse arches (Day & 

Napier, 1964; Susman & Stern, 1982; Harcourt-Smith & Aiello, 2004; Bennett et al., 2009; Pontzer et al., 2010; Dingwall et al., 2013; Hatala, Roach, et al., 2016), 

indicating the appearance of modern human-like bipedal foot mechanics (see also 

Chap. 15). 


10.6   Future  Directions

This chapter has provided a review of our current knowledge of foot mechanics dur-

ing bipedal walking in non-human primates, and it should be immediately evident 

that knowledge in this area is still patchy. The kinematic and kinetic data necessary to assess and compare foot mechanics among primates have only been collected for 

a handful of species, and even for these species, data had to be cobbled together 

from different studies with different methodologies. Hence, these comparisons must 

be considered preliminary, and more integrated kinematic and kinetic data sets from 

more primate species must be collected. Controlled laboratory settings provide the 

ideal circumstances under which to measure bipedal foot kinematics accurately, but 

studies of zoo animals have demonstrated the feasibility of collecting reliable 

kinetic data in non-laboratory settings (e.g., Vereecke et al., 2003; Vereecke, D’Août, Van Elsacker, et al., 2005; Vereecke & Aerts, 2008; Crompton et al., 2012; Bates 

et al., 2013). Furthermore, advances in the development of motion capture software 
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suggest the potential for collecting more accurate 3-D kinematic data in zoos and 

wild settings than was previously possible (e.g., Hedrick, 2008; Sellers & Hirasaki, 

2014; Jackson et  al., 2016). Thus, future studies should build upon the work reviewed in this chapter, as well as investigate bipedal foot mechanics in other nonhuman primate species. More data from great apes would be especially welcome, 

but data from other non-human primates that frequently walk bipedally in the wild, 

such as capuchins and sifakas (Fragaszy et al., 2004; Wunderlich & Schaum, 2007), 

would be very useful. Data from suspensory platyrrhines, such as spider monkeys, 

would also be of great interest, as these species would be expected to converge on 

great apes in certain aspects of foot mechanics due to their adaptations for similar positional behaviors (Schmitt & Larson, 1995). 

In addition to data from more species, we also need a better understanding of 

how the human foot functions on substrates that are not flat, hard surfaces, as is the case in virtually all experimental studies of human locomotion. The human foot 

evolved to enable stable bipedal locomotion on a variety of substrates, and by 

neglecting these, we may be failing to investigate some of the critical selective 

forces that determined the form and function of human feet. For example, it is rea-

sonable to suspect that intrinsic foot joint mobility was maintained in humans to 

improve stability when walking on uneven terrain, but this notion has never been 

tested empirically. Thus, our understanding of the evolutionary biomechanics of the 

human foot could be greatly augmented by experimental studies with more natural-

istic substrates, as well as by investigating behaviors other than straight, steady- 

speed walking (e.g., turning and accelerating). 

Beyond collecting more in vivo gait data, our understanding of the evolution of 

bipedal foot mechanics would be improved by investigating the form and function 

of soft tissue structures within the feet of non-human primates. In particular, the 

plantar aponeurosis, which is the driver of the windlass mechanism and therefore 

critical to the foot mechanics reviewed in this chapter, has been qualitatively 

described and compared among primates on several occasions (Loth, 1908; Swindler 

& Wood, 1973; Sarmiento, 1983; Vereecke, D’Août, Payne et al., 2005) but has not been subject to any quantitative analyses in non-human primates. A thorough analysis of plantar aponeurosis morphometrics and material properties among different 

primates would help elucidate the mechanical role of this structure in species that do and do not regularly walk bipedally. Additionally, an investigation of variation in 

plantar fat pad morphology and viscoelastic properties among primates with differ-

ent locomotor behaviors is necessary to determine the correlation between these 

features and substrate use, as well as foot touchdown patterns (Chap. 7). 

Another avenue of research that would not require in vivo data collection is an 

extension of the cadaveric human and monkey foot stiffness studies carried out by 

Alexander, Bennett, and Ker (Ker et al., 1987; Bennett et al., 1989). These researchers cyclically loaded cadaveric feet of humans and several cercopithecine species to determine overall foot stiffness and capacity for elastic energy storage in the ligamentous tissues of the foot. These studies did not include any measurements from 

non-human ape specimens and thus left open a significant gap in the data necessary 

to understand the evolutionary trajectory of foot stiffness and elasticity across 
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primates adapted to different locomotor behaviors. Cadaveric specimens could also 

be used to measure the passive ranges of motion in the intrinsic foot joints of non- 

human primates (see Holowka & O’Neill, 2013; Greiner & Ball, 2014), which 

would help establish the anatomical features responsible for differences in foot stiffness among species. 

10.7   Summary

A review of bipedal foot mechanics in  Pan, gibbons, and cercopithecines reveals that humans possess special adaptations in the foot that allow them to minimize 

energy loss during the step-to-step transition period of a stride. Specifically, humans possess thick fat pads under their calcanei that allow them to touchdown with their 

heels without risking impact-related stress fractures. This touchdown posture 

affords a long distance of translation for the center of pressure during stance, 

increasing effective hindlimb length and reducing collisional energy loss during 

DS1. The longitudinal arch of the human foot and its associated ligamentous struc-

tures provide foot stiffness following heel lift, allowing humans to avoid energy 

losses resulting from midfoot dorsiflexion, which have been demonstrated in gib-

bons (Vereecke & Aerts, 2008) and are likely present in  Pan and cercopithecines. 

During DS2, the windlass mechanism in the human foot drives midfoot joint plan-

tarflexion, which augments the push-off power produced at the ankle (MacWilliams 

et al., 2003; Bruening et al., 2012; Takahashi et al., 2017). Non-human primates 

lack a well-developed windlass mechanism and thus are likely unable to use the foot 

to generate as much power during push-off. Among the non-human primates 

reviewed in this chapter,  Pan species use foot mechanics that are best suited to human-like bipedal walking, including the use of the heel in weight-bearing and 

relatively stiff midfoot joints. Early hominin fossils indicate that the  Pan- Homo LCA was likely to have had a foot resembling that of chimpanzees, suggesting that 

suspensory behavior may have been pre-adaptive for the evolution of bipedal loco-

motion. However, further research on foot biomechanics in non-human primates, 

both in vivo and in cadaveric specimens, is necessary to evaluate this hypothesis. 
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Chapter 11

Running in Addition to Walking Helped 

Shape the Human Foot

Daniel E. Lieberman and Nicholas B. Holowka

Abstract  Bipedal walking is the most common human gait, yet multiple lines of evidence indicate that there was also selection for endurance running in the hominin lineage. To evaluate if and how selection for running influenced the evolution of the human foot, we use functional, comparative, and fossil evidence to assess the three 

major biomechanical challenges posed to the foot by running versus walking: 

impact, elastic energy storage, and propulsion. Although human feet unambigu-

ously evolved numerous adaptations for walking, the human foot also has several 

key derived adaptations for running, especially to store and release elastic energy 

but also to cope with impacts and to sustain repeated, high, rapid propulsive forces. 

In addition, some features of the human foot traditionally considered adaptations 

for walking, especially the longitudinal arch, may play a less important role in walking than commonly assumed but are essential for running. In order to understand the 

anatomy and function of the unique human foot, it is necessary to consider both 

walking and running. 

Keywords  Heel strike · Forefoot strike · Loading · Foot mechanics · Longitudinal arch · Barefoot · Endurance running · Impact · Elastic energy storage · Propulsion

11.1   Introduction

The importance of bipedalism in human evolution is so widely acknowledged; it has 

become almost cliché to state that selection for upright posture and locomotion set 

the human lineage on a novel evolutionary path. The consensus account is that 

humans evolved from a last common ancestor with chimpanzees through at least 

three stages: first, a facultative, inefficient biped that was still well adapted for tree climbing; then, a more efficient striding biped that retained some arboreal capabilities; and finally, an efficient striding biped that lost most of its adaptations for tree D. E. Lieberman (*) 
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climbing. This scenario is inferred from many regions of the body, but perhaps none 

more so than the foot. According to most scholars, the human foot evolved from an 

ape-like foot well adapted for tree climbing with a highly mobile ankle, a flexible 

midfoot, a divergent hallux, and long curved toes (e.g., Wood Jones, 1917; Weidenreich, 1923; Morton, 1924; Keith, 1929; Elftman & Manter, 1935a; Lewis, 

1980; Susman, 1983; Harcourt-Smith & Aiello, 2004). In early hominins such as Ardipithecus and the Burtele fossil (BRT-VP-2/73), the foot became partially stiffened to facilitate propulsion during toe-off but retained an abducted hallux and relatively long toes for tree climbing (Lovejoy et al., 2009; Haile-Selassie et al., 2012; Chap. 15). Selection for more efficient walking in  Australopithecus led to a low longitudinal arch, a relatively adducted hallux, and a more robust calcaneus (Latimer 

& Lovejoy, 1989; Proctor, 2010; Ward et al., 2011), but australopith feet potentially retained some tree-climbing capabilities due to features such as longer, curved toes 

with joints retaining pedal grasping adaptations (Stern & Susman, 1983; Fernández et al., 2016; Chap. 15). Finally, the modern human foot evolved in the genus  Homo 

with a fully adducted hallux, a high arch, and short toes (Susman, 1983; Bennett 

et al., 2009; Rolian et al., 2009; Chap. 16). 

Clichés, by definition, are largely true, but they can inhibit critical thinking and novel ideas. While the well-established story summarized above is uncontroversial, 

it suffers from two major deficiencies. First, the standard narrative of the evolution of human bipedalism does not explain why hominins lost many arboreal adaptations. That is, while chimpanzees and gorillas are unquestionably bad at bipedal 

walking and good at climbing, and modern humans are good at bipedal walking and 

bad at climbing, assumptions that many of the human foot’s adaptations for bipedal-

ism are detrimental for climbing have not been tested. Why, for example, did homi-

nins lose many upper extremity features such as long, curved fingers and upwardly 

oriented shoulders that are adaptations for climbing and have no effect on walking 

performance? To evaluate this trade-off assumption, it is necessary to test rather 

than infer if adaptations for walking compromise climbing abilities. Thus, when 

considering the foot, we need to ask if derived human-like features that are likely 

adaptations for walking such as longitudinal and transverse arches are also detri-

mental to climbing, and if ape-like features that are adaptations for climbing such as long, curved toes concomitantly decrease walking performance. 

This chapter addresses a second, related problem: the standard narrative that 

selection primarily favored adaptations for walking in the human foot at the expense of climbing ignores the other major human gait, running. To be fair, it is understandable why students of human evolution have paid little attention to running, includ-

ing in considerations of the foot. If you walk out your door right now, most if not all the free-range humans you will see are probably either sitting or walking. Running 

is an infrequent gait, especially in the modern world where it is primarily used during play or for exercise. In addition, by some criteria, humans are unimpressive 

runners. Compared to most mammals, humans are slow sprinters, capable of about 

half the maximum speed of similar-sized quadrupeds (Garland, 1983). Human run-

ners are also awkward and unstable because of their high center of mass and reduced 

base of support (Biewener, 2003). Because humans are slow, unsteady sprinters 
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compared to other quadrupeds, it has generally been assumed that running played 

little to no role in human evolution. But such a reason for ignoring running when 

testing hypotheses about human locomotor evolution is flawed. 

One major problem is that the shortcomings of human sprinting ability do not 

apply to endurance running, at which humans indubitably excel. Compared to other 

mammals, especially nonhuman primates, humans have spectacular abilities to run 

long distances day after day in hot conditions at impressive speeds (Carrier, 1984; 

Bramble & Lieberman, 2004). These unusual capabilities, most of which do not derive from adaptations for walking, require an explanation. If they were selected, 

they likely evolved to help species in the genus  Homo enter the carnivore guild, probably initially for scavenging and then for persistence hunting, in which hunters chase their prey over long distances in hot, arid conditions above the prey’s trot-gallop transition speed. Since quadrupeds cannot simultaneously pant and gallop, a 

combination of chasing (by running) and tracking (usually while walking) eventu-

ally drives the hunter’s intended prey to a state of deadly hyperthermia, at which 

point the animal can easily and safely be dispatched. Persistence hunts in the 

Kalahari average 27.8 km, with hunters running at moderate speeds for about half 

that distance (Liebenberg, 2006). Critically, persistence hunting requires no technology, suggesting that it was an important method of hunting during the Lower 

Paleolithic before the invention of projectile technology including lithic spear points (Shea, 2016; Lieberman, 2018). Thus, while endurance running in the context of persistence hunting may be uncommon today, in the past, it may have been a more 

common gait that was under strong selection for millions of years. 

Of all the regions in the body to consider when evaluating adaptations for endur-

ance running, the foot is of special importance. The foot is the only part of the body in direct contact with the ground and thus plays fundamental roles in locomotor 

energetics, balance, and force resistance. This review therefore compares how the 

human foot functions during walking and running in order to identify derived pedal 

features that improve endurance running performance. We ask to what extent fea-

tures that have often been interpreted as adaptations for walking improve perfor-

mance in both walking and running or just running alone. We also address whether 

adaptations for running help explain how and why many pedal adaptations for tree 

climbing were lost during human evolution. 

Rather than address adaptations in the foot by anatomical region, we focus on the 

three dominant biomechanical challenges the foot must accomplish during locomo-

tion, especially running: (1) impact, (2) elastic energy storage, (3) propulsion. 

Accordingly, we focus on the foot and not the ankle, and in the interest of brevity, there are a number of functional tasks and motions that we do not address (e.g., 

exteroception, pronation-supination). Following this review, we conclude by assess-

ing the evidence for the timing of the evolution of these features in the hominin 

fossil record. 
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11.2   Impact

A major biomechanical challenge for the foot during locomotion is its initial contact with the ground. For all animals, this contact involves a collision: an instantaneous exchange of force between the body and the ground. While much of the body decelerates gradually upon impact, a portion of the body, termed the effective mass ( m eff), decelerates suddenly (Bobbert et  al., 1991; Chi & Schmitt, 2005). According to Newton’s first law, momentum must be conserved during this period of collision. 

Thus, the change in vertical momentum of  m eff during this time interval can be expressed as the integral of the vertical ground reaction force (the impulse):

 T
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 m eff (  v

 gT

∫ ( ) =

−

+

foot

)

 z

0

where 0 is the instant of time just prior to impact,  T is the duration of impact, Fz( t) is the vertical ground reaction force with respect to time,  v foot is the vertical velocity of the foot just prior to impact, and  g is the gravitational constant. 

In contrast to most mammals, humans characteristically walk and sometimes run 

in a way that creates a discrete, rapid, and large peak in  Fz that occurs during the first 20 ms of stance and which travels rapidly up the body like a shock wave (Fig. 11.1). 

This impact peak contains frequencies in both low (4–8 Hz) and high (10–20 Hz) 

domains that are attenuated by tissues as they travel up the body (Gruber et  al., 

2014). The impact peak is of considerable interest because over millions of steps, energy in the high frequency component may damage tissues such as cartilage in the 

knee and elsewhere (Whittle, 1999). Impact peaks caused by both walking and running are therefore important to consider for evaluating the evolution of the human 

foot and for preventing injury. 

As reviewed by Holowka (Chap. 10), selection to cope with impact peaks from 

walking almost certainly influenced the evolution of the hominin foot. Unlike most 

other nonhuman primates, chimpanzees usually heel strike when they walk quadru-

pedally (and bipedally), but they typically walk only 2–3  km/day (Pontzer & 

Wrangham, 2006). Further, quadrupedal chimpanzee heel strike walking generates low impact peaks, on the order of 0.2–0.4 bw (body weights) (Barak et al., 2013). 

In contrast, human hunter-gatherers from arid, tropical environments average 

9–15  km/day of walking (Marlowe, 2010), and barefoot heel strike walking 

(Fig. 11.1a) typically generates impact peak magnitudes of 0.5 bw and loading rates 

of 25–40 bw/sec (Wallace et al., 2018). 

Although running generates much higher forces than walking, the extent to 

which impacts from running influenced the evolution of the human foot is a com-

plex and poorly understood problem. Impact peaks from rearfoot strikes (RFSs) 

during barefoot running range from 1.5 to 3.0 body weights in terms of magnitude 

and between 300 and 600 bw/sec in terms of loading rate (Lieberman et al., 2010), 

making these collisions orders of magnitude more forceful and hence more painful 

and potentially damaging compared to typical barefoot walking impact peaks 

(Fig. 11.1b). Given these high, rapid collision forces, it is difficult to imagine that there would not have been strong selection on the foot as well as other parts of the 
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Fig. 11.1  Comparison of typical vertical ground reaction forces during barefoot locomotion for a heel strike during walking (a) and during running with a heel strike (b), midfoot strike (c), and forefoot strike (d). (Adapted from Lieberman et al., 2010) lower extremity if early hominins ran long distances while heel striking. However, 

numerous studies have shown that barefoot running humans often avoid landing 

with a heel strike, especially on stiff surfaces at high speeds, and instead either forefoot strike (FFS) or midfoot strike (MFS) (De Wit et al., 2000; Divert et al., 2008; Squadrone & Gallozzi, 2009; Lieberman et  al., 2010; Nigg, 2010; Hamill et  al., 

2011; Gruber et  al., 2013; Lieberman, 2014; Miller et  al., 2014; Pontzer et  al., 

2014). By landing with a more plantarflexed ankle which then dorsiflexes under controlled plantar flexion, FFS and some MFS landings (Figs. 11.1c, d) allow individuals to avoid impact peaks in three ways: by reducing the mass of the lower 

extremity that is involved in the collision (termed the effective mass) from approximately 6.8% to 1.7%, by increasing lower extremity compliance (calculated as dis-

placement divided by force), and by converting translational energy into rotational 

energy (Lieberman et al., 2010). 

Although most barefoot runners avoid RFS landings, there is variation in foot 

strike types and other aspects of landing kinematics. One study of northern Kenya 

pastoralists who live in a hot sandy desert and often walk barefoot reported that they primarily RFS when running (Hatala et al., 2013). This population, however, is not known for running long distances. In addition, a within-subject repeated measures 
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study of variations in strike type in a western Kenyan (Kalenjin) population 

renowned for distance running found no effect of sex, age, height, or weight on foot strike angle but did find that individuals were more likely to midfoot or forefoot 

strike when they ran on a stiff surface, had a high preferred stride frequency, were habitually barefoot, and had more experience running (Lieberman et al., 2015). In 

other words, barefoot individuals have a tendency to RFS (like non-elite Westerners 

in cushioned shoes), especially if they are not skilled runners and they are not running long distances on hard surfaces. In addition, runners in minimal shoes RFS 

more frequently than those who are barefoot (Bonacci et al., 2013; Larson, 2014), 

highlighting the roles of proprioception and exteroception on strike type variation. 

It is thus reasonable to infer that there has always been variation in strike types, but that FFS and MFS strikes which do not generate distinct impact peaks were more 

common before the invention of shoes, especially cushioned athletic shoes. 

Evidence that forefoot and midfoot strikes were probably more common during 

running prior to the invention and spread of the modern cushioned shoe calls into 

question whether some derived features of the human rearfoot such as expansion of 

the tuber calcaneus and an enlarged heel fat pad were selected to improve running 

performance. Instead, it is most likely they evolved as adaptations for heel strike 

walking (see below). However, the importance of MFS and FFS landings raises the 

possibility that running led to selection on other features in the lateral forefoot. 

Whereas the fourth and fifth metatarsals are the least robust metatarsals in chimpanzees and gorillas, these two most lateral metatarsals are more robust than all other metatarsals apart from the first in humans (Archibald et al., 1972). Since the center 

of pressure during toe-off in walking and running humans is under the medial fore-

foot, increased lateral metatarsal robusticity in humans is unlikely to have evolved for walking but instead may be an adaptation to cope with the high bending forces 

imposed during a FFS, which occurs on top of the lateral metatarsal heads 

(Lieberman et al., 2010). In addition, Vereecke et al. (2005) have shown that the fat pad under the lateral metatarsal heads is expanded in humans, is present in gibbons 

who FFS when walking, and is absent in bonobos and chimpanzees who typically 

RFS or MFS when they walk. 

Another set of derived features that may improve human abilities to cope with 

impact during FFS and MFS running is the plantarflexor complex, especially the 

Achilles tendon, which is vastly expanded in humans relative to the African great 

apes (Bramble & Lieberman, 2004). Different foot strike types cause an inevitable trade-off between external ankle and knee moments during initial stance, with FFS 

and MFS landings causing higher ankle moments and lower knee moments than 

RFS landings and vice versa (Stearne et al., 2014; Almeida et al., 2015). Because 

high, rapid ankle moments during FFS and MFS landings must be controlled by 

eccentric contractions of the plantarflexors, human runners benefit from a relatively expanded and elongated Achilles tendon which not only helps control heel drop but 

also stores elastic energy during this part of stance (Perl et al., 2012). 
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11.3   Elastic Energy Storage

Of all the biomechanical differences between walking and running, the most funda-

mental relates to energy exchange. In walking, the body’s center of mass rises dur-

ing the first half of stance, storing potential energy that is exchanged to kinetic 

energy when the body’s center of mass falls during the second half of stance 

(Cavagna et al., 1964). In running, however, potential and kinetic energy remain in phase as the body’s center of mass falls during the first half of stance, storing elastic energy in the tendons and muscles of the lower extremity as the hips, knees, and 

ankles flex and as the arch flattens; elastic recoil of these soft tissues then releases this energy to help elevate the body’s center of mass during the second half of stance (Cavagna et al., 1977; Alexander, 1991). In terms of foot mechanics, this difference in energy exchange means that elastic energy that is stored in the arch of the foot 

when the arch is stretched and flattened during the first half of stance can then be used to reduce the cost of running by 8–17% (Ker et al., 1987; Stearne et al., 2016). 

If elastic energy storage (EES) plays any role in reducing the energy cost of walk-

ing, it must be minimal because any arch recoil during the second half of stance 

occurs in opposition to the fall of the body’s center of mass during a walk, as evi-

denced by the finding that orthotics that restrict arch deformation in walking have 

little to no effect on the metabolic cost of walking (Stearne et al., 2016). 

EES in the foot during running raises two key questions: First, which structures 

in the human foot function as springs? Second, are these structure adaptations that 

evolved to improve running performance or exaptations that evolved for walking 

but also benefit running? Despite decades of inquiry, it has proven difficult to test these questions rigorously because it is extremely difficult to do invasive research in vivo on human feet, and there are no useful animal models that have a human-like 

arch. Although the bony structure of the midfoot helps create the arch, the major 

soft tissue structures that have the potential to store and release elastic energy 

include (from superficial to deep) the plantar aponeurosis (fascia) (McDonald et al., 

2016); several layers of intrinsic muscles (e.g., abductor hallucis, flexor digitorum brevis, quadratus plantae) (Kelly et al., 2015); and some deep ligaments that connect the anterior and posterior ends of the longitudinal arch including the spring 

ligament and the long and short plantar ligaments (Ker et al., 1987). To this list, one should add several extrinsic muscles including the tibialis posterior, the fibularis longus, and the extrinsic digital flexors. 

Although the importance of EES in the lower extremity during running has been 

recognized since 1964 (Cavagna et al., 1964), EES in the foot was not documented until a seminal study by Ker et al. (1987). This study used an Instron mechanical testing apparatus to measure stress and strain in amputated feet to which a force 

(6.4 kN) was applied to simulate loading at midstance during a 4.5 m/s run in a 

70 kg runner (Fig. 11.2). When so loaded, the arch stored and released 17 Joules of strain energy, about 17% of total estimated energy turnover. Further, by sequentially cutting different tissues, Ker et al. (1987) found that the long and short plantar ligaments stored the most energy, but there were also appreciable contributions from the 
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Fig. 11.2  Measurements of elastic energy storage in the arch of the foot. (a) Force-displacement curve for a cadaver foot under a simulated load at midstance for a 70 kg person running at 4.5 m/s in which load was applied from the base of the foot at the calcaneus and metatarsal heads and displacement was measured in the tibia. As force is applied, the arch deforms (up arrows) and then recoils (down arrows) losing some energy (the area between the curves). (b) Estimates of the contribution to elastic energy storage by different structures estimated by comparing the force-displacement curves of intact foot (top) with successive trials in which the following structures were cut: plantar fascia, the long plantar ligament, the short plantar ligament, and the plantar calcaneonavicular (spring) ligament. (Adapted from Ker et al., 1987)

plantar aponeurosis and the calcaneonavicular (spring) ligament (Fig. 11.2b). These 

values, however, should be considered cautiously given the use of amputated habit-

ually shod feet that are unlikely to be representative of evolutionarily normal human feet and the fact that the loads were applied by machine with the foot in a static 

midstance position. More recently, however, Stearne et  al. (2014) tested EES 

dynamically in healthy feet using 17 individuals running at 2.7  m/s in minimal 

shoes to which they variously added custom orthotics that restricted arch motion by 

50% and 100%. Although Stearne and colleagues tested people at a slower speed 

than the Ker et  al. (1987) simulation, they found that using orthotics to totally restrict arch motion during running increased oxygen consumption by as much as 

7.4%, in line with predicted differences in metabolic cost based on EES.  Their 

results also correspond to the findings of Perl et al. (2012), who showed that people run more economically in minimal shoes than in standard shoes with arch supports. 

Despite convincing evidence that the arch plays a major role in EES in running 

but not walking, many questions remain about how and to what extent the arch func-

tions this way. One problem is that the contribution of different structures that form the arch is unclear. Although cutting the long and short plantar ligaments decreased arch stiffness the most in the statically loaded cadaver feet studied by Ker et al. 

(1987), these ligaments are deep structures with small moment arms relative to the 
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midfoot joints. How much these ligaments contribute to EES remains unknown. The 

most studied structure is the plantar aponeurosis, which has long been hypothesized 

to store and release elastic energy (Natali et  al., 2010; Pavan et  al., 2011) even though most researchers consider this feature an adaptation for supporting the arch’s structure and for acting as a windlass to aid in toe-off (see below). By applying a 

geometric model of arch function to the 17 runners studied in Stearne et al. (2014), 

McDonald et al. (2016) found that the plantar aponeurosis tension generated by arch compression is returned in the second half of stance not only to help shorten the arch but also to flex the metatarsophalangeal joints, thus also aiding in toe-off. 

Another set of tissues that contribute to arch function, possibly also EES, are the 

muscles that run anteroposteriorly along the arch. Recent studies show that muscles 

have the capacity to store and release elastic energy perhaps due to titin (Herzog, 

2014) and other elastic structures such as central tendons. However, the extent to which muscles contribute to EES in the arch is not clear. Kelly et al. (2015) have shown that the three major muscles that cross the arch—the abductor hallucis, the 

flexor digitorum brevis, and the quadratus plantae—are activated when they 

lengthen as the arch is compressed and then shorten rapidly under higher EMG 

activity as the arch recoils in parallel with the plantar aponeurosis. Consequently, these muscles modulate arch stiffness, limit strain on the plantar aponeurosis, and 

may also contribute to both active and passive power generation during running. 

However, Kelly et al. (2016) found that shoes with arch supports that restrict arch compression lead to  more not  less activity by the abductor hallucis and flexor digitorum brevis. These results need to be replicated, but if correct, they suggest that shoes alter neuromuscular control of the foot muscles perhaps to maintain constant 

foot stiffness in response to increased compliance from a cushioned sole that func-

tions as an in-series spring with the arch of the foot. 

Another set of questions regarding the role of the arch in EES during running 

concerns variations in running form and foot function. Compared to FFS running, 

RFS landings involve more collisional energy loss at impact (see above) and ini-

tially load the arch through two-point rather than three-point bending, suggesting 

that FFS running might be more economical from enhanced EES. However, studies 

that compare RFS and FFS running find no difference in cost (Franz et al., 2012; Perl et al., 2012; Stearne et al., 2016). It is unknown if these cost similarities reflect similar levels of EES, or if increased energy storage in the arch during FFS running is counteracted by more plantarflexor activity (Perl et  al., 2012). Even less well studied is the extent to which variations in arch shape affect EES. Numerous studies have associated low and high arched feet with various types of pain and dysfunction. For example, Simkin et al. (1989) found that soldiers with flat feet ( pes planus) have increased levels of metatarsal stress fractures, while those with high, stiff 

arches ( pes cavus) have increased rates of tibial and femoral stress fractures. 

However, these relationships are complex as is evident from the large number of 

individuals with low and high arches that are apparently asymptomatic (for review, 

see Klenerman & Wood, 2006). In addition, no study to date has measured EES in individuals with varying arch height. Finally, the relative contributions of the longitudinal and transverse arches to EES have not been uncoupled. Almost all studies 
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measure arch deformation using changes in the height of the navicular or the dor-

sum of the foot, but these measures reflect movements of both arches, which are not 

independent. 

In short, there is no question that the arch of the foot plays a major role in EES, 

which is critical for running not walking. Given that an arched foot is a derived 

human structure, it is important to ask if the arch is an adaptation that evolved for running or if the arch evolved initially to stiffen the foot for walking and then was coopted for running. Addressing this question requires that we consider a final set 

of functions relevant to propulsion during both walking and running gaits. 

11.4   Propulsion

Although EES is special if not unique to running, running also requires a propulsive phase that benefits from a stiffened midfoot as both intrinsic and extrinsic digital flexors along with the plantarflexors generate forces that raise the body’s center of mass through toe-off. In many respects, the basic kinematics and kinetics of propulsion in the foot differ only subtly between running and walking, with the primary 

exceptions being that propulsion in running occurs with much higher forces, at 

faster rates, and under single rather double support (Chan & Rudins, 1994; Farris & Sawicki, 2012). Therefore, if the human foot underwent selection for running subsequent to earlier selection for walking, then one expects that adaptations for mid-

foot stiffening were either coopted or underwent selection to cope with the much 

higher forces running generates. 

Of all the derived adaptations in the human foot that aid propulsion, the least 

controversial is an adducted hallux. Whereas apes and other arboreal nonhuman 

primates have a divergent, opposable hallux, with a wide medial cuneiform whose 

convex articular surface is oriented laterally to abduct the hallux, humans have an 

adducted hallux with a narrow medial cuneiform exhibiting a flat, transversely ori-

ented articular surface (see also Chap. 15). Since the center of pressure in the human foot moves medially prior to toe-off, this reorientation is a clear adaptation to align the hallux with the other toes for stable propulsion in the parasagittal plane. Because this reorientation limits the foot’s ability to grasp curved substrates, an adducted hallux is an unambiguous example of a trait selected for terrestrial locomotion at the expense of arboreal locomotion. 

A much more complex adaptation for propulsion in the human foot is the wind-

lass, first proposed by Hicks (1954). This mechanism (named after the winch system used on ships) describes the stiffening of the foot by the plantar aponeurosis. 

When the ankle plantarflexors lift the heel, the metatarsophalangeal joints are pas-

sively dorsiflexed, and the plantar aponeurosis, which runs from the proximal pha-

langes to the heel, is thereby tensed. As shown in Fig. 11.3, tension of the aponeurosis elevates the longitudinal arch and compresses, and hence stiffens, the midfoot. 

Midfoot stability, in turn, aids propulsion by creating a stiffened lever for the digital flexors and ankle plantarflexors to elevate the body’s center of mass. Thus, the key 
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Fig. 11.3  Schematic of the windlass mechanism of the foot at rest (a) and during propulsion after heel-off (b) when a plantarflexor force (Fp) elevates the heel and dorsiflexes the first metatarsophalangeal joint (MtP1). This action shortens the plantar fascia and elevates the navicular tuberosity, stiffening the midfoot

structural bases for the windlass include the longitudinal arch, the plantar aponeu-

rosis, and fascial connections between the Achilles tendon and the plantar 

aponeurosis. 

The human foot has an effective windlass, but there are multiple reasons to ques-

tion the extent to which this is a unique mechanism that depends solely on passive 

structures without muscular activity, especially during running. First, apes, like 

humans, have a plantar aponeurosis, albeit less well developed (Loth, 1907; Preuschoft, 1970; Swindler & Wood, 1973; Vereecke et  al., 2005). In addition, 

recent kinematic studies of walking chimpanzees demonstrate their ability to gener-

ate midfoot stiffness despite lacking an arch (Holowka et  al., 2017). Further, although midfoot stiffness causes most humans to lack a mid-tarsal break (the ability to lift the heel independently of the front of the foot) during propulsion, an 

appreciable number of habitually shod individuals display some sort of midfoot 

dorsiflexion following heel lift (Bates et al., 2013; DeSilva & Gill, 2013), and bone pin-based kinematic data reveal considerable motion among the various midfoot 

joints during the propulsive phase of walking (Lundgren et al., 2008). Finally, EMG 

studies show that intrinsic foot muscles are activated during propulsion, not only to maintain the arch but also to help generate midfoot stiffness (Kelly et al., 2015), 

presumably accounting for the ability of flat-footed humans and possibly also apes 

to effectively generate propulsive forces during toe-off. Collectively, these data do not disprove the importance of the windlass as an adaptation for walking and running in humans but highlight that midfoot stiffening during walking can also occur 

in the absence of a well-developed longitudinal arch and plantar aponeurosis, prob-

ably through muscular action. What are missing, however, are data on the relative 

contributions to midfoot stiffness during running from the passive windlass mecha-

nism versus the active effects of muscle contractions both in humans and nonhuman 
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primates. It is thus worth questioning the extent to which the windlass and its 

accompanying anatomical bases (notably the longitudinal arch) were selected in 

human evolution for running in addition to walking. 

The hypothesis that midfoot stiffening during walking can be achieved actively 

via muscles but requires passive mechanisms in running also highlights the role of 

midtarsal joints for this functional task. As noted by Lewis (1989), these midfoot joints may permit considerably more flexion and rotation in nonhuman primates 

than humans. The most notable of these hypothesized differences is the calcaneocu-

boid joint, which in humans is thought to be passively locked by a projecting medial flange on the proximal cuboid that causes the calcaneocuboid joint to form a close-packed position with the calcaneus during midfoot inversion (Bojsen-Møller, 1979). 

Additionally, Elftman and Manter (1935a) suggested that inversion of the calcaneus at the subtalar joint causes misalignment of the talonavicular and calcaneocuboid 

joint axes of rotation, preventing midfoot dorsiflexion. They noted that chimpanzees are incapable of achieving this misalignment, resulting in an inability to stabilize the midfoot during propulsion (Elftman & Manter, 1935b). This mechanism, however, has never been demonstrated empirically (Tweed et al., 2008). If they exist, passive mechanisms to stiffen the midfoot are likely critical for running, which 

generates considerably higher, more rapid moments at the ankle (Winter et  al., 

1996; Arampatzis et al., 1999). Since the midfoot stiffness necessary for walking can be achieved through active muscular contractions, but passive mechanisms that 

stiffen the human midfoot such as the windlass and midtarsal rigidity may be essen-

tial for running, it is possible that some of these adaptations thought to have been originally selected for walking further evolved to enhance midfoot stiffness during 

running (Bramble & Lieberman, 2004). 

Another line of evidence that calls into question the role of the longitudinal arch 

as an adaptation to generate midfoot stiffness during propulsion comes from a new 

model of transverse arch function proposed by Venkadesan and colleagues (2020). 

As these authors note, the longitudinal curvature of the arch does not stiffen the foot in the sagittal plane. A dollar bill or any other bank note curved from front to back so that its top and bottom are anteroposteriorly more convex and concave, respectively, does not resist bending along its long axis. Instead, structural rigidity of the foot (or a dollar bill) comes from curvature in the transverse plane (i.e., side to side). 

Venkadesan et al. (2020) further show that pressure applied during toe-off widens the forefoot, tensing, and hence stiffening, the transverse arch. A critical ramifica-tion of this model is that the evolution of the transverse arch was likely driven by selection to stiffen the midfoot for propulsion during walking and that the longitudinal arch was driven more by selection for elastic energy storage for running 

(see above). 

A final important issue relevant to propulsion in walking versus running is the 

different magnitudes of the forces including bending moments generated in the 

forefoot that must be countered by bones and muscles. During propulsion, the sagit-

tal plane component of the ground reaction force generates a bending moment 

(Fig. 11.4) around the metatarsophalangeal joints equal to the magnitude of the 

force times the length of the moment arm (the distance from the center of pressure 
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Fig. 11.4  During the propulsive part of stance, an external moment is generated around the first metatarsophalangeal joint as the product of the ground reaction force (GRF) and its moment arm to the joint (R). In a typical human foot (a), this moment is countered by the flexor digitorum longus (FDL) whose moment arm (r) is very small. In an early hominin foot with longer phalanges (b), this moment is increased (R′) requiring more force from the flexor digitorum longus. (Adapted 

from Rolian et al., 2009)

to the metatarsophalangeal joints). Higher moments are thus generated not only by 

greater body mass and higher speeds, but also by longer toes, which increase the 

length of the moment arm. Bending moments in the forefoot are therefore consider-

ably more challenging in running than walking, especially in individuals with lon-

ger toes, because of peak ground reaction forces that are two to four times higher in endurance running than during walking (Keller et  al., 1996). Additionally, these forces are borne not only by the stance side foot during running but also by both feet during walking. Using inverse dynamics on 25 subjects with varying relative toe 
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lengths, Rolian et al. (2009) showed that the digital flexor force necessary to counter these higher moments did not differ significantly between individuals with relatively long versus short toes when walking but was doubled for every 20% increase 

in relative toe length when running. Hence, the increased mechanical demands of 

propulsion during running but not walking probably drove selection for shorter toes. 

Further research is necessary to evaluate whether higher forces generated in running versus walking drove selection for relatively larger joints elsewhere in the foot, as they did in the rest of the lower extremity (Bramble & Lieberman, 2004). 

11.5   Evolutionary  Evidence

To conclude, we briefly consider the major transformations that occurred in the 

evolution of the human foot in light of the three major functional challenges that 

running poses to the foot: impact, elastic energy storage, and propulsion. Although 

the fossil record of hominin feet is relatively poor compared to certain other ana-

tomical regions, there is enough material to identify four major stages in hominin 

foot evolution, summarized in Fig. 11.5. For each stage, we consider evidence for features that would have benefited running performance in relation to the two other 

primary locomotor functions of the foot, walking and climbing. 

 11.5.1   Stage 1: Last Common Ancestor

Currently there is debate over whether the last common ancestor (LCA) of chim-

panzees and humans combined orthograde climbing and knuckle-walking like 

chimpanzees and gorillas or instead was a more generalized monkey-like prono-

grade climber and above-branch quadruped. Since the LCA has not been and may 

never be found, its morphology needs to be inferred. Phylogenetic-based recon-

structions that rely on the comparative method unequivocally suggest a chimpanzee- 

like LCA because humans and chimpanzees are monophyletic, but gorillas and 

chimpanzees are morphologically very similar including in the foot (Aiello & Dean, 

1990; Gebo, 1993). Consequently, if the LCA were not like the African great apes, then all the similarities between chimpanzees and gorillas, including in the foot, 

would need to have evolved convergently, which is highly improbable. 

Reconstructions of the LCA using the palaeontological record are thus a necessary 

complement to reconstructions from extant taxa but require fossils whose relation-

ships to the LCA are both known and relevant. However, fossil Miocene apes such 

as  Proconsul ( Ekembo) and  Dryopithecus often used to make inferences about the LCA are not closely related to the African great apes and thus are mostly irrelevant if not misleading (Pilbeam & Lieberman, 2017). Apart from a single proximal pedal phalanx, AME-VP-1/71, ascribed to  Ar. kadabba (Haile-Selassie, 2001), the major 

source of fossil evidence for inferring LCA foot anatomy is the early hominin 
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Fig. 11.5  Variations in hominin foot anatomy in phylogenetic context. See text for details species  Ardipithecus  ramidus, represented by the partial skeleton ARA-VP-5/600 

(known as Ardi). Although Ardi postdates the LCA by at least two million years 

(Moorjani et al., 2016), current debate focuses on whether the primitive features it does not share with  Australopithecus are shared with the African great apes, suggesting a chimpanzee-like LCA, or instead are shared with earlier Miocene homi-

noids like  Proconsul ( Ekembo), suggesting a non-chimpanzee-like LCA (White 

et al., 2015). 

Regardless of debates about  Ardipithecus (see below), no one doubts that the LCA’s foot belonged to a non-bipedal ape that must have been adapted to some 

extent for climbing with a highly mobile ankle; a diminutive tuber calcaneus lack-

ing a lateral plantar process; a widely abducent hallux; and long, curved phalanges 

that lack the dorsal doming evident in bipeds. In the next section, we review key 

anatomical features of Ardi’s foot, making the point that apart from having several 

derived features that would have improved bipedal walking performance, its mor-

phology largely resembles that of chimpanzees. 
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 11.5.2   Stage 2: The Earliest Hominins

In terms of feet, the earliest hominins are currently represented primarily by a partial foot skeleton ARA-VP-5/600 (Ardi), which is dated to 4.4 Ma and attributed to 

 Ar. ramidus (White et al., 1994; Lovejoy et al., 2009). The Ardi foot has been usefully compared to a morphologically similar but younger (dated to 3.4 Ma) and not 

yet taxonomically classified partial foot from Burtele, Ethiopia (BRT-VP-2/73; 

Haile-Selassie et  al., 2012). Based on the published description (Lovejoy et  al., 

2009), the Ardi foot (see Fig. 11.5) shares many primitive features with chimpanzees and gorillas including the general morphology of the talus; a medial orientation of the Mt1 joint on the medial cuneiform indicating a high degree of hallucal abduction; a rounded concavity on the proximal Mt1 facet, typical of  Pan and  Gorilla, that facilitates rotation about the convex facet of the medial cuneiform (Lewis, 1989); and relatively long, curved metatarsals and phalanges. However, Ardi also shares 

some important derived features with australopiths including features that help to 

stabilize the ankle such as a prominent talar tubercle for the attachment of the anterior talofibular ligament and minimal expression of the cotylar fossa; a relatively 

long cuboid with flat facets for the articulation with Mt4 and Mt5 implying reduced 

midfoot mobility; an Mt3 with a domed, dorsally oriented distal head, a dorsal gut-

ter between the head and the shaft, a relatively straight shaft, and a relatively tall proximal articular surface (Latimer & Lovejoy, 1990; Haile-Selassie et al., 2012); and strong dorsal canting of the proximal articular surface and domed distal heads 

of the fourth and fifth proximal phalanges (Lovejoy et al., 2009). These features facilitate midtarsal stiffness on the lateral side of foot and permit greater hyperextension of the MtP joints during toe-off (Griffin et  al., 2010; Ward et  al., 2011; Proctor, 2013; DeSilva et al., 2015; Fernández et al., 2015). 

The Burtele foot (just eight bones from a single right forefoot) also has a diver-

gent, abducent, and relatively short hallux like those of African great apes, along 

with relatively long and curved phalanges (Fig. 11.5). Its fourth metatarsal is unusu-

ally long compared to chimpanzees and gorillas, but the metatarsal heads are large 

and dorsally canted. It is impossible to assess if the foot had a longitudinal arch, but the high first metatarsal base hints at the presence of a transverse arch (Haile-Selassie et al., 2012). 

Overall, the Ardi and Burtele feet appear to retain some primitive adaptations for 

climbing, most especially a short and abducted hallux along with relatively long, 

curved phalanges that would potentially have hindered effective, efficient propul-

sion on the medial side of the foot during toe-off. Although there is some evidence 

in Ardi for a stiffened lateral midfoot, and the possibility that the Burtele foot had a transverse arch (Venkaedesan et al., 2020), there is no anatomical evidence in either foot for a longitudinal arch that would aid in elastic energy storage during running. 

Altogether, the Ardi and Burtele feet look capable of some combination of climbing 

and bipedal walking but give no indication of adaptations for running. 
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 11.5.3   Stage  3:  Australopiths

Fossil feet attributed to  Australopithecus primarily come from  Au. afarensis,  Au. 

 africanus, and  Au. sediba. Given considerable variation among species (not to mention an extensive literature), we will not summarize australopith foot biomechanics 

definitively but instead focus on the issues of impact, EES, and propulsion relevant 

to running (see Chap. 15 for a more detailed review of australopith foot anatomy). 

In terms of impact, the tuber calcaneus in  Au. afarensis but not  Au. sediba is more Homo-like with an expanded tuber calcaneus and a lateral plantar process (Latimer 

& Lovejoy, 1989; Zipfel et al., 2011). A partial calcaneus of  Au. africanus is not complete enough to evaluate its overall shape, but its internal trabecular architecture resembles gorillas more than chimpanzees (Zeininger et al., 2016). In addition, the 

size of the Achilles tendon insertions on  Au. afarensis and  Au. sediba calcanei is 

small (Bramble & Lieberman, 2004), perhaps indicative of a diminutive, chimpanzee- like Achilles tendon and hence lesser capacity for controlled dorsiflexion during impact via eccentric plantarflexor activity. Clearly,  Au. afarensis feet were adapted for heel strike walking, as evident from the Laetoli footprints (Leakey 

& Hay, 1979; Day & Wickens, 1980) that are commonly attributed to them (White 

& Suwa, 1987). However, adaptations for coping with impact during running are challenging to assess from skeletal fossils, and the Laetoli footprints cannot contribute to this debate since they were produced by hominins who were walking 

(Charteris et al., 1981). 

Whether australopiths had longitudinal and transverse arches is controversial, in 

part because of the considerable variation between species but also because of the 

challenge of reconstructing arch shape in the absence of the soft tissues that are so important to the arch’s integrity and function. Harcourt-Smith and Aiello (2004) argued that the  Au. afarensis foot lacked a longitudinal arch based on the presence of prominent navicular tuberosities that suggest that this bone was weight-bearing. 

However, other scholars have argued that  Au. afarensis had a longitudinal arch based on joint facet orientation and torsion of the fourth metatarsal (Ward et al., 

2011), as well as a shallow impression under the medial midfoot in the Laetoli footprints (Crompton et  al., 2012). However, as noted by Venkadesan et  al. (2020), 

fourth metatarsal torsion is indicative of a transverse arch but not necessarily a longitudinal arch, and after controlling for other dimensions of the bone,  Au. afarensis fourth metatarsal torsion indicates a somewhat ape-like transverse arch. This does 

not mean that the  Au. afarensis midfoot is entirely ape-like, however, as the relatively flat cuboid-metatarsal joint surfaces in  Au. afarensis differ from the concavo-convex joint surfaces of African apes, suggesting some loss of mobility in the foot’s lateral column (DeSilva, 2010; Ward et al., 2011; Proctor, 2013). While  Au. afarensis appears to have had a stiffened midfoot with some sort of arch, it is unclear that it had a full longitudinal arch capable of elastic energy storage. 

Despite the generally primitive nature of the  Au. sediba calcaneus, the bone has been argued to bear traces of a long plantar ligament, and its articulation with the cuboid has a slight plantar orientation indicating an arch (Zipfel et al., 2011; DeSilva 
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et al., 2013). However, a geometric analysis of the  Au. sediba rearfoot found its joint articular surface configuration to be almost indistinguishable from African great 

apes with talonavicular and calcaneocuboid joints that lack any plantar orientation 

relative to the ankle joint and the long axis of the calcaneus, respectively (Prang, 

2015). Additionally, concavo-convex cuboid-metatarsal joints, similar to those of African apes, are further indication that  Au. sediba lacked a stiff midfoot (DeSilva et al., 2015). It seems likely that the arches of the  Au. afarensis foot were better adapted for walking than those of  Au. sediba, but neither foot has evidence for elastic energy storage for running. 

Finally, in terms of evidence for propulsion,  Au. afarensis and  Au. africanus had halluces that were likely more adducted than those of apes, but not quite as much as in modern humans (Proctor et al., 2008; Proctor, 2010).  Au. afarensis also exhibits first metatarsal head morphology similar to chimpanzees but second and third metatarsal head morphology more similar to humans (Fernández et al., 2016), as well as proximal phalangeal bases intermediate between those of African apes and humans 

in their degree of dorsal canting (Duncan et al., 1994). These morphological features correspond with observations and metrical analyses of the Laetoli footprints. 

These footprints demonstrate a slightly abducted hallux (Deloison, 1991; Bennett 

et al., 2009) and reduced weight support under the first metatarsal head compared to humans (Crompton et al., 2012; Bennett et al., 2016; Hatala et al., 2016a). Based on these findings, it is possible that australopiths pushed off without the full medial weight transfer present in humans (Crompton et  al., 2012; Hatala et  al., 2016b). 

Further, relative phalangeal lengths in australopiths are intermediate between  Homo and the African great apes, suggesting that the digital flexors would have had to 

produce unusually high forces beyond the human range to stabilize the joint during 

running but not walking (Rolian et al., 2009). 

Overall, there is little doubt that australopith feet evince varying degrees of adaptation for some combination of climbing and bipedal walking, but not endurance 

running. The biggest outstanding question is whether any australopith species had a 

fully human-like longitudinal arch. As noted above, the transverse component of the 

arch may be more important than the longitudinal arch for stiffening the midfoot 

during propulsion, and elastic energy storage in the longitudinal arch plays little 

role in walking. We thus hypothesize that if any australopith species had some 

degree of a longitudinal arch, it was primarily functional in terms of generating 

midfoot stiffness and then was later coopted for elastic energy storage in the 

genus  Homo. 

 11.5.4   Stage  4:  Homo

Fossil feet of early  Homo are rare, but the few partially complete feet available include several features that indicate selection for running, notably the presence of 

a full longitudinal arch along with shortened toes (see also Chap. 16 for a full review 
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of fossil  Homo feet). These features, however, do not appear in a complete package in the earliest fossils of  Homo. The OH 8 foot, usually attributed to  H. habilis (but see Chaps. 15 and 16), is a much-debated partial foot with an ape-like talus and calcaneonavicular joint (Wood, 1992; Kidd et al., 1996) as well as relatively long lateral metatarsals that lack the robusticity characteristic of humans (Archibald 

et al., 1972). On the other hand, OH 8 has clear evidence for a longitudinal arch and a passively locked calcaneocuboid joint, plus a clearly human-like hallux and first 

tarsometatarsal joint (Lewis, 1980; Susman & Stern, 1982; Aiello & Dean, 1990). 

Foot bones from Dmanisi (1.8 Ma) attributed to  H. erectus include a human-like talus along with metatarsal torsion that indicates a human-like transverse arch but 

relatively gracile lateral metatarsals resembling those of OH 8 (Pontzer et al., 2010). 

In contrast, 1.5 Ma footprints probably made by  Homo  erectus show clear evidence of a full longitudinal arch, short toes, and other characteristics of modern human 

feet (Bennett et al., 2009; Dingwall et al., 2013) and represent notably more human- 

like anatomical and functional patterns than are evident in the presumed australo-

pith footprints from Laetoli (Hatala et al., 2016b). 

Additional intriguing evidence on foot variation in the genus  Homo comes from nearly complete feet of two enigmatic, recent species:  H. naledi and  H. floresiensis. 

The anatomy of the  H. naledi foot, currently dated to approximately 300 ka (Dirks et al., 2017), is almost entirely modern but has been argued to have an incomplete longitudinal arch based on a somewhat low angle of declination of the talar head 

(Harcourt-Smith et al., 2015). Talar head orientation, however, is only weakly associated with arch height in habitually shod modern humans (Peeters et al., 2013). 

This fossil has also been argued to have retained some arboreal behavior based on 

the presence of curved pedal phalanges, but the utility of this feature in the absence of other arboreal adaptations (e.g., a grasping hallux) is unclear. In contrast, the H. floresiensis foot, dated to 60–100 ka (Sutikna et al., 2016), has a human-like pattern of metatarsal robusticity with a fully adducted hallux, but other features of the foot are australopith-like, including its relative overall length, primitive calcaneocuboid joint morphology, a prominent navicular tuberosity, and relatively long, curved lateral toes (Jungers et  al., 2009). Additionally,  H. floresiensis possessed a first metatarsal that was considerably shorter than the lateral metatarsals, unlike in modern humans. These features call into question whether  H. floresiensis had a well-developed longitudinal arch, and they would have compromised the ability to toe off 

forcefully during running. The phylogenetic position of  H. floresiensis is also unclear. 

 H. floresiensis notwithstanding, there is little reason to question whether a modern human foot configuration was mostly present by the time of  H. erectus.  Multiple lines of evidence suggest that the genus  Homo evolved feet capable not just of walking but also running. Fossil  Homo feet also largely lack features associated with arboreality in the African great apes such as abducted halluces, long curved toes, 

and mobile midtarsal joints that are mostly present in  Ardipithecus and variably present in australopiths. 
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11.6   Future  Directions

Reviewing the evolution of the foot highlights not only how much we know but also 

how much we do not know and sometimes fail to consider. Despite the wealth of 

available knowledge, it is too often assumed that novel features of the foot such as the longitudinal arch are adaptations solely for walking. An especially urgent area 

of research is thus to disentangle the functions of features such as the transverse and longitudinal components of the arch to understand how they affect performance differently of walking and running. How often have you read that the arch of the foot 

is an adaptation for upright bipedalism? Or that the longitudinal arch functions as a shock absorber for heel strikes? Or that short toes are an adaptation for walking? 

These incorrect but oft-repeated statements derive in part from failing to consider 

running and other functions besides walking. Put differently, everyone knows the 

foot is complex, but that complexity comes not only from its many structures but 

also from its many functions. 

Another direction for future research is to consider in greater detail the foot’s 

many soft tissue structures. Although it is understandable that evolutionary biolo-

gists rely heavily on the skeleton because of the limitations of the fossil record, it is impossible to underestimate the role of soft tissues, especially muscles and fascia. 

In addition, although evolutionary biologists often evaluate the implications of musculoskeletal variation for their effects on immediate aspects of performance such as energetic efficiency and joint moments, we often fail to consider other important 

factors that matter enormously to selection, especially injury and stability. Until 

recently, for millions of years, the selective costs of falling or getting a repetitive stress injury were probably far greater than the benefits of saving a few calories per kilometer. Along these lines, we need better comparative data not just between species but also within humans who differ enormously depending on a variety of fac-

tors including whether they are habitually shod, physically active, and skilled at 

running. 

A final future direction is theoretical. The human foot is difficult to study experimentally because it is unique in so many respects, and we have no good experimen-

tal models for certain distinctive features such as the arch. In addition, we too often focus on just walking without considering other behaviors such as running that were 

probably also targets of selection. As a result, functional morphological analyses of human foot evolution are often based on limited analogies in which derived features 

of the human foot are considered adaptations for walking and primitive ape-like 

features are considered adaptations for climbing. Thus, if there is any one future 

direction we advocate, it is to shift our hypothesis-testing framework. Rather than 

test hypothesis by analogy, we need to test biomechanical models for both walking 

and running, often using human subjects. 
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11.7   Summary

Although the human foot underwent strong selection for bipedal walking, it has a 

number of key kinematic and anatomical adaptations for running that have been 

unrecognized or poorly appreciated because they are usually interpreted—some-

times without experimental evidence—as relevant only to walking. The human foot 

evolved not just to walk but also to run. In terms of impact, barefoot humans can and do avoid high impact peaks by avoiding rearfoot strikes when running on hard surfaces and with lateral fat pads and robust metatarsals on the lateral side of the foot along with fat pads that may be adaptations to cope with forefoot and midfoot strike impacts (Chap. 7). In terms of elastic energy storage, the longitudinal arch is a major spring during running but not walking, and it functions differently than the 

transverse arch, which is the major contributor to midfoot stiffness during both 

walking and running. Disentangling the functions of the two components of the 

human arch helps explain why many humans with a low longitudinal arch can still 

walk effectively and without injury. We propose that the transverse arch evolved 

first, in order to stiffen the forefoot for propulsion, and was then selected to become more domed longitudinally to function as a spring during endurance running. 

Finally, given the much higher and more rapid forces involved in propulsion during 

running than walking, selective forces for hallucal adduction and shorter toes would have had an even greater influence on running than walking. Given that many of 

these features first appear in the genus  Homo, it is possible that the evolution of adaptations for walking in australopith feet compromised arboreal locomotion less 

than is sometimes assumed. Put simply, it may be possible to have a foot well 

adapted to both walk and climb trees, but it is difficult to reconcile running and 

climbing. 
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The Feet of Paleogene Primates
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Abstract  The Paleogene epoch was a dynamic time for mammalian evolution, 

including the fossil relatives of primates. Several adaptively significant features of the primate foot first appear in fossils from the Paleogene, and relatives of most 

extant primate groups are recognizable in the fossil record by the end of the 

Oligocene. This chapter reviews the morphology of the foot in Paleogene fossil 

groups (plesiadapiforms, adapiforms, omomyiforms, and early anthropoids) and 

focuses on recently discovered or described fossils to examine four key aspects of 

primate feet (e.g., hallucial metatarsal morphology, proximal tarsal morphology, 

digit ray proportions, and degree of pedal prehensility). After discussing the mor-

phology of each fossil group, we compare the order of appearance of these features 

with predictions made by several adaptive hypotheses for primate origins and make 

recommendations for future research. 
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12.1   Introduction

Because certain characteristics of the primate foot have long been recognized as 

adaptively significant or even diagnostic features of the order (Wood Jones, 1916; 

Le Gros Clark, 1959; Napier & Napier, 1967; Martin, 1968; Szalay, 1968; Cartmill, 

1972; Szalay et al., 1987), the primate foot is a particularly informative lens for understanding primate evolution. Features such as an ankle that is very mobile in 

multiple directions, a divergent and opposable hallux, relatively long and prehensile digits, and mediolaterally broad nail-shaped distal phalanges (rather than claw-shaped ones) first appear in fossil taxa from the Paleocene (66 to 56 million years 

ago [Ma]) and Eocene (56-33.9  Ma) epochs and are often discussed in adaptive 

scenarios for euprimate origins. Beginning after the Cretaceous-Paleogene mass 

extinction, the Paleogene period (comprised of the Paleocene, Eocene, and 

Oligocene [33.9-23 Ma] epochs) was punctuated by several extreme shifts in global 

climate (Zanazzi et al., 2007; Pearson et al., 2008; Zachos et al., 2008; McInerney 

& Wing, 2011) and marked by important biotic changes (Rose, 1981; Gingerich, 

1989; Bowen et al., 2002; Wing et al., 2005; Seiffert, 2007; Woodburne et al., 2009; Lyson et  al., 2019). The Paleogene represents an especially dynamic interval in primate evolution, including the appearance of plesiadapiforms  – potential stem 

primates – in the Paleocene; the waxing and waning of adapiforms and omomy-

iforms, the first undisputed primates, throughout the Eocene; and the appearance 

and proliferation of anthropoids in the late Eocene and early Oligocene. 

This chapter provides a review and summary of known Paleogene primate foot 

morphology in the context of previously proposed adaptive hypotheses for primate 

origins. While the fossil record is not uniformly represented across space or through time and can have taphonomic biases resulting in the recovery of certain bones over 

others (e.g., proximal tarsals are better represented than less robust elements 

[Fig. 12.1]), several of the bones comprising the feet of Paleogene primates are relatively well known compared to those of fossil primates from other time periods. 

There have been several reviews of the fossil record of early primate feet (e.g., 

Decker & Szalay, 1974; Szalay & Decker, 1974; Szalay & Drawhorn, 1980; Conroy 

& Rose, 1983; Gebo, 1988; Dagosto, 1988, 1994, 2007; Szalay & Dagosto, 1988; Beard, 1991; Sargis et al., 2007), and each of these is vital reading for students of 

early primate evolution. Here we focus on significant discoveries of the past 25 years (essentially building from Dagosto’s 1994 review) and use certain fossil taxa as foci to examine key aspects of primate feet (e.g., proximal tarsal morphology, hallucial 

metatarsal morphology, digit ray proportions, and pedal prehensility). We then syn-

thesize these features into a summary timeline and compare their order of appear-

ance with predictions made by adaptive hypotheses for primate origins. 

Because the Paleogene includes such a broad swath of primate phylogeny, it is 

important to clarify the taxonomic terminology used in this chapter. Throughout, we 

consider the grandorder Euarchonta to be composed of Dermoptera (colugos), 

Scandentia (treeshrews), and Euprimates, as well as all fossil taxa commonly clas-

sified as “plesiadapiforms.” We use “euprimate” (Hoffstetter, 1977) to refer to extant 
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Fig. 12.1 Fossil 

representation of pedal 

elements as percentage of 

total fossil sample in 

Appendices 12.1, 12.2, 

12.3 and 12.4.  DP distal 

phalanx;  IP intermediate 

phalanx;  PP proximal 

phalanx;  Mt.  metatarsal

and fossil members of the crown group, including adapiforms and omomyiforms, 

and “primate” to refer to a clade comprised of euprimates and plesiadapiforms 

(stem primates). Though higher-level systematics within Euarchonta are debated 

(Ni et al., 2013, 2016; Bloch et al., 2016; Chester et al., 2017; Gunnell et al., 2018), 

plesiadapiforms are the only known fossil euarchontans prior to the appearance of 

euprimates. Regardless of their phylogenetic affinities within Euarchonta, they can 

help evaluate adaptive hypotheses by revealing morphologies likely to be more sim-

ilar to the common ancestor of euprimates than to those of extant taxa (Boyer, 

Yapuncich et al., 2013; Boyer et al., 2016). Figure 12.2 illustrates key anatomical features discussed in this chapter. 

12.2   Comparative Morphology of Plesiadapiform Feet

The Paleocene (66-56  Ma) primate fossil record consists almost exclusively of 

plesiadapiforms,1 a diverse radiation of 11 families that persisted into the late Eocene (Silcox et al., 2017). Plesiadapiforms have long been recognized to share affinities with euprimates (Gervais, 1877; Matthew & Granger, 1921; Gidley, 1923; Gregory, 1927; Szalay, 1968; Szalay & Delson, 1979), and they are considered a 1 One potential euprimate has been recovered prior to the earliest Eocene,  Altiatlasius from the late Paleocene of Morocco (Sigé et al., 1990). However, it is known only from dental remains, and its taxonomic affinities remain uncertain (Seiffert et al., 2005; Bajpai et al., 2008; Godinot, 2007). 
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Fig. 12.2  Key features of euarchontan pedal morphology discussed in this chapter. Views are lateral (L), dorsal (Do), medial (M), plantar (Pl), proximal (Pr), and distal (Di). Scale bar equals 5 mm

potential source for the euprimate radiation. Elements from plesiadapiform feet are 

known for at least 23 species representing eight families (Appendix A.1). 

Early studies of plesiadapiform postcranial morphology (e.g., Simpson, 1935; Russell, 1964) were largely descriptive efforts aimed at resolving their systematic placement. Szalay and colleagues (Szalay & Decker, 1974; Szalay et  al., 1975; Szalay & Drawhorn, 1980) expanded this focus by describing the functional morphology of the foot and the implied biological role (i.e., actions/behaviors for which the feature is used in an organism’s life [Bock & Von Wahlert, 1965]) to infer possible adaptive pressures experienced at various intervals in euarchontan and primate 
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evolution. Crucially, their comparisons of plesiadapiforms with Cretaceous and 

other Paleocene mammals (rather than with extant primates) allowed these authors 

to examine how evolutionary forces differentiated plesiadapiforms from members 

of their contemporaneous faunas. These authors emphasized that euarchontans 

exhibit features in the proximal tarsus that increase capacity for inversion and eversion of the foot. Szalay and Drawhorn (1980) proposed that plesiadapiforms and 

euprimates shared, to the exclusion of other euarchontans, hypertrophy of the flexor fibularis muscle (indicated by large and deep grooves for the tendon on the talus and calcaneus), suggesting that the feet of plesiadapiforms were more specialized for 

grasping than those of scandentians or dermopterans. These investigations estab-

lished a comparative paradigm for many future discussions of early euarchontan 

postcrania continued by subsequent work (e.g., Gebo, 1988; Beard, 1989; Gunnell, 

1989) and extending to contemporary studies (e.g., Chester et al., 2015, 2017, 2019; Boyer & Gingerich, 2019). 

At the turn of the twentieth century, acid preparation of freshwater limestones 

(Gingerich, 1987; Bloch & Bowen, 2001; Bloch & Boyer, 2001) enabled the discovery and description of several dentally associated plesiadapiform skeletons (Bloch, 

2001; Bloch & Boyer, 2002, 2007; Bloch et al., 1998, 2007; Boyer & Bloch, 2008), 

which substantially advanced understanding of plesiadapiform postcranial mor-

phology. These studies highlighted the pronounced postcranial diversity within the 

group while also noting several common features. 

 12.2.1   Pedal Features Shared by Most Plesiadapiforms

Compared to other late Cretaceous eutherian and early Paleocene placental mam-

mals, most known plesiadapiforms share a suite of features with most other euar-

chontans including euprimates. These features serve to increase inversion and 

eversion at the subtalar and transverse tarsal joints (Fig. 12.3) and include contiguous sustentacular and navicular facets on the talus, a helical calcaneal ectal facet, extension of the calcaneal sustentacular facet onto the calcaneal body, increased 

size of the calcaneal ectal facet relative to its talar counterpart, a calcaneal ectal facet aligned with the long axis of the bone, a more transversely oriented calcaneocuboid joint, and a well-developed “plantar pit” (Beard, 1989) on the calcaneocu-

boid pivot. Compared to euprimates, plesiadapiforms have less trochlear curvature, 

so dorsiflexion and plantar flexion at the tibiotalar joint were likely less extensive than that of euprimates. At the transverse tarsal joint, the oblique orientation of the calcaneocuboid facet permits increased midfoot rotation, with the calcaneocuboid 

pivot providing a stable rotational axis. When the foot inverts, the helical calcaneal ectal facet allows the calcaneus to translate anteriorly along the subtalar joint axis 

during rotation around the joint axis (Fig. 12.4). This combination of rotation around and translation along the joint axis has often been called a “screw-like” or “helical” 

movement (Manter, 1941; Inman, 1976; Szalay & Decker, 1974; Lewis, 1980; Rose, 

1986). These features are present in two of the oldest known plesiadapiforms, 
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Fig. 12.3  Comparative plate of tali and calcanei in early placental mammals and euarchontans scaled to talar length. The Cretaceous archaic ungulate  Protungulatum sp. (AMNH 118620 talus; AMNH 118620 calcaneus*), extant treeshrew  Ptilocercus lowii (USNM 488058 both*), extant colugo  Galeopterus variegatus (USNM 317118 both*), purgatoriid plesiadapiform  Purgatorius sp. (UCMP V197509 talus; UCMP V197517 calcaneus*), plesiadapid plesiadapiform  Plesiadapis cookei (UM 87990 both*), carpolestid plesiadapiform  Carpolestes simpsoni (UM 101963 both), cheirogaleid lemuriform  Mirza zaza (DLC 315 m both), cebid platyrrhine  Saimiri sciureus (AMNH 

188090 both). Scale bars equal 3 mm. Views for each element are dorsal, distal, and plantar (top to bottom). * indicates specimen was reversed for consistency

 Purgatorius (Chester et al., 2015) and  Torrejonia (Chester et al., 2017, 2019), indicating that plesiadapiforms, and potentially euarchontans more broadly, were a 

radiation of adept arborealists. 

On the cuboid, the groove for the peroneus longus muscle is transverse, which 

may facilitate eversion or manage inversion (Bloch & Boyer, 2007). The intermediate cuneiform (i.e., mesocuneiform) is proximodistally shorter than the lateral (i.e., ectocuneiform) and medial (i.e., entocuneiform) cuneiforms, so the second metatarsal is shifted proximally relative to the other metatarsals. The offset in the articulations between the cuneiforms and metatarsals makes the midfoot relatively stiff. 

The medial cuneiform bears a robust plantar process, potentially reflecting habitu-

ally inverted foot postures through the action of tibialis anterior, which inserts on 
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Fig. 12.4  Helical or “screw-like” motion of the talus in the plesiadapiform  Plesiadapis cookei (UM 87990). Line approximates axis of the subtalar joint. Arrows indicate rotation around and translation along the joint axis when going from everted to inverted positions. Scale bar is 5 mm the process, or acting as a medial wall to guide the digital flexor tendons (Szalay & 

Dagosto, 1988; Bloch & Boyer, 2002; Sargis, 2002a). The distal articular surface of the medial cuneiform in all known plesiadapiforms is saddle shaped (Sargis et al., 

2007; Boyer & Gingerich, 2019). 

In most known plesiadapiforms, the hallucial metatarsal (Mt1) is slightly diver-

gent with a saddle-shaped proximal articular surface (corresponding with the distal 

surface of the medial cuneiform), has a moderate degree of torsion along its proxi-

modistal axis, and has reduced medial and peroneal tubercles (Szalay & Dagosto, 

1988; Sargis, 2002a, b, c; Bloch & Boyer, 2007). This morphology has led several authors (Bloch & Boyer, 2007; Sargis et al., 2007) to suggest that some plesiadapi-

forms were capable of an incipient form of pedal grasping like that observed in the 

arboreal treeshrews  Ptilocercus (Gould, 1978) and  Tupaia minor (Sargis, 2001). 
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The lateral metatarsals are long relative to the phalanges, so plesiadapiform feet 

(except for  Carpolestes) were less prehensile than those of euprimates. 

 12.2.2  

Carpolestes simpsoni

Bloch and Boyer (2002) described the foot of  C. simpsoni (UM 101963) found at a late Paleocene locality in the Clarks Fork Basin of northern Wyoming. Like other 

known plesiadapiforms,  Carpolestes had a high degree of mobility at the tibiotalar (upper ankle) and subtalar (lower ankle) joints, lacked euprimate-like leaping specializations (e.g., pronounced distal calcaneal elongation), and had claw-bearing 

distal phalanges on its lateral digits.  Carpolestes exhibited a euprimate-like saddle-shaped joint between the medial cuneiform and Mt1 as well as a nail-bearing hal-

lucial distal phalanx (Bloch & Boyer, 2002). The Mt1 exhibits a euprimate-like degree of torsion (Goodenberger et al., 2015), but the angle between the diaphysis and peroneal process (the physiological abduction angle) is more similar to that 

observed in other plesiadapiforms, scandentians, and dermopterans than euprimates 

(Fig. 12.5; Goodenberger et al., 2015). Together, these Mt1 features suggest that Carpolestes had an abducted and opposable hallux, though whether this morphology indicates the ability for powerful grasping has been debated. 2 Compared to other plesiadapiforms,  Carpolestes had shorter metatarsals relative to its phalanges, giving it euprimate-like prehensility (Bloch et al., 2007). These features suggest that Carpolestes was specialized for a small branch environment, similar to that of the didelphid marsupial  Caluromys (Lemelin, 1999; Bloch & Boyer, 2002; Bloch 

et al., 2007). 

Based on the presence of these euprimate-like postcranial features in  Carpolestes without euprimate-like visual specializations, Bloch and Boyer (2002) suggested that one step in stem primate evolution might involve small branch specialization 

(see also Sussman et al., 2013). In the scenario implied by the suite of feature present in  Carpolestes, the selective pressures and specializations for visual predation and/or agile leaping would occur later (Bloch & Boyer, 2002). While all known plesiadapiform lineages share some features of the foot with euprimates (e.g., features that increase the ability to invert the foot, increased hallucial mobility), these features are also expressed mosaically in other extant euarchontans. However, the 

derived similarities between  Carpolestes and euprimates (e.g., increased Mt1 torsion, increased pedal prehensility, nail-bearing hallux), if not homologous, demon-

strate that at least one plesiadapiform lineage experienced selective pressures very similar to those of euprimates. 

2 Gebo  (2004, 2009) suggested  Carpolestes had “non-powerful” grasp similar to  Ptilocercus, whereas Sargis et al. (2007) argued that  Carpolestes was capable of a “powerful” grasp similar to the wooly opossum,  Caluromys. To date, no experiments have demonstrated differences in grasp strength between these extant taxa (as noted by Gebo, 2009). 

[image: Image 89]

12  The Feet of Paleogene Primates

285

Fig. 12.5  Hallucial metatarsal (Mt1) torsion and physiological abduction angle among euarchontans. Data from Goodenberger et al. (2015), except  Teilhardina (a composite of IRSNB M1262 and M2166). Minimum convex hulls bound phylogenetic groups. Non-primate euarchontans represented by black squares, plesiadapiforms by gray squares, adapiforms by gray circles, omomyiforms by gray diamonds, and fossil anthropoids by white circles

12.3   Comparative Morphology of Adapiform 

and Omomyiform Feet

At fossil localities around the Northern Hemisphere (Gingerich, 1986; Smith et al., 

2006; Rose et al., 2011), the earliest Eocene-aged sediments (~55.8 Ma) contain fossils of the first groups, adapiforms and omomyiforms, widely recognized as 

crown members of euprimates (Wible & Covert, 1987; Rose, 1994; Ni et al., 2013; Morse et al., 2019). These fossil groups are generally aligned with the two suborders within Primates, with adapiforms recognized as possible stem strepsirrhines 

and omomyiforms as possible stem haplorhines. 
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Early descriptions of adapiform (Filhol, 1884; Stehlin, 1916; Gregory, 1920) and omomyiform (Wortman, 1903; Matthew, 1915; Simpson, 1940) postcrania noted similarities between the tarsals of these Eocene taxa and those of lemuriforms. 

Paralleling their comparative work on the feet of plesiadapiforms and other euar-

chontans, Szalay and colleagues provided assessments of the function and biologi-

cal role of the foot in adapiforms (Decker & Szalay, 1974) and omomyiforms 

(Szalay, 1975, 1976). These later studies also established several derived traits for each group, including the posterior trochlear shelf in adapiforms and pronounced 

distal calcaneal elongation in omomyiforms. 

In the 1980s, foundational work by Dagosto (1983,  1986, 1988, 1994), Gebo 

(1986a, b, 1987a, b, 1988, 1989a, b, 1994; Gebo et al., 1991), and colleagues (Beard et al., 1988) formed the comparative paradigm for early euprimate pedal morphology by defining a set of features (Table  12.1) distinguishing extant anthropoids, tarsiers, and strepsirrhines. Functional implications of these features, derived from correlations between morphology and positional behavior in extant primates 

(Dagosto, 1986; Gebo, 1986a, b, 1987a, b, 1988, 1989a, b, 1994), were applied to fossil taxa to better understand the evolution of euprimate positional behavior. 

These features still serve as core components of the descriptive morphology of 

euprimate fossils and interpretation of posture and locomotion (e.g., Rose et  al., 

2011; Dunn et al., 2016; Marigó et al., 2016, 2020). 

The centrality of these features for understanding primate evolution has made 

them rich targets for subsequent research. Whereas these features were originally 

diagnosed based on largely qualitative criteria, a number of recent studies have 

established and tested predictions of these hypotheses using quantitative methods 

(Jacobs et al., 2009; Moyà-Solà et al., 2012; Patel et al., 2012; Boyer & Seiffert, 

2013; Boyer, Seiffert et al., 2013; Boyer et al., 2015; Yapuncich et al., 2017, 2019) (Table 12.1). Though the measurement methods of these studies have occasionally been criticized for poorly capturing relevant morphology (Gebo, Smith et al., 2015), 

they often support previous interpretations of functional significance (e.g., Boyer, Seiffert et  al., 2013; Boyer et  al., 2015, 2019; Yapuncich et  al., 2017). In some 

instances, these studies have suggested new biomechanical functions with different 

biological roles for some features (Moyà-Solà et al., 2012; Boyer & Seiffert, 2013; Yapuncich et al., 2019). Finally, these more recent studies have also incorporated modern phylogenetic comparative methods to make more robust inferences of the 

ancestral euprimate morphotype and patterns of evolutionary change. 

The large number of these surveys precludes in-depth review of each one; 

Fig. 12.6 shows several tarsal features with their proposed functions. Briefly, these studies have addressed the issue of whether distal calcaneal elongation results from shifting the fulcrum of the foot from the metatarsal heads to the distal tarsals in a grasping foot (Moyà-Solà et al., 2012) or whether, as previously suggested (Morton, 

1924; Hall-Craggs, 1965; Dagosto, 1983, 2007), distal calcaneal elongation reflects adaptive pressures associated with acrobatic arboreal locomotion (Boyer, Seiffert 

et al., 2013). While fibular facet angle has previously been linked to mediolateral rotation at the talocrural joint and habitual use of vertical postures (Gebo, 1986a, 
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Table 12.1  Euprimate pedal features

Charactersa

Strepsirrhines

Tarsiers

Anthropoids

Quantified by:

Slope of fibular 

Sloping

Steep

Steep

Boyer & 

facet on talus

Seiffert, 2013

Dorsoplantar height  Deep

Deep

Shallow

Boyer et al., 

of medial tibial 

2015

facet on talus

Position of groove 

More lateral

More medial

More medial

Yapuncich et al., 

for flexor hallucis 

2017

longus on talus

Definition of distal  Strong

Strong

Weak

–

navicular facets

Position of cuboid 

Contacts facets of  Contacts facet 

Contacts facet 

Marigó et al., 

facet on navicular

ecto- and 

of 

of 

2020

mesocuneiforms

ectocuneiform 

ectocuneiform 

only

only

Anterior calcaneal 

Present

Present

Absent

Moyà-Solà 

elongation

et al., 2012; 

Boyer, Seiffert 

et al., 2013

Navicular 

Present

Present

Absent

–

elongation

Cuboid elongation

Present

Present

Absent

–

Talar neck 

Present

Absent

Absent

–

elongation

Anteroposterior 

Present

Present

Absent

–

extension of MT1 

facet on 

entocuneiform

Size of peroneal 

Large

Large

Small

Jacobs et al., 

process on MT1

2009

Size of hallux

Large

Large

Small

–

Axis of the foot

4th ray longest

4th ray longest

3rd ray longest

Lessertisseur & 

Jouffroy, 1973 

Metatarsal length 

Relatively short

Relatively short Relatively long

This study

relative to 

phalangeal length

aAdapted from Table 2 of Gebo (1986a)

2011), Boyer and Seiffert (2013) noted that a more obtuse fibular facet could maintain a load-bearing role more effectively when locomoting on narrow branches 

requiring inverted postures. Boyer et al. (2015) also linked a relatively large and circular medial tibial facet to increased use of inverted foot postures. A laterally positioned flexor fibularis groove may reflect more frequent use of abducted foot 

postures (Gebo, 1986a, 1994; Yapuncich et al., 2017). Yapuncich et al. (2019) proposed that the posterior trochlear shelf could function as a cam mechanism and 

improve grasping efficiency in dorsiflexed foot postures. 
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Fig. 12.6  Functional interpretations of talar and calcaneal features important for early euprimate evolution and diversification. Adapted from Boyer and Seiffert (2013); Boyer et  al. (2013); Yapuncich et al. (2017); Yapuncich et al. (2019). Talus in medial, dorsal, and lateral views from left to right. Calcaneus in dorsal view

There have been fewer large-scale studies of other foot bones. Studies of hallu-

cial metatarsals found that Mt1 peroneal process size is correlated with hallucial 

divergence across primates (Jacobs et  al., 2009), Mt1 torsion is correlated with 

habitual small branch use (Goodenberger et al., 2015), and that some early anthropoids lack Mt1 features associated with strong hallucial grasping (e.g., a well- 

developed peroneal process and a high physiological abduction angle) (Patel et al., 

2012). Studies of the navicular found that  Anchomomys frontayensis has a relatively 
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elongate navicular similar to that of some omomyiforms, indicating leaping special-

ization in this small-bodied adapiform (Marigó et al., 2020). 

 12.3.1   Adapiform Pedal Morphology

Elements from adapiform feet are known for 31 species representing 8 families or 

subfamilies (Appendix A.2). Since Dagosto’s (1994) review, the number of adapiform genera with attributed pedal elements has more than doubled, with many rep-

resenting new geographic regions and families. The only adapiforms known from 

pedal elements 25  years ago were North American notharctids and European 

adapids from the middle Eocene (Dagosto, 1994). In the intervening years, adapiform pedal elements have been recovered from the Eocene of Africa (Boyer et al., 

2010; Marivaux et al., 2011, 2013), India (Rose et al., 2009; Dunn et al., 2016), 

Myanmar (Beard et al., 2007), and China (Gebo et al., 1999; Gebo, Dagosto, Beard, 

& Ni, 2008; Gebo, Beard et al., 2015). Preserved in two shale slabs, the skeleton of the middle Eocene cercamoniine  Darwinius masillae from Grube Messel, Germany, provides excellent documentation of relative proportions of the foot and digits 

(although comparisons that rely on 3D measurements are more challenging) 

(Franzen et  al., 2009). Tarsals of  Donrussellia, a dentally primitive euprimate (Boyer et  al., 2017), and  Anchomomys, a small-bodied European adapiform, 

(Marigó et al., 2016, 2020) have also been described. 

Despite their known geographic and phylogenetic diversity, most adapiform feet 

share several pedal features (Fig. 12.7). While the talus of early adapiforms  Cantius and  Donrussellia is exceptional in lacking a sloping fibular facet (Boyer & Seiffert, 

2013; Boyer et al., 2017), and  Donrussellia has a relatively small medial tibial facet (Boyer et al., 2017), all later adapiforms have include a sloping fibular facet, a relatively large medial tibial facet, and a laterally positioned flexor fibularis groove. On the calcaneus, the tuber is medially deflected, the peroneal tubercle is more proximally positioned than in other euarchontans, the ectal facet is aligned with the long axis of the bone, and the cuboid facet is oblique to the long axis (Fig. 12.7). The 

calcaneocuboid pivot is well developed and plantarly positioned. On the navicular, 

the cuboid articular surface is contiguous with the lateral and intermediate cunei-

form articular surfaces (Decker & Szalay, 1974; Dagosto, 1983, 1988; Marigó et al., 

2020). When known, the Mt1 is large and robust and exhibits a large peroneal process. The degree of hallucial torsion and the physiological abduction angle observed in adapiforms are similar to those of lemuriforms (Fig. 12.5). The metatarsals are short relative to the phalanges, consistent with the idea that adapiforms had highly prehensile feet. The phalanges bear well-developed flexor ridges, and the intermediate phalanges are more curved than the proximal phalanges. The hallucial distal 

phalanx is thought to have been nail-bearing in that it is flat and broad. The distal phalanges of the lateral pedal rays have wide apical tufts, indicating that they were also likely nail-bearing. In the one  Notharctus specimen with adequate preservation, the distal phalanx of the second pedal ray (DP2) exhibits a distinctly dorsally 
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Fig. 12.7  Comparative plate of tali and calcanei in adapiforms scaled to talar length. Extant treeshrew  Ptilocercus lowii (USNM 488058 both*), notharctid adapiform  Donrussellia provincialis (MNHN R428 talus*), adapiform  Anchomomys frontanyensis (IPS 7713 talus, IPS 7748 calcaneus*), asiadapid adapiform  Marcgodinotius indicus (GU 748 talus; GU 710 calcaneus), adapid adapiform  Adapis parisiensis (MaPhQ 1390 talus; NHMB QE644 calcaneus), notharctid adapiform   Notharctus tenebrosus (AMNH 11474 both), cheirogaleid lemuriform  Mirza zaza (DLC 

315 m both), lorisid  Loris tardigradus (DLC 2930 m both*). Scale bars equal 3 mm. Views for each element are dorsal, distal, and plantar (top to bottom). * indicates specimen was reversed for consistency

oriented shaft, similar to the grooming claws of extant strepsirrhines (Maiolino 

et al., 2012). In their metric analysis, von Koenigswald et al. (2012) classified the DP2 of  Europolemur as well as DP2 and DP3 in  Notharctus as grooming claws. 

12.3.1.1   Diversity of Adapiform Feet

Adapiform feet have been assigned to three morphologically distinct groups with 

inferred differences in locomotion. Most frequently, researchers have reconstructed 

adapiform taxa as generalized arboreal quadrupeds with few morphological indica-

tors of specialized leaping, including  Darwinius (Franzen et al., 2009),  Europolemur 
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(Franzen & Frey, 1993),  Azibius (Marivaux et  al., 2011),  Djebelemur (Marivaux et al., 2013), and asiadapines (Rose et al., 2009; Dunn et al., 2016; Boyer et al., 

2015, 2017). These taxa share a long and narrow talar trochlea, a well-developed posterior trochlear shelf with a shallow flexor fibularis groove, and a sloping fibular facet on the talus. The talar neck is relatively long and straight. The distal calcaneus, navicular, and cuboid are relatively elongated. Pedal prehensility – the ratio of phalangeal length to metatarsal length (Napier, 1980; Lemelin, 1999; Boyer, Yapuncich et al., 2013; Boyer et al., 2016) – is high, but not as pronounced as that observed in extant small-bodied vertically clinging taxa. 

Members of two adapiform subfamilies  – adapines ( Adapis,  Leptadapis, Adapoides) and caenopithecines ( Caenopithecus,  Afradapis)  – have been inter-

preted as more cautious climbers based on their pedal morphology (Dagosto, 1983; Gebo, Dagosto, Beard, & Ni, 2008; Boyer et al., 2010; Seiffert et al., 2015; but see Godinot, 1983). These taxa have tali with relatively shallow bodies and short and transversely broad heads. The talar neck is more oblique to the long axis of the 

body, so the relatively large medial tibial facet curves distally as it extends onto the neck. These tali lack a well-developed posterior trochlear shelf and exhibit a deep 

flexor fibularis groove. In  Leptadapis, the cuboid is relatively short (Dagosto, 1983; Gebo, 1988). 

Finally, pedal features of some adapiform species, including notharctids 

(Gregory, 1920; Napier & Walker, 1967; Gebo, 1988; but see Gingerich, 2012), 

 Donrussellia (Boyer et al., 2017), and  Anchomomys (Marigó et al., 2016, 2020) may reflect leaping specializations. The tali of these taxa have a deep talar body, a 

strongly developed posterior trochlear shelf, and a shallow flexor fibularis groove. 

When known, the distal calcaneus is elongated, but not to the degree seen in extant 

cheirogaleids, galagids, or tarsiers. 

12.3.1.2  

 Donrussellia, Asiadapines, and the Tarsal Morphology 

of the Ancestral Adapiform

The morphological diversity that adapiforms quickly achieved in the Eocene makes 

it challenging to identify adaptively significant characteristics that may have been present in the last common ancestor of adapiforms. This difficulty is exemplified by the discoveries and descriptions of early Eocene asiadapines  Asiadapis cambayensis and  Marcgodinotius indicus from India (Rose et al., 2009; Dunn et al., 2016) and Donrussellia provincialis, a notharctid adapiform from France (Boyer et al., 2017). 

Both  D. provincialis and asiadapines have been suggested to represent the ancestral adapiform morphology and thus may potentially be useful in reconstructing the last 

common ancestor of euprimates, but key morphological differences between them 

suggest different positional behaviors. 

The foot of  Donrussellia provincialis is represented by a single isolated talus (MNHN RI 428) from the early Eocene Rians locality of Southern France. The talus 

exhibits a mosaic of more primitive euarchontan features (steep-sided fibular facet, talar head that is transversely broad and dorsolaterally oriented, and a laterally 
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positioned flexor fibularis groove) and derived euprimate features (deep talar body 

and a well-developed posterior trochlear shelf). Boyer et al. (2017) note that  D. provincialis lacks talar features commonly associated with the small branch niche, including a sloping fibular facet and a large and circular medial tibial facet, reconstructing  D. provincialis as an adept leaper with a mode of pedal inversion-eversion more like that of non-euprimate euarchontans (based on the broad talar head) and a 

tendency for a greater degree of pedal eversion (as expected for large diameter sup-

port use) based on the torsion of the talar head. 

Several isolated tali and calcanei attributed to  Asiadapis cambayensis and 

 Marcgodinotius indicus have been recovered from the early Eocene (~54.5  Ma) Vastan and Tadkeshwar lignite mines near Gujarat, India (Rose et al., 2009; Dunn et al., 2016). Asiadapine tali are similar to those of notharctids and cercamoniines with a deep talar body, well-developed posterior trochlear shelf, sloping fibular 

facet, and laterally positioned flexor fibularis groove. These features might suggest that asiadapines were small and active arboreal quadrupeds adept at, but not specialized for, leaping (Rose et al., 2009). However, other tarsal features are more similar to those of slow climbing taxa such as lorisids, including a short distal calcaneus 

relative to body mass (Boyer, Seiffert et al., 2013), a very obtuse fibular facet (Boyer 

& Seiffert, 2013), a large medial tibial facet (Boyer et al., 2017), a relatively deep flexor fibularis groove (Yapuncich et al., 2017), and a short, medially angled talar 

neck with a transversely broad head. 

Phenetic similarities between asiadapines and other cautious climbing taxa are 

apparent in principal component analyses of tarsal features (Fig. 12.8). In these 

plots, asiadapines fall between extant lemuriforms and lorisids, along with the adapines  Adapis parisiensis and  Leptadapis magnus and the caenopithecine  Afradapis longicristatus, other taxa that have all been interpreted as cautious climbers 

(Dagosto, 1983; Boyer et al., 2010). Compared to other adapiforms and most lemuriforms, fossils attributed to these taxa have deep and laterally positioned flexor 

fibularis grooves, little posterior trochlear shelf development, and very oblique fibular facet angles (Fig. 12.8a). Both asiadapines have little relative distal calcaneal elongation (Fig. 12.8b), similar to adapines. In contrast,  D. provincialis plots within the lemuriform polygon, close to the values predicted for the ancestral euprimate 

(Fig. 12.8a), which were generated through Bayesian ancestral state reconstruction (Boyer & Seiffert, 2013; Boyer, Seiffert et al., 2013; Boyer et al., 2015; Yapuncich Fig. 12.8 (continued) (Boyer & Seiffert, 2013); (4) position of flexor fibularis groove (Yapuncich et al., 2017); (5) medial tibial facet morphology (the first principal component of three medial tibial facet variables in Boyer et al., 2015). (b) PCA of the same five talar features and (6) distal calcaneal elongation relative to body mass (Residual B in Boyer, Seiffert et al., 2013). Loadings of each variable are shown with gray arrows. Minimum convex hulls bound phylogenetic groups. 

Trait values for the ancestral euprimate taken from ancestral state reconstructions conducted in the above-cited studies. Note that in (a) non-euprimate euarchontans (gray and black squares) are separated from the ancestral euprimate, omomyiforms, and adapiforms along an axis strongly correlated with (1) and (2); in (b) a similar separation emerges along an axis strongly correlated with (1), (2), and (6). (Data are available upon request of the lead author)
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Fig. 12.8  Principal components analyses (PCA) of tarsal features in extinct and extant euarchontans. (a) PCA of five talar features: (1) posterior trochlear shelf development (Yapuncich et al., 

2019); (2) depth of flexor fibularis groove (Yapuncich et  al., 2017); (3) fibular facet angle   
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et  al., 2017, 2019). Compared to other euarchontans, early euprimates show increased posterior trochlear shelf development, shallower flexor fibularis grooves, and increased relative distal calcaneal elongation (Fig. 12.8b). These features have been linked with grasping in dorsiflexed postures (Yapuncich et al., 2019) and leap-

ing (Morton, 1924; Hall-Craggs, 1965; Dagosto, 1983; Boyer, Seiffert et al., 2013; but see Moyà-Solà et al., 2012). Strepsirrhines and anthropoids are separated by fibular facet angle, medial tibial facet morphology, and flexor fibularis groove position, matching Gebo’s (1986a) description of these features (Fig. 12.8). 

Pedal elements of  Donrussellia and asiadapines may provide useful morphological information to evaluate contrasting scenarios for adapiform origins that, when 

compared with those of omomyiforms and other euarchontans, might elucidate 

what is primitive for euprimates. If the morphology observed in  Donrussellia better reflects that of the ancestral adapiform, then selection for leaping may have preceded selection for climbing in a small branch niche. If asiadapine morphology is 

more reflective, then grasping specializations permitting exploitation of a small 

branch niche may have been emphasized earlier than specializations for leaping. 

Undoubtedly, given the morphological differences present in these early Eocene 

taxa, a wide diversity of locomotor modes evolved rapidly within adapiforms. 

 12.3.2   Omomyiform Pedal Morphology

The fossil record of omomyiforms, the other major radiation of Eocene euprimates, 

is not as well-represented by partial or dentally associated skeletons as that of adapiforms. However, isolated and associated bones have been recovered for ~20 species 

classified in 3 families or subfamilies of omomyiforms (Appendix A.3). Many of these have been described since Dagosto’s (1994) review, including fossils from European and North American species of  Teilhardina (Rose et  al., 2011; Gebo, 

Smith, & Dagosto, 2012; Gebo, Smith et al., 2015), large-bodied omomyids (Dunn et al., 2006; Dunn, 2010), and the talus of  Vastanomys major, an omomyiform from India (Rose et al., 2009). 

The most remarkable recently described omomyiform fossil is the partial skele-

ton, including a nearly complete foot, of  Archicebus achilles (IVPP V18618) from the early Eocene (55.8-54.8 Ma) of China (Ni et al., 2013), which is preserved in situ in a shale slab. The specimen exhibits a mosaic of anthropoid and “prosimian” 

features. Some proportions of the calcaneus, such as relatively wide middle and 

distal segments and a short tuber relative to ectal facet length, are similar to those of anthropoids. The distal calcaneus and other tarsals are moderately elongated, similar to some  Eosimias specimens but almost outside of the range of living anthropoids (Boyer, Seiffert et al., 2013). The specimen lacks a talus, but the impression of the bone in the surrounding matrix suggests that the head was transversely broad, the neck relatively long, and the posterior trochlear shelf moderately developed. On the navicular, the cuboid facet only contacts the lateral cuneiform facet as in other omomyiforms and extant haplorhines. The proximal and intermediate phalanges are 
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long and relatively straight, and the distal phalanges are dorsoplantarly compressed with expanded apical tufts. The foot is ~37% the length of the hind limb, similar to those of tupaiid treeshrews and callitrichids (which have long metatarsals) as well 

as galagos and tarsiers (which have long tarsals). 

12.3.2.1   Diversity of Omomyiform Feet

Known omomyiforms exhibit less pedal morphological diversity than that of adapi-

forms (Fig. 12.9). While most omomyiform tali have fairly steep fibular facets, intermediate in steepness to those of most adapiforms and anthropoids, early taxa 

such as  Teilhardina have more sloping fibular facets (Boyer & Seiffert, 2013) and are thus more similar to the early adapiforms  Cantius and  Donrussellia. The medial tibial facet of omomyiforms generally matches the condition of adapiforms and 

tarsiers in its relative size, shape, and height (Boyer et al., 2015). The flexor fibularis groove is shallow and is generally more laterally positioned than those of anthropoids, but less so than those of most strepsirrhines, including adapiforms (Yapuncich et  al., 2017). However, the earliest and most basal omomyiform,  Teilhardina, is more like strepsirrhines in its lateral position of the flexor fibularis groove. When considering trochlear curvature, most omomyiforms exhibit well-developed posterior trochlear shelves similar to those of notharctid adapiforms (Yapuncich et al., 

2019). When basal taxa are considered, there are few talar features that strongly separate omomyiforms and adapiforms, with the distal extent of the lateral tibial 

facet, which is greater among adapiforms, perhaps providing the clearest differen-

tiation (Boyer et al., 2015). 

Relative to their body size, the distal segment of the calcaneus of omomyiforms 

is elongated beyond what has been documented in anthropoids. However, only the 

microchoerines   Microchoerus and  Necrolemur approach the extreme proportions seen in galagids and tarsiers (Gebo, 1988; Boyer, Seiffert et al., 2013) (Fig. 12.9). 

When known, the cuneiforms and cuboid of omomyiforms appear to be at least as 

elongated as in extant small-bodied euprimates such as galagids and tarsiers (Gebo, 

1988; Dagosto, 1994), while the navicular tends to be more closely comparable to some cheirogaleids (Marigó et  al., 2020). It should be noted that these elements 

have not been the subject of allometric study similar to that in Boyer, Seiffert et al. 

(2013) for the calcaneus. Omomyiform Mt1s, including those of  Teilhardina, Hemiacodon,  Shoshonius,  Ourayia, and  Chipetaia, have a long, dorsoplantarly tall, and mediolaterally narrow peroneal process (Simpson, 1940; Gebo, 1988; Dagosto et al., 1999; Gebo, Smith, & Dagosto, 2012; Gebo, Smith et al., 2015; Goodenberger et al., 2015; Dunn et al., 2016), in contrast to the dorsoplantarly short and mediolaterally broad peroneal process of most adapiforms or the small and broad peroneal 

process of anthropoids. Ni et al. (2013) described the peroneal process of  Archicebus as moderately long, tall, and broad and overall more similar to those of adapiforms 

and eosimiids than to those of omomyiforms. The Mt1 of the early Eocene 

 Teilhardina belgica has a degree of torsion and a physiological abduction angle similar to those of lemuriforms, while the middle Eocene  Hemiacodon gracilis has 
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Fig. 12.9  Comparative plate of tali and calcanei in omomyiforms scaled to talar length. Extant treeshrew   Ptilocercus lowii (USNM 488058 both*), anaptomorphine omomyiform  Teilhardina belgica (IRSNB M1235 talus*; IRSNB M1237 calcaneus*), omomyid omomyiform  Vastanomys major (GU 800 talus*), omomyid omomyiform  Ourayia uintensis (SDSNH 69378 talus; SDSNH 

4020-60933 calcaneus*), microchoerine omomyiform  Necrolemur sp. (ISE-M BFI 811 talus*; A/V 637 calcaneus*),  Tarsius spectrum (AMNH 109367 both*), cheirogaleid lemuriform  Mirza zaza (DLC 315  m both), cebid platyrrhine  Saimiri sciureus (AMNH 188090 both) .  Scale bars equal 3 mm. Views for each element are dorsal, distal, and plantar (top to bottom). * indicates specimen was reversed for consistency
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greater Mt1 torsion, more similar to that of galagids (Fig. 12.5). The distal phalan-

ges are flattened with apical tufts suggesting the presence of nails (Dagosto, 1988; Boyer et al., 2018). A grooming claw on the second pedal digit appears to be present in all omomyiforms for which the feature can be assessed (Boyer et al., 2018). 

Regarding inferred positional behaviors, some omomyiforms, including 

 Microchoerus and  Necrolemur, are thought to have been specialized leapers (e.g., Napier & Walker, 1967; Godinot & Dagosto, 1983). However, the pedal morphology of anaptomorphines and omomyines is more similar to that of active arboreal 

quadrupeds (e.g., Gebo, 1988; Dagosto et  al., 1999; Anemone & Covert, 2000; Boyer, Seiffert et  al., 2013). Ni et  al. (2013) favored the latter comparison for Archicebus, based partially on the taxon’s short proximal phalanges relative to its metatarsals, indicating reduced pedal prehensility compared to that of tarsiers and 

galagos. 

12.3.2.2   Foot Proportions in  Archicebus achilles and Other 

Paleogene Primates

The in situ preservation of  Archicebus facilitates comparisons of its foot proportions with those of other euarchontans. Ni et al. (2013) used residuals of body mass and 


foot segment length regressions (tarsus as the combined length of the calcaneus and 

cuboid, fourth metatarsal length, and fourth proximal phalanx length) to evaluate 

intrinsic foot proportions, concluding that  Archicebus is “unique among living and fossil primates and their nearest relatives” (pg. 63), with a moderately short tarsus Fig. 12.10  Ternary plots of intrinsic foot and ray proportions in extant and extinct euarchontans. 

(a) Lengths of tarsals (as sum of calcaneal and cuboid lengths), fourth metatarsal, and fourth ray (as sum of proximal and intermediate phalangeal lengths) as percentages of total foot length. (b) Lengths of fourth metatarsal, proximal phalanx, and intermediate phalanx as percentages of total fourth ray length. Minimum convex hulls bound phylogenetic groups. (Data from Lemelin (1996) and supplemented by the authors; data are available upon request of the lead author)
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(similar to anthropoids), very long metatarsus (similar to anthropoids and tupaiids), and long proximal phalanx (most similar to  Tarsius). 

Figure 12.10 presents intrinsic proportions of the foot and fourth pedal ray as 

percentages of total length. Intrinsic foot proportions of  Archicebus place it well within the polygon formed by non-cheirogaleid lemuriforms (Fig. 12.10a). The arboreal treeshrew  Ptilocercus has a slightly shorter tarsus but has overall intrinsic foot proportions similar to  A. achilles. Among euarchontans, lorisids exhibit the relatively shortest metatarsals. Known adapiforms ( Darwinius,  Europolemur, and Notharctus) and the plesiadapiform  Carpolestes also have relatively short metatarsals compared with those of non-cheirogaleid lemuriforms. Consistent with the evo-

lutionary timing of extreme tarsal elongation suggested by Boyer et al. (2013), no fossil species approaches the intrinsic foot proportions observed in tarsiers and 

galagos (although no microchoerines are complete enough to be assessed in this 

context). 

The greatest variation in intrinsic ray proportions across euarchontans reflects 

the relative length of the metatarsals (Fig. 12.10b). Most species fall along a constrained axis ranging from taxa with short metatarsals (lorisids and galagids) to taxa with long metatarsals (callitrichines and tupaiids). Adapiforms have relatively short metatarsals similar to galagos, lorises, and cheirogaleids, indicating greater pedal prehensility than anthropoids or other lemuriforms.  Carpolestes has proportions similar to non-cheirogaleid lemuriforms, whereas  Plesiadapis cookei is more similar to non-callitrichine platyrrhines. Most non-euprimate euarchontans, including 

 Ptilocercus, have relatively long intermediate phalanges compared to euprimates or tupaiids ( Carpolestes being the exception). Again,  Archicebus plots closer to Ptilocercus than to any euprimate. The relatively long manual intermediate phalanges of dermopterans and plesiadapiforms have been recognized previously (Beard, 

1990; Hamrick, 2001; Boyer, Yapuncich et al., 2013; Boyer et al., 2016); our results suggest that this trait may be ancestral for both manual and pedal digits within euarchontans, while relatively longer proximal phalanges evolved later within the eupri-

mate lineage. This observation partially explains why the analysis of Ni et al. (2013), 

which did not include intermediate phalanx length when assessing  Archicebus’ 

intrinsic foot proportions, found  Archicebus to be unique among euarchontans. 

When intermediate phalanx length is included, the intrinsic foot proportions of 

 Archicebus are very similar to those of non-cheirogaleid lemuriforms (Fig. 12.10a). 

12.3.2.3   Pedal Prehensility in  Archicebus achilles and Other 

Paleogene Primates

Relatively long metatarsals in  Archicebus is one of several characteristics cited as suggesting that the species was a generalized arborealist rather than a specialized 

vertical clinger and leaper (Ni et al., 2013). The relatively long metatarsals would decrease pedal prehensility and make grasping vertical supports more difficult. 

Indeed, based on third and fourth pedal ray prehensility (Fig. 12.11),  Archicebus had feet slightly less prehensile than those of  Ptilocercus and much less prehensile 
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Fig. 12.11  Prehensility of fourth pedal ray relative to prehensility of third pedal ray in extant and extinct euarchontans. In fossil taxa, elements are from associated rays with the exceptions of the micromomyid (a composite of elements attributed to  Dryomomys szalayi and  Tinimomys graybul-liensis). Minimum convex hulls bound phylogenetic groups. Line of equivalence shown in gray. As overall prehensility increases, the fourth pedal ray becomes increasingly prehensile relative to the third pedal ray

than those of tarsiers, galagos, lorises, or later-occurring fossil euprimates. However, not all vertically clinging taxa exhibit the extreme pedal prehensility of tarsiers and galagos, as indriids also have relatively long metatarsals, so the reduced pedal prehensility seen in  Archicebus does not necessarily preclude vertical support use. 

While the inferred degree of pedal prehensility differentiates  Archicebus from tarsiers and galagos, the marked difference in prehensility of the third and fourth 

rays in  Archicebus approaches that observed only in tarsiers, galagos, and lorises 

(Fig. 12.11). The difference between rays is noteworthy as Walker (1974) proposed 

a functional link between longer lateral digits and the increased use of vertical supports among primates. Increasing digit length can improve grasp performance by 

increasing the included angle (Cartmill, 1974b, 1985); shifting the axis of the foot 
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laterally could also increase the included angle of a euprimate-like hallucial grasp. 

Gebo (1985, 1988) has argued that the ancestral euprimate used a “I-V” grasp mode, in which the hallux and lateral digits are critical for maintaining the grasp. Thus, the marked increase in Ray 4 prehensility (relative to Ray 3) seen in  Archicebus could reflect an adaptation for hallucial “I-V” grasping of vertical supports. 

In sum,  Archicebus has intrinsic foot proportions similar to non-cheirogaleid lemuriforms and  Ptilocercus, intrinsic ray proportions similar to  Ptilocercus, a modest degree of pedal prehensility similar to indriids, and pronounced difference 

in the prehensility of Rays 3 and 4 that is only otherwise found in tarsiers, galagos, and lorises. Thus, the foot proportions observed in  Archicebus are similar to several extant taxa that frequently utilize vertical supports. These similarities may be the result of a lineage with  Ptilocercus-like feet increasing prehensility and length of the fourth ray to enhance euprimate-like hallucial grasping of vertical supports. 

12.4   Comparative Morphology of Other Eocene 

and Oligocene Haplorhine Feet

Other than omomyiforms, no other haplorhines (stem or otherwise) were known 

from the Eocene at the time of Dagosto’s (1994) review. Pedal elements have since been described for five anthropoid species representing four families, with more 

specimens not yet attributed to a specific taxon (Appendix A.4; Fig. 12.12). Several isolated foot bones, including elements from one tarsiid species and multiple specimens of the basal anthropoid family Eosimiidae, have been recovered from China 

(primarily from the fissure fillings of Shanghuang) (Gebo et al., 2000, 2001; Gebo, Dagosto et al., 2012; Gebo, Beard et al., 2015; Gebo, Dagosto, Beard, & Ni, 2017; 

Gebo, Dagosto, Ni, & Beard, 2017) and Myanmar (Gebo et al., 2002). Pedal speci-

mens attributed to the enigmatic anthropoid family Amphipithecidae (Marivaux 

et al., 2003, 2010) have been recovered from Myanmar. Isolated tarsals attributed to the oligopithecid  Catopithecus browni and the proteopithecid  Proteopithecus sylviae have been described from the late Eocene L-41 Quarry in the Fayum Depression of Egypt (Seiffert & Simons, 2001; Gladman et al., 2013). Finally, early Oligocene localities in the Fayum have yielded isolated tarsals and metatarsals of the propliopithecids  Aegyptopithecus zeuxis and  Propliopithecus chirobates as well as tarsals of the parapithecids  Apidium phiomense and  Parapithecus grangeri. 

 12.4.1   Eosimiid Pedal Morphology

Gebo, Dagosto et al. (2012) comprehensively reviewed isolated postcranial fossils recovered from Shanghuang, including those referred to Eosimiidae, an as yet 

unnamed “advanced” haplorhine species, and tarsiiforms. Fossils attributed to the 

feet of eosimiids include tali and calcanei (Gebo et al., 2000, 2001, 2002; Gebo, 
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Fig. 12.12  Comparative plate of tali and calcanei in Eocene and Oligocene anthropoids scaled to talar length. Extant treeshrew  Ptilocercus lowii (USNM 488058 both*), eosimiid  Eosimias sp. 

(IVPP V11855 talus; IVPP V12313 calcaneus), amphipithecid  Pondaungia (NMMP 39 talus), oligopithecid  Catopithecus browni (DPC 22844 talus*), proteopithecid  Proteopithecus sylviae (DPC 

15417 talus; DPC 24776 calcaneus), parapithecid  Apidium phiomense (DPC 1303 both*), cheirogaleid lemuriform  Mirza zaza (DLC 315  m both), cebid platyrrhine  Saimiri sciureus (AMNH 

188090 both) .  Scale bars equal 3 mm. Views for each element are dorsal, distal, and plantar (top to bottom). * indicates specimen was reversed for consistency

Dagosto et al., 2012), a cuboid (Gebo, Dagosto, Beard, & Ni, 2017), and distal phalanges (Gebo, Beard et al. 2015; Gebo, Dagosto, Ni, & Beard, 2017). Proximal and 

intermediate phalanges have likely been collected for these taxa as well, although 

attribution is difficult for these elements (Gebo, Dagosto, Ni, & Beard, 2017). Rose 

et al. (2009) tentatively assigned four isolated calcanei to the eosimiid  Anthrasimias, but Dunn et  al. (2016) suggested they should be reattributed to the adapiform Marcgodinotius. 

Fossil tali referred to eosimiids are similar to those of early adapiforms, omomy-

ids, and later anthropoids in having a vertical fibular facet (Gebo et al., 2000, 2001; Boyer & Seiffert, 2013) and a reduced medial tibial facet (Gebo et al., 2000, 2001; Gebo, Dagosto et al., 2012; Boyer et al., 2015). Eosimiid tali differ from those of omomyids in having a more pronounced neck angle (Gebo et al., 2000, 2001; Gebo, 
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Dagosto et al., 2012) and differ from those of most anthropoids in having a more laterally positioned flexor fibularis groove (Yapuncich et  al., 2017). Gebo et  al. 

(2000, 2001); Gebo, Dagosto et al. (2012) claimed that the posterior trochlear shelf is well developed in eosimiids, unlike that of later anthropoids, but quantification of the posterior trochlear shelf shows that eosimiids are well within the extant anthropoid range (Yapuncich et al., 2019). 

Calcanei referred to eosimiids are similar to those of anthropoids (and unlike 

omomyids) in that they do not exhibit pronounced distal calcaneal elongation, par-

ticularly considering their small body size (Boyer, Seiffert et al., 2013). The calcaneal tuber is short relative to total length. The sustentaculum tali are broader, the cuboid facet is reduced, and the bony pivot of the calcaneocuboid joint is located 

more medially in eosimiids compared to those of omomyids (Gebo, Dagosto et al., 

2012). A cuboid referred to Eosimiidae shares the size and proportions of that of Microcebus, with a moderate degree of elongation and a pronounced cuboid process on the proximal margin (Gebo, Dagosto, Beard, & Ni, 2017). Based on a wider proximal portion and a narrow distal portion of the bone, the eosimiid cuboid compares favorably with that of  Archicebus (Gebo, Dagosto, Beard, & Ni, 2017). 

Proximal phalanges referred to  Eosimias are relatively gracile, somewhat curved, and exhibit pronounced flexor ridges (Gebo, Dagosto, Ni, & Beard, 2017). The 

morphology of the hallucial distal phalanx attributed to  Eosimias centennicus is intermediate between that of  Tarsius and crown platyrrhines (Gebo, Beard et al., 

2015). The apical tuft and phalangeal head are broad as in early Eocene omomyiforms but not as broad as seen in  Tarsius. Lateral distal phalanges have short phalangeal heads and small and rounded apical tufts (Gebo, Dagosto, Ni, & Beard, 2017). 

Gebo, Dagosto et al. (2012) reconstructed eosimiids as adept leapers based on 

the degree of distal calcaneal elongation and posterior trochlear shelf development. 

However, Boyer, Seiffert et al. (2013) found eosimiid calcanei to exhibit less distal calcaneal elongation than expected for their body mass and posterior trochlear shelf hypertrophy may be related to pedal grasping in dorsiflexed foot postures rather 

than leaping (Yapuncich et al., 2019). Though these more recent findings suggest that eosimiids were more generalized arboreal quadrupeds than reconstructed by 

Gebo, Dagosto et al. (2012), if eosimiids had longer metatarsals more typical of anthropoids, they may have been metatarsifulcrimating leapers (in which the metatarsal heads serve as the fulcrum of the foot [Morton, 1924]), rather than tarsifulcru-

mating leapers (in which the fulcrum of the foot lies on distal margin of the tarsals). 

 12.4.2   Amphipithecid Pedal Morphology

Since Beard et al.’s (2007) reattribution of NMMP 20 to the adapiform  Kyitchaungia takaii, the feet of amphipithecids have been known exclusively from two tali from Myanmar (Marivaux et al., 2003, 2010; Dagosto et al., 2010). These tali have been attributed to two genera,  Pondaungia and  Amphipithecus, and exhibit similar features, including a vertical fibular facet, a reduced medial tibial facet, and a medially 
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positioned flexor fibularis groove. In both specimens, the talar neck does not project as far medially those of later anthropoids and is instead more comparable to the 

morphology seen in eosimiids. Dunn et  al. (2016) noted similarities to the talus 

attributed to the omomyiform  Vastanomys from India. Quantitative assessment of the talus attributed to  Pondaungia (NMMP 39) suggests modest posterior trochlear shelf development, comparable to that of Asian colobines (Yapuncich et al., 2019). 

Although little is known of the amphipithecid skeleton, these features suggest that 

amphipithecids were generalized arborealists with a reduced emphasis on leaping 

(Marivaux et al., 2010). 

 12.4.3   Pedal Morphology of Eocene and Oligocene 

 Anthropoids from the Fayum Depression, Egypt

The tali of Eocene and Oligocene Fayum anthropoids share several features with 

those of later anthropoids, including a more vertical fibular facet (Boyer & Seiffert, 

2013) and little posterior trochlear shelf development (Yapuncich et  al., 2019). 

Among the Eocene Fayum anthropoids, the flexor fibularis groove is fairly laterally 

positioned (Yapuncich et al., 2017). In  Proteopithecus sylviae, the trochlea is shallowly grooved, and the trochlear rims are symmetrical, similar to those of eosimiids, parapithecids, and non-ateline platyrrhines. The medial tibial facet is similar in size to the ectal facet, as in some strepsirrhines, omomyiforms, and few other fossil 

anthropoids (e.g., parapithecids and fossil platyrrhines), but unlike later anthropoids (Boyer et al., 2015).  Catopithecus browni shares several features with extant atelines and hominoids, including a strongly grooved trochlea, asymmetrical trochlear rims, 

pronounced anteroposterior “wedging” of the body, a cup-like depression of the 

medial tibial facet extending onto the talar neck known as a cotylar fossa, and a 

lateral flare of the fibular facet at its plantar margin (Seiffert & Simons, 2001). 

The calcaneus attributed to  Proteopithecus is similar overall to those of platyrrhines such as  Callicebus, with a relatively short calcaneal tuber, discontinuous sustentacular facets (as in cercopithecoids), a proximally positioned peroneal tubercle, a reduced calcaneocuboid facet with a medially positioned pivot, and a strongly 

curved ectal facet (Gladman et al., 2013). The calcaneus attributed to  Proteopithecus exhibits a moderate degree of distal calcaneal elongation comparable to that of 

cebids (Boyer, Seiffert et al., 2013). 

Tali attributed to the Oligocene propliopithecid  Aegyptopithecus are similar to those of  Catopithecus, with a moderately grooved trochlea with the lateral margin taller than the medial margin, anteroposterior “wedging” of the trochlea, a deep 

cotylar fossa, a fairly vertical fibular facet that flares laterally at its plantar margin, and a talar head that is mediolaterally broad (Seiffert & Simons, 2001). The medial tibial facet is more similar in size and shape to extant anthropoids than observed in Proteopithecus or parapithecids (Boyer et  al., 2015). As in  Proteopithecus and Catopithecus, the flexor fibularis groove is fairly laterally positioned (Yapuncich et  al., 2017), and the posterior trochlear shelf is not well developed (Yapuncich 
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et al., 2019). The calcanei of propliopithecids are much broader than those of parapithecids, and the sustentacular facets may be discontinuous (as in  Proteopithecus) 

(Gebo & Simons, 1987). The hallucial metatarsal of  Aegyptopithecus exhibits strong torsion with a physiological abduction angle similar to that of  Catopithecus and extant anthropoids (Fig. 12.5) (Conroy, 1976; Goodenberger et al., 2015). While 

Gebo and Simons (1987) tentatively considered leaping a potential locomotor behavior for propliopithecids, Seiffert and Simons (2001) proposed that proplio-

pithecid pedal morphology suggests a reduction in leaping (relative to Eocene hap-

lorhines) with a greater emphasis on strong hallucial grasping in habitually inverted foot postures. 

The talus of parapithecids shares some similarities to those of Eocene haplo-

rhines, including earlier anthropoids and omomyiforms (Seiffert & Simons, 2001), 

such as high talar body with symmetrical trochlear margins, a vertical fibular facet with little lateral flaring on the plantar margin (Gebo & Simons, 1987; Seiffert & 

Simons, 2001; Boyer & Seiffert, 2013), similarly sized medial tibial and ectal facets (Boyer et al., 2015), and fairly circular talar head (Seiffert & Simons, 2001). The 

trochlea is deeply grooved and exhibits moderate wedging (Conroy & Rose, 1983). 

Parapithecid calcanei are relatively narrow compared to those of propliopithecids 

(Gebo & Simons, 1987) and exhibit moderate distal calcaneal elongation (Boyer, Seiffert et al., 2013). The calcaneal sustentacular facet is separated into anterior and posterior portions (Gebo & Simons, 1987) as in  Proteopithecus. The navicular is not elongated (Gebo & Simons, 1987). 

Overall, Fayum anthropoid tarsals show no adaptations for specialized leaping 

and demonstrate that anthropoid postural behavior had diversified by the latest 

Eocene. The tarsals of  Proteopithecus and parapithecids are similar to those of eosimiids and non-ateline platyrrhines, suggesting that these taxa were generalized arboreal quadrupeds capable of (but not specialized for) leaping (Gebo & 

Simons, 1987; Seiffert & Simons, 2001). In  Catopithecus and propliopithecids, similarities to atelines and hominoids suggest powerful hallucial grasping in 

inverted foot postures, potentially indicating suspensory behaviors (Seiffert & 

Simons, 2001). 

12.5   Summary Timeline and Adaptive Scenarios

Despite being a point of inquiry for more than 100 years (Wood Jones, 1916), a 

complete understanding of the selective pressures responsible for the suite of 

pedal features characterizing most euprimates remains elusive. This unique suite 

was well characterized at the time of Dagosto’s (1994) review due to decades of detailed analyses (e.g., Gregory, 1920; Szalay & Drawhorn, 1980; Gebo, 1986a, 

b; Dagosto, 1988; Szalay & Dagosto, 1988). In the intervening years, knowledge of Paleogene primate feet has expanded substantially, underscoring the pedal 

morphological diversity of Paleogene taxa. While this diversity has complicated 

evaluation of adaptive hypotheses of euprimate origins, new discoveries have 
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improved understanding of when key pedal features appeared. Tracking the 

appearance of these features can help evaluate predictions made from major adap-

tive hypotheses. Below is a rough chronology of these appearances, based on the 

available fossil evidence:

1.  Increased ankle   mobility: The tarsals of the plesiadapiforms  Purgatorius (Chester et al., 2015) and  Torrejonia (Chester et al., 2017, 2019) provide direct evidence that ankle mobility increased compared to other late Cretaceous and 

early Paleocene eutherian mammals early within euarchontan evolution (Szalay 

& Decker, 1974), indicated by continuity of the navicular and sustentacular facets on the talus, a helical calcaneal ectal facet, increased size of the calcaneal 

ectal facet, and development of the calcaneocuboid pivot. This early shift sug-

gests that the ancestral euarchontan was adept at generalized above-branch arbo-

real locomotion. 

2.  A divergent  hallux and  nail-bearing distal  phalanges: Among the features associated with euprimate-like grasping feet, a divergent hallux appears to be both 

earliest occurring (in  Carpolestes simpsoni [Bloch & Boyer, 2002]) and most 

widespread among other euarchontans (in  Ptilocercus [Sargis, 2002c]), suggesting that this feature either evolved multiple times or was evolved early and was 

subsequently lost in multiple lineages. Despite some similarities between the 

Mt1s of  Carpolestes,  Ptilocercus, and euprimates, there remain morphological (and presumably functional) differences between them (Fig. 12.5) (Goodenberger et al., 2015). The dentally associated foot of  Archicebus achilles (Ni et al., 2013) provides the earliest evidence of a strongly divergent hallux with a robust peroneal process, but the specimen’s preservation precludes analysis of torsion and 

physiological abduction angle. The Mt1 of  Teilhardina belgica, another early Eocene omomyiform, has a similar degree of torsion and physiological abduction as those of extant lemuriforms and tarsiers, as do Mt1s of later Eocene taxa 

(Fig. 12.5), possibly indicating similar grasping abilities. 

The fossil record suggests that changes in distal phalanx morphology co- 

occurred with changes in hallucial metatarsal morphology.  Carpolestes is the earliest known euarchontan (and possible stem primate) with a potentially nail-bearing hallucial distal phalanx (Bloch & Boyer, 2002) but lacks the robust Mt1 

peroneal process of euprimates (Fig. 12.5).  Archicebus (Ni et al., 2013), which does have a strongly divergent hallux with a robust peroneal process, provides 

the earliest direct evidence for potentially nail-bearing distal phalanges on lateral pedal digits. When known, lateral distal phalanges of all other Eocene euprimates also have morphology consistent with bearing nails (Franzen et al., 2009; Maiolino et  al., 2012; Gebo, Beard et  al., 2015; Boyer et  al., 2018). Unlike plesiadapiforms, no known fossil euprimates exhibit morphology consistent 

with hallucial nails while retaining claw-shaped distal phalanges on the most 

lateral digits (comparable to callitrichines or  Euoticus). Incorporating evidence that a strong ectaxonic pedal grasp was primitive for euprimates, Boyer et al. 

(2018) proposed nail acquisition preceded in a stepwise fashion 

(DP1 > DP4/5 > DP3 > DP2). 
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3.  Additional tarsal adaptations: Two tarsal features from our analysis stand out as distinguishing the earliest euprimates from those of other euarchontans 

(Fig. 12.8b): posterior trochlear shelf development and relative distal calcaneal elongation. Euprimate tali from the earliest Eocene ( Donrussellia,  Cantius, and Teilhardina) all exhibit a well-developed posterior trochlear shelf, suggesting that this morphology would also be found in the ancestral euprimate (Yapuncich 

et  al., 2019).  Cantius and  Teilhardina exhibit greater relative distal calcaneal elongation than that of non-euprimate euarchontans (Boyer, Seiffert et al., 2013). 

 Archicebus has a “moderately developed” (Ni et  al., 2013; pg. 63) posterior 

trochlear shelf and relative distal calcaneal elongation similar to that of 

 Teilhardina belgica,  3 which is substantially more than that of non-euprimate 

euarchontans. Potentially more basal taxa such as asiadapines and  Vastanomys 

(Rose et al., 2009; Dunn et al., 2016) have a more strongly developed posterior trochlear shelf than that of some non-euprimate euarchontans (Yapuncich et al., 

2019), though their relative distal calcaneal elongation is comparable to that of Tupaia (Boyer, Seiffert et  al., 2013). If the functional interpretations of these 

features are correct (Fig. 12.5), this fossil evidence suggests that grasping and moving between vertical supports exerted a strong selective pressure very early 

in euprimate evolution. 

4.  Relatively long and prehensile pedal digits: Based on limited fossil evidence, pronounced elongation of pedal digits did not occur until the middle Eocene 

(evidenced by fossils of  Notharctus,  Darwinius, and  Europolemur). Older fossil taxa, such as  Carpolestes and  Archicebus, do not have dramatically different intrinsic foot proportions than  Ptilocercus or non-cheirogaleid lemuriforms 

(Fig. 12.10a).  Archicebus, the earliest euprimate for which ray proportions can be calculated, exhibits intrinsic ray proportions similar to that of  Ptilocercus and other non-euprimate euarchontans, with relatively shorter proximal phalanges 

and relatively longer intermediate phalanges (Fig. 12.10b). Despite these similarities with  Ptilocercus,  Archicebus has much more pronounced prehensility in its fourth pedal digit than its third digit (though its pedal prehensility is low 

compared to the prehensility of extant strepsirrhines), to a degree otherwise 

found only in tarsiers, galagos, and lorises (Fig. 12.11). The increased prehensility on the lateral side of the foot observed in  Archicebus may reflect a shift in the functional axis of foot to improve grasping vertical supports (Walker, 1974) and/

or the use of a “I-V” hallucial grasp, a grasping pattern that has been suggested 

to be primitive for euprimates (Gebo, 1985, 1988; Boyer et al., 2018). 

3 For   Archicebus, distal calcaneal elongation relative to body mass (Residual B of Boyer, Seiffert et al., 2013) is −0.158 when using a body mass of 58 g (predicted from calcaneal cuboid dimensions) and −0.058 when using 39  g body mass of Dagosto et  al. (2018). The mean value for Teilhardina belgica is −0.035 with individual values ranging from −0.085 to 0.057 (Boyer, Seiffert et al., 2013). More positive values indicate more distal calcaneal elongation than expected for an animal of that body mass. 
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The order of acquisition proposed here suggests an initial shift toward arboreal 

behaviors early in euarchontan evolution, followed by the evolution of some 

degree of hallucial grasping (potentially in multiple euarchontan lineages, e.g., 

 Ptilocercus,  Carpolestes, euprimates), with one clade, the euprimates, evolving features such as posterior trochlear shelf hypertrophy, pronounced lateral digit 

prehensility, and nails on the most lateral digits that may be functionally associ-

ated with grasping vertical supports. Gebo (2011) argued that vertical support use was a novel behavior in the ancestral strepsirrhine; we propose that the current 

fossil evidence is consistent with hallucial grasping of vertical supports as the 

postural behavior of the common ancestor of euprimates (see Yapuncich et  al., 

2019). Toussaint et al. (2020) reach a similar conclusion based on comparisons of 

the hand and foot postures of extant primates and other arboreal mammals on 

substrates of different orientations and relative sizes. Although leaping adapta-

tions are not as pronounced in the earliest euprimates as those of extant galagids 

and tarsiers, these fossil taxa do exhibit more pronounced relative distal calcaneal elongation than that of other euarchontans, indicating some selective pressure to 

increase leaping performance. 

Among the major adaptive hypotheses of euprimate origins (reviewed by Silcox 

et al., 2015), this proposed order of acquisition is most consistent with grasp- leaping playing an important adaptive role in the origin of Euprimates (Szalay & Delson, 

1979; Szalay & Dagosto, 1980, 1988; Dagosto, 2007) over alternatives such as the visual predation hypothesis (Cartmill, 1972, 1974a, b, 1992) or the angiosperm co-evolution hypothesis (Sussman & Raven, 1978; Sussman, 1991; Sussman et  al., 

2013). The grasp-leaping hypothesis posits that euprimate features reflect specialization for acrobatic leaping, with grasping extremities increasing stability and 

visual system changes augmenting the ability to gauge distances. Critically, Szalay 

and colleagues placed great epistemological value on fossil evidence, whereas 

Cartmill, Sussman, and colleagues emphasized that convergences – cases in which 

similar features evolve independently in separate lineages – were required to explain evolutionary events. Given this chapter’s focus, it is not surprising we share a similar view of the fossil record’s value as Szalay and colleagues. It is also important to recognize that these adaptive scenarios are not necessarily mutually exclusive 

(Rasmussen, 1990; Bloch & Boyer, 2002; Bloch et  al., 2007; Dagosto, 2007; Cartmill, 2012) and that other scenarios may be better accounts of evolutionary change during different temporal intervals. For example, while this chapter has 

focused on the adaptive origins of euprimates, the angiosperm co-evolution hypoth-

esis and terminal branch feeding may provide a reasonable account of the selective 

pressures experienced by euarchontans and stem primates during the late Cretaceous 

and early Paleocene. 
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12.6   Future  Directions

Advancing our current understanding of the evolution and functional morphology 

of the feet of Paleogene primates will require weaving together multiple evidentiary threads. The first of these threads is, as always, the discovery and description of new and more complete fossils. The available fossil sample is biased temporally, geographically (Appendices 12.1, 12.2, 12.3 and 12.4), and anatomically (Fig. 12.1). 

Therefore, the discovery of fossils from localities outside of Europe and North 

America, such as India (e.g., Rose et al., 2009; Dunn et al., 2016) or Northern Africa (e.g., Marivaux et al., 2011, 2013), or finding associated feet, potentially through 

the preparation of limestone or mudstone blocks (e.g., Gingerich, 1987; Bloch, 

2001; Bloch & Boyer, 2002; Maiolino et al., 2012), from any part of the Paleogene fossil record would be immensely valuable. 

Second, quantitative reevaluation of features discriminating primate suborders 

(Table 12.1) will continue to be fruitful. Quantifying these features permits similar 

assessment of these features in additional taxa, and the expanded samples of these 

studies often detail taxonomic variation within clades beyond the original descrip-

tions. Though this variation serves as a soft test of proposed function, it will be 

crucial to further validate functional hypotheses with behavioral data (e.g., Fabre 

et al., 2017; Boyer et al., 2019). 

Finally, future studies should continue to utilize a comparative approach to ana-

lyze behavioral and morphological adaptations in extant primates and their close 

relatives. Whether in laboratory or natural settings, studies describing postural 

behaviors, gait characteristics, and substrate use of primates (e.g., Schmitt & 

Lemelin, 2004; Toussaint et al., 2015, 2020; Granatosky et al., 2016, 2019; Shapiro 

et al., 2016; Hanna et al., 2017; Perchalski, 2018; McNamara et al., 2019), non- 

primate euarchontans (Youlatos et  al., 2017, 2019), rodents (Urbani & Youlatos, 

2013; Youlatos et al., 2015), and arboreal marsupials (e.g., Lemelin et al., 2003; Youlatos, 2008; Shapiro & Young, 2010; Shapiro et  al., 2014; Karantanis et  al., 

2015; Youlatos et al., 2018) are important for finding commonalities that weaken or support links between morphology and positional behaviors. Comparative analyses 

of the foot anatomy of extant primates, their close relatives (Sargis, 2002b, c), and 

other mammals (Jenkins & McClearn, 1984; Salton & Sargis, 2009) have the potential to highlight functionally significant morphological features recognizable in the fossil record and thus permit inferences of positional behavior in extinct species. 

Future research in these areas should help to further elucidate the origin and early evolution of Paleogene primates, marking some of the first critical steps that separated humans from other mammals. 
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12.7   Summary

Although many of the adaptively significant features of euprimate feet (e.g., a divergent hallux, nail-bearing distal phalanges, relatively long and prehensile digits) 

appear in the Paleogene fossil record in quick succession, those with associated 

with grasping and leaping seem to be the first to appear in euprimates. Thus, the 

fossil evidence currently known of Paleogene primate feet suggests that grasping 

vertical substrates and acrobatic leaping were key adaptive behaviors early in euprimate evolution. 
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Chapter 13

Miocene Ape Feet

Michelle Drapeau

Abstract  Feet are relatively well represented in the Miocene hominoid fossil record, and taxa present a variety of adaptations. The oldest, African taxa generally present feet with evidence of strong hallucial grasps and some modest eversion-inversion capabilities, but that were narrow like cercopithecoids and probably still fairly rigid, functioning as a lever for propulsion during quadrupedal locomotion. 

For many taxa, there is evidence that the forelimb is adapted to orthograde locomo-

tion while the foot presents traits that imply rather standardized quadrupedal move-

ments, suggesting that they had a type of locomotion that has no modern equivalent. 

Evidence of an anterior foot that is more mobile and splayed occurs with the later 

Asian and European taxa. It is only with the 6–7  million year-old European 

 Oreopithecus that pedal morphology indicates a locomotor mode closely resem-

bling that of extant large apes with mobile, strongly grasping feet, a specialization for arboreal scrambling and careful climbing and a more generalized orthograde 

posture. More research is needed, however, to establish the extent of independent 

acquisition of these traits in extant great apes. 
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13.1   Introduction

Although hominoids likely appeared in the Oligocene (Leakey et al., 1995), it is in 

the Miocene that they became common and reached their greatest diversity, with 

more than 25 different genera identified (Begun, 2016). There is a poor understanding of their phylogenetic relationships, but still an astonishing amount of taxonomic diversity. When studying the postcrania of Miocene hominoids, one is often seeking 

to identify traits that would suggest a pattern of locomotion that resembles that 

observed across extant apes. Such a pattern would incorporate more orthograde 

postures, vertical climbing, and deliberate, slow clambering with branch grasping – 

this is a peculiar mode of locomotion that is generally not seen in any other extant catarrhines except hominoids. This mode of locomotion is quite distinct from that 

of extant cercopithecoids, which are characterized as terrestrial and above branch 

arboreal quadrupeds. Locomotion in the fossil record is usually discerned through 

the identification of derived traits that are known to be related to particular functional patterns (Ward, 2002). However, when studying Miocene apes, it is difficult to ascertain the primitive condition from which cercopithecoids and hominoids 

evolved and hence establish the polarity of traits. Small-bodied cebids, which are 

above branch quadrupeds and leapers, and fossil catarrhines from the Oligocene are 

often used as outgroups to determine how fossil and extant cercopithecoids and 

hominoids adapted respectively to terrestrial and arboreal quadrupedality, and to 

vertical climbing and careful deliberate scrambling. 

Gebo (1989) proposed that a primitive anthropoid foot (i.e., the common ancestor to cercopithecoids and hominoids) likely possessed the following features: a 

talar trochlea with medial and lateral rims that are parallel and of even heights, a steep-sided lateral fibular facet, a medially-angled and long talar head and neck, a round talar head with moderate lateral rotation, a moderately long and narrow calcaneus with a moderately long distal calcaneal length, one continuous distal talar 

facet on the calcaneus, a long proximal calcaneal facet, a calcaneocuboid pivot that is moderately deep, no plantar heel tubercle, moderately long cuboid and navicular, 

a flattened first tarsometatarsal joint, a short hallux, and heel-up (semi-plantigrade) locomotion. Overall, these traits suggest a generalized quadruped with some leaping capabilities and no specific adaptations to vertical climbing. 

The feet of extant cercopithecoids present adaptations to their locomotor reper-

toires possibly derived from that of the less specialized general anthropoid pattern (Table 13.1). They are capable of foot prehension, but their adaptations are believed to reflect a fairly standardized motion of dorsi- and plantarflexion at the ankle, with limited inversion-eversion, and a foot that is used for propulsion with its long axis oriented in the direction of movement and with emphasis on rays three and four. 

Many morphological traits reflect this more stereotypical use of the foot. At the 

cercopithecoid ankle, adaptations indicate that movements are principally dorsi- 

and plantar flexion. In addition, the tibiotalar ligament originates posterior to the axis of rotation of the malleolus (DeSilva, 2008), resulting in a tightening of the ligament in dorsiflexion. With the wide articular surface and the cupping of the 
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Table 13.1  Locomotor adaptations of primate feet

Locomotor behavior

Anatomical  Cercopithecoid-like arboreal and 

region

terrestrial quadrupedalism

Hominoid-like climbing

Foot shape

Long, narrow foota

Wide and splayed forefootb

Transverse arch at distal tarsalsa,c

Relatively flat transverse archc

Long tarsals relative to the raysd

Long toes relative to the remainder of 

the foote

Ankle

Wedge-shaped trochleab,g,h although not 

Medial malleolus is mediolaterally 

reliably supported by quantitative datab,f

widef

Trochlea has a central groove that runs 

Expanded distal talar trochlear facet 

from proximomedial to distolateralj

and, correspondingly, the articular 

Trochlea has vertical wallsa

facet on the talus is expanded distallyf,i

Asymmetrical talar trochlea with a lateral  Talar trochlea tends to be flat with a 

rim that is distinctly higher than the 

mild or non-existent central grooveb

medialb,g

Articular facets for the lateral and 

Medial and lateral trochlear rim with 

particularly the medial malleolus tend 

similar radius of curvaturef

to flare away from the trochleaa

Talar trochlea is high relative to its 

Variable development of the talar 

length, resulting in a highly curved 

trochlea lateral rim relative to the 

surfaceb

medialb

Deep cupping on the medial aspect of the  Medial trochlear rim much less curved 

talar neck that accommodates the medial  than the lateralf

malleolus when the ankle is in neutral 

Talar trochlea tends to be 

position or in dorsiflexiona

mediolaterally narrow relative to its 

lengthb

Hindfoot

Weak lateral tubercle behind the talar 

Well-developed lateral tubercle behind 

trochleab

the talar trochlea that, with the medial 

Roundish talar head

tubercle, defines a groove which runs 

Intermediate length of the distal 

obliquely from latero-superior to 

calcaneus and talar neckb,g,h

medio-inferior for the tendon of the 

Proximal calcaneal facet of the talus is 

flexor hallucis longus (flexor fibularis) 

long, narrow, and highly curved and 

muscleb

encompasses much of the corresponding  Talar head is wider than it is tall, with 

articular facet on the calcaneusb

a gentle curve along its mediolateral 

Inferior surface of the talar head presents  axis

an angulation that articulates with a 

Short distal calcaneus and talar neck, 

distal subtalar facet of the calcaneus that  except for  Pongo that has a long is highly curved and sometimes divided 

neckb,g,h

into two facets with dissimilar 

Flat proximal subtalar facet and less 

orientations, cradling the talar head and 

congruent with calcaneal articular 

limiting inversion-eversionb,g

facetb,k

Inferior surface of the talar head is 

rather flatl

Distal subtalar surface on calcaneus is 

wide, continuous, and relatively flat

Well-developed, inferodistally 

projecting plantar tubercle of the 

calcaneal tuberosityb,m

(continued)
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Table 13.1 (continued)

Locomotor behavior

Anatomical  Cercopithecoid-like arboreal and 

region

terrestrial quadrupedalism

Hominoid-like climbing

Midfoot

Proximodistally long navicular, 

Shortened navicular, cuneiforms and 

cuneiforms, and cuboid

cuboid

Calcaneocubital articulation that is 

Marked peg on the medial side of the 

rounded or crescent shaped with a 

cuboid with a corresponding 

depression on the medial margin of the 

depression on the calcaneus, more 

calcaneal facet that is of variable depth 

marked in  Pongo and less so in 

but generally shallowg

 Gorilla b

All three cuneiform facets on the 

Calcaneocuboid joint proportionally 

navicular are oriented in a coronal planeb large, with a larger calcaneal articular 

Cuboid facet on navicular oriented more  facet than the cuboid facetb

plantarlyn

Relatively large medial cuneiform 

articular facet on the navicularb

Lateral cuneiform facet on the 

navicular faces more laterallyb

Cuboid facet on navicular oriented 

more laterallyn

No functional os peroneum on the 

cuboido

Wedge-shaped cuboid in dorsal viewb

Hallux

Mediodistally facing metatarsal facet on  Medially facing metatarsal facet on the 

the medial cuneiform

medial cuneiforme,p,q

Short halluxd,f

Relatively long hallucial metatarsal 

Short distal phalanx relative to the 

(except for  Pongo)b,g,r

metatarsalb,d,h

Relatively robust hallucial 

Medial cuneiform-hallucial metatarsal 

metatarsalb,g,r

joint that is kidney-shapedg

Metatarsal with proximal articular 

Lateral epicondyle of the metatarsal head  facet significantly large relative to 

is larger or similar sized to medials

lengthb,r

Medial epicondyle of the metatarsal 

head is larger than laterals

Lateral rays Mediolaterally narrow metatarsal bases

Mediolaterally wide metatarsal basest

Metatarsal diaphyses are circularr

Metatarsal diaphyses are 

Metatarsals are gracileb,u

dorsoplantarly expandedr

Proximal articular facet angled medially  Metatarsals are robustb,u

relative to the diaphyseal long axisu

Proximal articular facet oriented 

Third or fourth metatarsal is the longestb,r perpendicularly relative to the 

diaphysis long axisu

Second metatarsal is the longestb,r

aConroy and Rose (1983), bLangdon (1986), cMoriyama (1981), dSchultz (1963), eSchultz (1930), 

fDeSilva (2008), gGebo (1989), hHarrison (1982),  iDeSilva (2009), jLewis (1989),  kGomberg 

(1981), lRose (1986), mSarmiento (1983),  nMadar (1996), Madar et  al. (2002),  nLovejoy et  al. 

(2009), oBerillon (1999), pTocheri et al. (2011), rWunderlich (1999), sPatel et al. (2017), tBegun 

(1994), uDunsworth (2006)

medial malleolus, the tibiotalar joint is in a stable, close-packed configuration during dorsiflexion with little or no inversion-eversion movement possible (Le Gros 

Clark, 1949; Le Gros Clark & Leakey, 1951; Conroy & Rose, 1983; Rose, 1983; 
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however, Harrison, 1982, has suggested that the imprint of the medial malleolus on the talar neck could also simply result from a relatively shortened neck and a relatively unflaring medial malleolus). The general cercopithecoid morphology is also 

accompanied by a large area on the talus for the attachment of the deltoid ligament 

posterior to the medial malleolar articular facet (Harrison, 1982). Together, these adaptations reflect the use of the lower limb in stereotypical movements, with a foot posture that rotates only slightly in inversion during dorsiflexion but allows for very little inversion-eversion, particularly in dorsiflexion. Similarly, the morphology of the cercopithecoid subtalar joints limits inversion-eversion and suggests a reduction in movement, but an increase in stability between the calcaneus and talus relative to a primitive anthropoid condition (Rose, 1986). The calcaneocuboid articulation, although not particularly different from what is likely the primitive condition for 

anthropoids (Conroy & Rose, 1983), indicates that the midtarsal joints were able to produce some inversion-eversion of the distal foot with an axis of movement centered on the distal calcaneal depression. However, this movement is limited by the 

calcaneus that projects more distally than the talar head when the subtalar joint is in supination (Conroy & Rose, 1983). With the calcaneus projecting beyond the talar head, the navicular articulates with the calcaneus and is restricted in lateral rotation, resulting in limited supination at the midtarsal joints (Conroy & Rose, 1983). The cercopithecoid foot is long and narrow (Fig. 13.1), with a distal foot that is in line 

with the proximal foot (Dunsworth, 2006) and a transverse arch that is interpreted as a mechanism of the distal foot to absorb load during quadrupedal locomotion 

(Conroy & Rose, 1983; Fig. 13.2). It is likely that it also provides some rigidity to the foot during locomotion (Venkadesan et  al., 2020). This tarsal configuration translates into the lateral three metatarsals that are everted (Drapeau & Harmon, 

2013), while the prehension is assured mainly by the inverted hallux (Conroy & 

Rose, 1983). 

Extant great apes, on the other hand, possess a suite of pedal adaptations for 

vertical climbing and deliberate arboreal scrambling. The foot must be very mobile 

to navigate arboreal substrates, which can have a wide variety of shapes. Prehension of the foot is also an important variable that aids in vertical climbing but also mitigates the risk of falling when scrambling among arboreal substrates. To meet these 

demands, the feet of extant great apes possess a number of adaptations for stability during inversion and ankle dorsiflexion, and for increased mobility and prehensility, which are expressed to different degrees among the taxa (Table 13.1). 

When climbing, the foot is positioned in inversion and dorsiflexion (DeSilva, 

2008, 2009; Wunderlich & Ischinger, 2017). Traits of the ankle facilitate inversion, adduction, and dorsiflexion at the ankle and underscore that large loads are generated while the ankle is dorsiflexed during vertical climbing (Conroy & Rose, 1983; DeSilva, 2008, 2009). The abbreviated distal calcaneus and talus as well as navicular, cuboid, and cuneiforms of extant hominoids (Figs. 13.3 and 13.4) reduces the length of the foot distal to the tibiotalar joint and correlates with a more compliant foot in extant hominoids by allowing greater supination of the forefoot.  Pongo is an exception since it has a relatively long talar neck (see also Harrison, 1982), but without a very long distal calcaneus (Gebo, 1989), resulting in a talar head which 
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Fig. 13.1  Dorsal view of 

the articulated tarsals and 

metatarsals of a vervet 

monkey (top), an 

orangutan (middle), and a 

gorilla (bottom). The 

gorilla and particularly the 

orangutan have a wedged 

cuboid (a), a lateral 

cuneiform facet on the 

navicular that is oriented 

more laterally (b), and a 

third metatarsal diaphyseal 

shaft that is more 

perpendicular to its 

proximal articular facet (c) 

relative to the vervet, 

resulting in an more 

splayed forefoot in 

hominoids relative to 

cercopithecoids. Scales 

are 1 cm

projects beyond the calcaneus, a morphology that probably allows even greater 

supination at the midtarsal joint during arboreal locomotion. The shortened midtar-

sal region of the great apes forces an oblique trajectory of the flexor hallucis longus muscle tendon as it wraps around the back of the talus and enters the sole of the foot, hence leaving a deeper, more oblique impression behind the trochlea. The subtalar 

joints of hominoids, being flatter, larger, and less congruent than cercopithecoids, allow for greater laxity and area for load distributions, but less intrinsic stability (Gomberg, 1981; Langdon, 1986). The wide, but dorsoplantarly abbreviated, talar head allows the navicular to rotate and translate dorsally, giving greater mobility to the midtarsal region. The relatively large calcaneocuboid joint of great apes with a marked peg allows and guides the inversion of the distal foot while maintaining 

stability. The extreme topography of the  Pongo calcaneocuboid joint probably allows a greater degree of dorsiflexion (i.e., mid-tarsal break) at that level of the foot (DeSilva, 2010), enhancing its mobility. In contrast,  Gorilla presents a much flatter facet, but it is very large (Langdon, 1986). 

On the cuboid, Lovejoy et al. (2009) noted that great apes have lost the os peroneum that acts as a sesamoid bone of the peroneus longus muscle. They interpret 

this modification from the general anthropoid form as an adaptation for increased 
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Fig. 13.2  Proximal view of the articulated cuboid and three cuneiforms of the left foot of a chimpanzee (top) and a vervet (bottom). The articular facets are shaded. The long white arrow shows the more transversely arched cercopithecoid relative to the hominoid. The short white arrows point to the articular facet for the hallucial metatarsal, showing the more medially oriented facet in hominoids relative to cercopithecoids. The gray arrow points at the medial cuneiform facet with the navicular that is much more expanded in hominoids relative to cercopithecoids. Scales are 1 cm Fig. 13.3  Dorsal view of the talus of a callitrichid (marmoset, left), a cercopithecine (vervet, middle), and a hominoid ( Pan, right). The talar neck is relatively long in callitrichid, short in hominoids, and intermediate in cercopithecids. The callitrichid has parallel trochlear rims, the cercopithecoid has a marked cup-like depression on the neck for the medial malleolus, and the ape has an expanded distal trochlea, flaring medial and lateral malleolar facets, and a well-marked posterior lateral tubercle flanking the tendon for the flexor hallucis longus
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Fig. 13.4  Dorsal and medial view of the calcaneus of, from top to bottom, a callitrichid (marmoset), a cercopithecine (vervet), a hominoid ( Pan), and  Sivapithecus (GSP 4664). The callitrichid and, to a lesser degree, the cercopithecine, have longer distal calcaneal segments. The cercopithecine is also characterized by a highly curved distal subtalar facet on the sustentaculum limiting pronation-supination, while that of apes is wider and flatter allowing more motion. The Sivapithecus specimen is most similar to apes with a short distal segment and a relatively flat distal subtalar facet. Scale is 1 cm

foot compliance. In contrast, monkeys emphasize propulsion and have a fairly high 

transverse arch at the midfoot (Conroy & Rose, 1983). The peroneus longus muscle, by traversing the foot obliquely, is likely to be important for the maintenance of the transverse arch and foot rigidity and the os peroneum increases leverage for that 

important muscle. The loss of the bone in extant apes signals feet that are compliant to the substrate (Lovejoy et al., 2009). In contrast to most anthropoids, which have proximal articulations of the three cuneiforms that lie in a similar, coronal plane on the navicular, extant great apes have an articular facet for the lateral cuneiform that faces more laterally (Langdon, 1986; Fig. 13.1). In addition, they have wide 
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metatarsal bases with proximal articular facets that are in a more perpendicular 

angle relative to the diaphysis (Dunsworth, 2006). These morphologies allow the rays to radiate away from the distal tarsal row (Fig. 13.1). The smaller radius of curvature of the placement of the navicular’s three cuneiform articular facets, as 

well as the wedge-shaped cuboid (Langdon, 1986) and the orientation of the meta-

tarsals results in an anteriorly wider (splayed) forefoot in great apes (Langdon, 

1986), in contrast to other anthropoids that have a much narrower distal foot (Conroy 

& Rose, 1983; Fig. 13.1). Within the distal foot, the second metatarsal is the longest in most extant ape species, in contrast to other anthropoids that generally have a 

longest third or fourth (Langdon, 1986; Wunderlich, 1999). This difference in metatarsal length mirrors the peak loads recorded during locomotion. Wunderlich (1999) recorded that  Macaca and  Erythrocebus loaded predominantly the third and fourth metatarsals while on the ground or on a horizontal pole, while  Pan has a similar pattern to cercopithecines on the ground but predominantly loaded the second and 

third on horizontal and vertical poles. 

The combination of these traits in the ankle, hindfoot, and midfoot underscores 

the adaptations for mobility in large apes and loading in an inverted foot position, while other traits underscore the importance of prehension. The plantar tubercle of 

the calcaneal tuberosity (Fig. 13.4) is the origin of the superficial head of the flexor digitorum brevis muscle while the deep head originates on the tendon of the flexor 

tibialis longus muscle. In great apes and taxa for which digital grasp is important, the superficial head of the flexor digitorum brevis muscle is more important than the deep head, while in most other primates, it is the deep head that is more important 

(Sarmiento, 1983, 1994). By projecting inferiorly and distally in apes and  Ateles, the origin of the superficial head is lifted away from the tarsal joints, increasing its lever arm. The extant great ape arrangement allows for a powerful digital grasp 

independently of the ankle position, even when the foot is plantarflexed (Sarmiento, 

1983), and the plantar process of the tuberosity signals the emphasis on prehension 

in various foot positions. Extant hominoids have a first metatarsal that is robust and elongated relative to the lateral metatarsals (Langdon, 1986; Gebo, 1989), and extant great apes have a hallucial metatarsal with a proximal articular facet that is quite large relative to its length (Langdon, 1986; Wunderlich, 1999). This is echoed by the relatively large facet for the medial cuneiform on the navicular (Langdon, 

1986). The robust and relatively long hallucial metatarsals of hominoids correspond to large peak reaction forces of that digit during locomotion (Wunderlich, 1999), 

particularly during vertical climbing (Wunderlich & Ischinger, 2017). More gener-

ally, suspensory and vertical climbers (hominoids, atelines and alouattines, and to a lesser degree colobines) tend to have longer toes relative to the reminder of the foot while more terrestrial taxa (cercopithecines) tend to have longer tarsals (Schultz, 

1963). Overall, the feet of extant hominoids are characterized by a greater mobility at most joints and greater strength in digital and hallucial grasping. 
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13.2   Miocene  Hominoids

The polarity of morphological traits and the phylogeny of Miocene fossil taxa are 

difficult to establish (Bales, 2017; Rossie & MacLatchy, 2006; Rossie & Seiffert, 

2006). Thus, this chapter will focus on traits that can be hypothesized to be adaptations to either arboreal and terrestrial quadrupedalism, as observed in extant cercopithecoids, or to vertical climbing and deliberate arboreal scrambling, as observed 

in most extant apes (Table 13.1). 

 13.2.1   Africa

African hominoid fossils have feet that signal non-specialized arboreal quadrupe-

dalism, with strong hallucial grasp, but with less overall mobility than observed in extant apes. Most taxa appear to have developed, to different degrees, some inversion or eversion mobility at the ankle and midfoot, while  Equatorius had adaptations for terrestriality with a less mobile and adducted hallux and little ankle 

mobility. Overall, although there is some variation among taxa, the African Miocene 

feet do not present evidence of a specialized wide and mobile foot as observed in 

extant great apes. 

13.2.1.1  

 Proconsul and  Ekembo

 Proconsul (Table 13.2; Fig. 13.5) is the oldest known catarrhine that presents clearly derived hominoid characteristics such as the lack of a tail (Ward et al., 1991). In the Miocene, species attributed to  Proconsul occupied a variety of ecological niches that correspond to those of today’s cercopithecoids and hominoids. Fossil remains 

are abundant, and foot remains are identified in four dimorphic species,  Proconsul major (40–80 kg),  P. nyanzae (28–46 kg).  P. africanus, and  P. heseloni (both about 8–19 kg) from various localities in western Kenya and Napak in Uganda. They are 

dated between approximately 15 and 22 Ma (Andrews, 2015). McNulty et al. (2015) have proposed that  P. nyanzae and  P. heseloni should be removed from  Proconsul and included in the new genus  Ekembo ( E. nyanzae and  E. heseloni). Given that all Proconsul material (including  Ekembo) is generally morphologically similar, even between the larger  P. major and  E. nyanzae and the smaller  P. africanus and  E. heseloni, the feet of  Proconsul and  Ekembo are discussed here together. 

Overall, the morphology of the talocrural and talofibular joints of 

 Proconsul/Ekembo joints suggests stereotyped movements of dorsi- and plantarflexion with good stability in extreme dorsiflexion (Conroy & Rose, 1983, Rose, 1983, 

1993), and with a degree of mobility that is greater than in extant cercopithecoids but not as great as observed in extant apes. DeSilva (2008) noted that a large talus attributed to  P. major (KNM-SO 389) presents more hominoid-like traits than other 
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Table 13.2  Morphological traits of the  Proconsul/Ekembo foot. Traits similar to extant great apes are in bold font

 Foot  shape

Narrow forefoota,b,c,d

Transverse arch at the distal tarsalsa

Tarsal vs. ray length most similar to colobines, longer than cercopithecines and shorter than hominoidsd,e

 Ankle

Talar trochlea highly curved and grooved with a stop facet anteriorlya,b,f,g,h,i

Similarly developed medial and lateral talar trochlear rimsf

Malleolar surfaces of the talus are relatively steep, but with a fibular facet that moderately flares laterallya,b,d,f,i,j

Cup-shaped depression for the medial malleolus at the root of the talar necka,b,d,f,i,j Proximodorsal extension of the articular surface of the head into a faceted tubercle (dorsal tubercle of the neck) with a corresponding notch on the anterior surface of the distal tibiaj Variably developed lateral tubercle behind the talar trochlead,h,i,k,l

 Hindfoot

Groove for the flexor hallucis longus on the calcaneus is well developedb,c,d,g,i,k

Talar head almost sphericald,g,i,m

Variable distal calcaneus and talar neck length, shorter in  P. major and  E. nyanzae,  longer in E. heseloni d,h,i,k

Proximal subtalar facet is variable, but tends to be quite curved, however with a large size difference between the talar and calcaneal facetsh,i,n

Distal subtalar facet on the calcaneus is single, elongated, and waisted with a fairly large curvatured

No plantar tubercle on the calcaneal tuberosityd,h,i

 Midfoot

Long navicular, cuneiforms and cuboid, except for the navicular of  P. major and  E. nyanzae 

that are anteroposteriorly shorth

Talar facet on navicular of variable depth, ranging from flat to ape-like deepo

Calcaneocuboid surface on the calcaneus has a well-marked depression medially combined with a relatively large and flat lateral portion, and the corresponding surface on the cuboid has a fairly well-developed pega,b,d,g,h,i,p,q

Navicular facet on the medial cuneiform is larged,h

Navicular does not have diverging cuneiform facetsh

Cuboid only very modestly wedged in dorsal viewd,p,r

 Hallux

Relatively long and robust metatarsal and proximal phalanxa,d,e,s

Waisted shaft and small headt

Metatarsal head with a rounded central keel and sesamoid grooves that extend dorsallyt Tarsometatarsal joint indicating a highly opposable halluxb,u,v

Broad and short distal phalanx with well-developed apical tuftk,s

(continued)
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Table 13.2 (continued)

 Lateral  rays

Long metatarsals and proximal phalangesb,d,e

Cross-sectional strengths of the lateral metatarsals relatively small, more similar to  Macaca and arboreal monkeys than  Pan d

Third metatarsal and proximal phalanx more robust than seconda,d,s

Metatarsal proximal articular facets that are oriented more mediallyd

Metatarsals with narrow bases mediolaterallyd

Proximal phalanges articular facets mediolaterally flat, but dorsoplantarly concave with prominent bilateral flangess

Middle phalanges with proximal articular facets oriented somewhat dorsallys

aConroy and Rose (1983), bRose (1993), cRose (1994), dDunsworth (2006), eStrasser (1993), fRose 

(1983), gWalker and Pickford (1983), hLangdon (1986), iWard et al. (1993), jLe Gros Clark and Leakey (1951), kHarrison (1982), lDeSilva (2008), mLe Gros Clark (1952), nRossie and MacLatchy 

(2006), oMadar et  al. (2002),  pRose (1986),  qLewis (1989),  rWalker et  al. (1986),  sBegun et  al. 

(1994), tNapier and Davis (1959), uBerillon (1999), vPatel et al. (2017) Fig. 13.5  Dorsal view of the left foot bones of  Proconsul  heseloni skeleton KNM-RU 2036. Scale is 1 cm. (Photo credit: Jeremy DeSilva)

 Proconsul/Ekembo specimens. It has a lower, less curved trochlea (Langdon, 1986; DeSilva, 2008) and a distally extended trochlear facet that is not deeply notched like in other  Proconsul/Ekembo tali, a trait that DeSilva (2008) associates with vertical climbing with an inverted dorsiflexed foot in extant primate taxa. Overall, the morphology of the subtalar joints suggests a range of motion for foot inversion-eversion that is larger than observed in cercopithecoids, but smaller than observed in apes 

(Conroy & Rose, 1983). 

The spherical talar head is combined with a calcaneocuboid surface most similar 

to  Pan, suggesting that large torsion of the distal foot was possible, but without the ape-like dorsal translation of the navicular as seen in extant large apes. Interestingly, the calcaneal specimens attributed to  P. major present a morphology that is most similar to  Pongo, which has an extreme topography of the calcaneocuboid joint 
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(Lewis, 1989; Langdon, 1986; Berillon, 2000). This could signal a more flexible midfoot in that taxon than in other  Proconsul/Ekembo species. 

Relative talar neck, distal calcaneus, and navicular lengths are variable in 

 Proconsul/Ekembo (Harrison, 1982; Langdon, 1986; Ward et al., 1993), with the 

larger species tending to have shorter segments, similar to African apes, while the 

smaller species are similar to cercopithecoids, in line with the interpretation of 

Harrison (1982) that neck length is negatively correlated with body size. However, Proconsul/Ekembo did not have shortened midtarsal bones (navicular, cuneiforms, cuboid) like extant apes (Langdon, 1986). 

 Proconsul/Ekembo did not have diverging cuneiform facets on the navicular 

(Langdon, 1986). They possessed only moderately wedged cuboids, metatarsal proximal articular facets that were oriented more medially, a narrow intermediate 

cuneiform-to-cuboid width relative to foot length, and narrow metatarsal bases 

(Rose, 1983; Dunsworth, 2006). All of these traits are similar to those observed in cercopithecoids, and so this pattern likely translates into a distally narrow foot with a transverse arch (Conroy & Rose, 1983; Rose, 1993, 1994). 

No   Proconsul/Ekembo specimen has a plantar tubercle indicating that digital grasp occurred in stereotypical quadrupedal leg positions in these fossil taxa 

(Langdon, 1986; Ward et al., 1993; Dunsworth, 2006). However, the groove for the flexor hallucis longus (flexor fibularis) on the calcaneus is well developed in the 

 Proconsul/Ekembo specimens (Harrison, 1982; Walker & Pickford, 1983; Ward et al., 1993; Rose, 1993, 1994; Dunsworth, 2006), corresponding to the groove for the same tendon on the talus, and suggesting strong hallucial grasp in the genus. The large   P. major specimen, KNM-SO 390, presents a particularly deep groove 

(Harrison, 1982), and its associated talus KNM-SO 389 (see above) also has a large lateral tubercle posterior to the trochlea, possibly indicating a very powerful hallu-

cial grasp in that specimen (Langdon, 1986; DeSilva, 2008). Another smaller specimen attributed to  P. major (possibly a female, although eroded) presents 

characteristics of the trochlea similar to the larger specimen (Gommery et al., 2002), 

suggesting that these traits are not purely related to body size and instead  P. major may have engaged in more vertical climbing than assumed for the other 

 Proconsul/Ekembo taxa (DeSilva, 2008). 

The hallucial metatarsal, because of its waisted shaft and small head, and the 

long and fairly gracile four lateral metatarsals are superficially more cercopithecoid-like. However, the first metatarsal length proportions are intermediate between apes and monkeys, and its cross-sectional robusticity relative to the other metatarsals is more similar to the pattern observed in  Pan (Dunsworth, 2006). These traits, combined with a navicular facet on the medial cuneiform that is fairly large relative to the bone length (Langdon, 1986; Dunsworth, 2006), suggest large loads generated during hallux prehension. The hallucial head is monkey-like in general shape, 

although the large  E. nyanzae has a shape that is more intermediate between that of extant cercopithecoids and hominoids (Fernández et al., 2018). The distal articular surface, with a rounded central keel and sesamoid grooves that extend more dorsally 

than in cercopithecoids, indicates that hyperextension was possible (Napier & 

Davis, 1959), and the proximal articulation suggests that the hallux was habitually 
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in opposition to the other digits. Torsion of the first and second metatarsal diaphyses is comparable to cercopithecoids and hominoids (Rose, 1993; Dunsworth, 2006). 

All of these traits underscore the prehensile capacity of the foot in  Proconsul/Ekembo. 

A large and robust proximal hallucial metatarsal fragment, KNM-SO 5141, attrib-

uted to  P. major, has a base morphology that suggests to Patel et al. (2017) that P. major had a habitually abducted hallux that was used in climbing and terrestrial locomotion comparable to the patterns seen in extant African apes. This interpretation concurs with that of the morphology of the talus and calcaneus in  P. major, suggesting more ape-like foot use in that taxon. 

The proximal articular facets of the proximal phalanges suggest strong metatar-

sophalangeal ligaments and a strong joint capsule. Begun et al. (1994) interpreted 

this as an adaptation for maintaining metatarsophalangeal joint integrity and for 

resisting lateral deviation of the phalanges during vertical climbing. They also 

observed that the distal articular facets of the metatarsals do not extend dorsally, and thus  Proconsul/Ekembo did not habitually dorsiflex its digits (Begun et al., 1994). 

Diaphyseal curvature is similar to that of arboreal quadrupeds (Deane & Begun, 

2008). The distal hallucial phalanx has a broad and flat proximal extremity with a well-marked insertion for the tendon of flexor hallucis longus muscle and a well-developed apical tuft, indicating strong hallucial flexors and large loads on the tip of the hallux (Begun et al., 1994). 

Overall, the morphology, including length and cross-sectional proportions, of the 

 Proconsul/Ekembo foot is most similar to patterns observed in arboreal cercopithecoids but with a more robust and longer hallux, reminiscent of apes. 

Table 13.3  Morphological traits of the  Afropithecus foot. Traits similar to extant great apes are in bold font

 Foot  shape

Transverse archa

 Ankle

Fibular facet on the talus moderately flares laterallyb,c

Talar trochlea is highly curved and grooved, but does not have a distally extending lateral trochlear surfaceb

Cup-shaped depression for the medial malleolus at the root of the talar neckb,d

 Hindfoot

Deep groove proximal to the talar trochleac

 Midfoot

Wedged cuboid(?)b

 Hallux

First metatarsal longer and more robust than in monkeys, but less so than in apesc

 Lateral  rays

Phalanges very similar to those of  Proconsul c

aConroy and Rose (1983), bLeakey et al. (1988), cWard (1998), dRossie and MacLatchy (2006)
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13.2.1.2   Afropithecus

 Afropithecus   turkanensis (Table  13.3), dated to 17–17.5  Ma, is found in eastern Africa in four localities, but postcrania are known from only two (Buluk and 

Kalodirr, Kenya). The size range is large indicating that it is a species that is very sexually dimorphic (more so on average than  Gorilla,  Pongo,  or  Papio) or that two species are sampled (Leakey et al., 1988). Body mass estimates from the talus range 

from 25.4 to 35 kg (Leakey & Walker, 1997; DeSilva, 2008). Although craniodentally different from  Proconsul/Ekembo, postcranially  Afropithecus is generally described as being very similar to  E. nyanzae, with identical locomotor reconstruction. Its feet and ankles are known only from an isolated talus, cuboid, and proximal hallucial metatarsal and from four associated bones: a nearly complete fibula, a 

fourth metatarsal, a proximal third metatarsal, and a distal hallucial metatarsal 

(Leakey et al., 1988). 

The fibula is similar to that of  Proconsul/Ekembo (Leakey et al., 1988; Ward, 

1998), relatively more gracile than that of apes, but more robust than that of most monkeys (Ward, 1998). The talar facet on the fibula is angled from the long axis of the diaphysis, and a deep groove behind the trochlea suggests a robust and strong 

hallux and that the foot was everted when load bearing as when grasping a branch 

(Ward, 1998). However, unlike  Proconsul/Ekembo, it lacks the characteristically distally extended lateral trochlear surface (Leakey et  al., 1988), the absence of which is interpreted to reflect in  Afropithecus a shift of loads to the medial aspect of the ankle more typical of vertically climbing apes (DeSilva, 2008). A similar morphology is also found in the large  P. major specimen. 

The cuboid is eroded, but it has a well-defined peg indicating that the ante-

rior foot could twist while maintaining good stability and load transfer. The 

fragments of the hallucial, third and fourth metatarsals are nearly identical to 

those of some  E. nyanzae specimens (Leakey et al., 1988; Ward, 1998). As for Proconsul/Ekembo, the morphology of  Afropithecus is interpreted as that of an arboreal quadruped with a relatively stronger hallux than found in extant cercopithecoids, presumably indicating a moderate emphasis on climbing and foot 

grasping, without any clear specializations for terrestriality or leaping. 

13.2.1.3   Rangwapithecus

 Rangwapithecus (Table 13.4) is represented by one sexually dimorphic species, Rangwapithecus  gordoni (body mass of ~9–20 kg, Harrison, 2002). It is found in 

Songhor and Lower Kaputay, Kenya and dates to about 19–20 Ma. The four tali 

attributed to the species show a morphology that is interpreted as indicating that 

the ankle was loaded in dorsiflexion and relatively mobile but, unlike cercopithe-

coids, loading was predominantly on the medial aspect of the ankle (DeSilva, 

2008). The tarsal joints suggest a relatively mobile midfoot. Two medial cuneiforms, attributed to  R. gordoni based on their size (Nengo & Rae, 1992), indicate that considerable hallucial abduction was possible. Talar and cuneiform 
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Table 13.4  Morphological traits of the  Rangwapithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Fibular margin of the talus flares laterallya,b

Medial rim of the trochlea is less strongly curved than the laterala,b

Talar trochlea with shallow groove without a lateral distal extensionb

Cup-shaped depression at the talar neck for the medial malleolusb,c

 Hindfoot

Posterior talar facet on calcaneus is gently concavea

Talar head is wider mediolaterally than dorsoplantarlya

 Midfoot

Medial cuneiforms are relatively short proximodistallyd

 Hallux

Facet on the medial cuneiform for the hallucial metatarsal that extends mediallyd First tarsometatarsal joint that was curved but not saddle-shapede

Asymmetrical head with a larger lateral epicondylee

aRossie and MacLatchy (2006), bDeSilva (2008), cHarrison (1982), dNengo and Rae (1992), ePatel 

et al. (2017)

morphology (as well as proximal femoral morphology) suggest that  Rangwapithecus 

was arboreal and may have climbed in a fashion that was more similar to extant 

great apes than cercopithecoids. Patel et  al. (2017) cautiously attribute to Rangwapithecus one proximal and two distal hallucial metatarsal fragments based on their size. An asymmetrical head with a larger lateral epicondyle and a first 

tarsometatarsal joint that was curved but not saddle-shaped suggest an emphasis 

on adduction (Patel et al., 2017). That species, therefore, was capable of forceful flexion and adduction of the hallux but was more limited than extant apes in the 

size of the branches or trunk they could grasp. 

13.2.1.4   Nacholapithecus

The genus includes one species,  Nacholapithecus kerioi (that used to be attributed to  Kenyapithecus), dated at ~15–16 Ma from Nachola, Kenya. It is highly dimorphic, males estimated to weigh about 20–22 kg and females about 10 kg (Harrison, 

2010). It is represented by an associated partial skeleton (KNM-BG 35250) and isolated specimens (Table 13.5; Fig. 13.6). The ankle joint presents a mosaic of ape-like and cercopithecoid-like traits suggesting an ankle that probably allowed limited eversion-inversion, but that was positioned habitually in an inverted position. The 

long and robust hallux (represented by all segments), with deep sulci for the flexor hallucis longus muscle on the talus and calcaneus, a medially oriented first tarsometatarsal joint, and a medial cuneiform with a well-developed insertion for the 

peroneus longus muscle suggest a very powerful grasping hallux (Nakatsukasa 

et al., 2002, 2003; Ishida et al., 2004). The proximal calcaneus is missing, but a plantar thickening at the break suggests that there was a plantar tubercle at the calcaneal tuberosity (Rose et al., 1996), as found in taxa for which pedal grasping is 

[image: Image 103]
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Table 13.5  Morphological traits of the  Nacholapithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Medial malleolus is mediolaterally widea,b

Talar facet on the tibia is not wide dorsallyb

Talar facet on the tibia is keeled, with a corresponding deep groove on the talar trochleaa,c,d Lateral rim of the talar trochlea higher than the mediala,c,d

Talar facet on the distal fibula is angled facing more plantarlya,c

Cup-shaped depression at the talar neck for the medial malleolusa,d

 Hindfoot

Deep sulcus proximal to the talar trochlea and under the calcaneal sustentaculuma,c,d Plantar thickening at the break of the calcaneal tuberosity suggests the presence of a plantar tuberclec

 Hallux

Hallucial facet on the medial cuneiform is medially facinga

First tarsometatarsal joint is curveda

Terminal phalanges have deep insertions for flexor hallucis longus musclea,c,e

Long and robust halluxa,f,g

 Lateral  rays

Long digitsg

Lateral metatarsals long and slender with little curvaturea

Proximal and middle phalanges relatively robust with little curvaturea,g,h

Thick and narrow apical tufts terminal phalangese,i

aIshida et al. (2004), bDeSilva (2008), cRose et al. (1996), dHarrison (2010), eNakatsukasa et al. 

(1998), fNakatsukasa et al. (2002), gNakatsukasa et al. (2003), hDeane and Begun (2008), iRose et al. (2006)

Fig. 13.6  Dorsal view of left foot bones (minus the hallucial metatarsal) of the  Nacholapithecus kerioi skeleton KNM-BG 35250. Scale is 1 cm. (Photo credit: Jeremy DeSilva)
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important (Sarmiento, 1983). Despite not being very curved, the long phalanges suggest that pedal grasping was very important in the taxon. The foot of 

 Nacholapithecus is generally interpreted as reflecting arboreal quadrupedalism, with emphasis on orthograde climbing, clambering, transferring, and bridging, 

compatible with upper limb traits derived toward the extant hominoid forms 

(Nakatsukasa et al., 2003; Nakatsukasa & Kunimatsu, 2009; Harrison, 2010). 

13.2.1.5   Equatorius

This genus includes one species,  Equatorius   africanus (sometimes referred to as Kenyapithecus africanus) that dates to ~14.5–16 Ma (Table 13.6). All foot materials are from Maboko Island, western Kenya (Harrison, 2010). Its estimated weight is 

~27 kg (Ward et al., 1999). Except for an articular facet for the fibular malleolus that flares laterally, the ankle morphology is consistent with quadrupedal locomotion. It resembles  Proconsul/Ekembo, except that it has a talar head that is mediolaterally wider than dorsoplantarly (McCrossin, 1994; Rossie & MacLatchy, 2006) and a hallucial metatarsal that is more robust with a flatter articulation with the medial cuneiform, indicating a hallux that was habitually in a more adducted position (McCrossin, 

1994; McCrossin & Benefit, 1997; McCrossin et al., 1998; Rossie & MacLatchy, 

2006; Harrison, 2010), as in more terrestrial cercopithecids. The remainder of the foot suggests that  Equatorius had a relatively narrow foot and, with a habitually Table 13.6  Morphological traits of the  Equatorius foot. Traits similar to extant great apes are in bold font

 Foot  shape

Narrow foot

 Ankle

Talar facet on tibia is anteroposteriorly thick and not mediolaterally wide anteriorlya Talar facet on tibia is keeled with a correspondingly moderately grooved talar trochleaa,b,c,d Lateral rim of the talar trochlea higher than the mediala,b,d

Fibular facet on talus flares laterallyb,e

Cup-shaped depression at the talar neck for the medial malleolusa,b

 Hindfoot

Shallow groove posterior to the talar trochleaa,b

Moderately long neck of the talusa,b

Talar head is mediolaterally wider than dorsoplantarlya,b

 Midfoot

Cuboid is proximodistally longer than apes and only moderately wedgedf

Cuboid with a prominent peg at the calcaneocuboid articulationf

 Hallux

Hallucial metatarsal robust with a tarsometatarsal joint rather flata,b,d,e,f Lateral  rays

Second metatarsal-intermediate cuneiform facet is dorsoplantarly thick and mediolaterally narrowa,e

Metatarsal bases are mediolaterally narrow

aMcCrossin (1994), bRossie and MacLatchy (2006), cDeSilva (2008), dHarrison (2010), eMcCros-sin and Benefit (1997), fMcCrossin et al. (1998)
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Table 13.7  Morphological traits of the  Turkanapithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Fibular facet on talus flares slightly laterallya

Talar trochlea fairly grooveda,b

Talar trochlea with lateral lip larger and higher than the mediala,b

Cup-like depression at the neck for the medial malleolusa

 Hindfoot

Moderately developed tubercles proximal to the talar trochleaa

Talus with relatively long neckb

Proximal subtalar facet is tightly curved on talusa

Talar head is mediolaterally wider than dorsoplantarly thicka

 Midfoot

Cuboid like  Proconsul/Ekembo, long, moderately wedged, and with a prominent pegc,d aRossie and MacLatchy (2006), bLeakey and Leakey (1987), cRose (1993), dWard (1997)

adducted hallux, it suggests a greater reliance on terrestrial locomotion than is 

inferred for other African Miocene hominoids (e.g., McCrossin et al., 1998). 

13.2.1.6   Turkanapithecus

 Turkanapithecus (Table 13.7) is represented by one species,  Turkanapithecus  kala-kolensis, weighing about 10 kg. It is from Kalodirr, Kenya and dates to ~10–17.5 Ma 

(Rose, 1993; Harrison, 2010). The morphology of the talus and cuboid are reported to be comparable to that of other African Miocene fossil apes, such as  Simiolus 

(KNM-WK 17171A, see below) and  Proconsul/Ekembo (Leakey & Leakey, 1987; 

Rose, 1993; Ward, 1997). Overall, the morphology indicates predominantly stereotypical dorsi- and plantarflexion motions at the ankle with some eversion possible. 

This suggests that  Turkanapithecus was likely an arboreal quadruped, which, as gathered from other anatomical regions, might have been more habile at climbing 

than  Proconsul (Rose, 1993). 

13.2.1.7   Small  Apes

Several African Miocene genera are often lumped together in postcranial descrip-

tions because they are similar in their known morphology, and many Miocene local-

ities have a diversity of hominoid taxa, making the attribution of isolated specimens to a specific genus often difficult. The taxa included in this group are  Dendropithecus, Simiolus, Kalepithecus,  Limnopithecus, and  Micropithecus (e.g., Rose, 1993). 

 Dendropithecus and  Simiolus are better known and discussed separately. There appear to be no pedal specimens attributed to  Micropithecus (Harrison, 2002), and 

the attribution of postcranial specimens to  Kalepithecus and  Limnopithecus is never certain, so these genera are discussed together with some more specific descriptions of well-known specimens. 
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Table 13.8  Morphological traits of the  Simiolus foot. Traits similar to extant great apes are in bold font

 Ankle

Fibular malleolar facet that faces laterally while medial facet faces more mediodorsallya Moderately grooved talar trochleab

Similarly projecting trochlear rimsb

Talar trochlea medial lip much less curved than the lateralc

 Hindfoot

Talar neck of intermediate length, medially orienteda

Talar head mediolaterally wider than dorsoplantarly thicka

Proximal subtalar facet on talus is only gently curvedd

aRose et  al. (1992),  bLe Gros Clark and Thomas (1951), cDeSilva (2008),  dRossie and MacLatchy (2006)

Simiolus

The genus  Simiolus (Table  13.8) is known from five localities in Kenya: Buluk, Kalodirr, Moruorot, Fort Ternan, and Maboko Island, but the feet are known only 

from one eroded talus from Kalodirr, on the western shore of Lake Turkana. The 

locality dates to 16–18  Ma (Leakey & Leakey, 1987). Its postcranial skeleton is considered similar to  Dendropithecus (Rose et al., 1992), and it is generally discussed together with that genus as well as with  Limnopithecus,  Kalepithecus,  and Micropithecus (e.g., Rose, 1994). The limbs are long and gracile, very similar to Ateles, and  Simiolus is hypothesized to have practiced arboreal quadrupedalism in addition to some climbing and suspensory behaviors (Rose et al., 1992; Rose, 1994). 

The talus, KNM-WK 17171, is small, coherent with the cranial material, with an 

estimated body size of 4 to 7 kg (Rose et al., 1992; Fleagle, 1999; Table 13.8). The 

trochlea is moderately grooved with similarly projecting medial and lateral lips (Le Gros Clark & Thomas, 1951), but it is characterized by a medial lip much less curved than the lateral, to a degree comparable only to extant great apes (DeSilva, 

2008) and a medially projecting tibial malleolar facet, suggesting a foot habitually loaded in inversion. The ape-like mediolaterally expanded head and the gently 

curved proximal subtalar facet (Rose et  al., 1992; Rossie & MacLatchy, 2006) imply that foot torsion was not as constrained as in cercopithecoids. The medially 

oriented neck possibly reflects a redirection of loads toward the medial side of the foot, as it occurs in powerful hallux prehension (Barnett, 1955; Harrison, 1982). 

Overall, the interpretation of the morphology of this talar specimen concurs with the locomotor interpretations derived from other postcranial specimens, indicating 

arboreal quadrupedalism with adaptations to climbing and branch grasping. 

Dendropithecus

Because there are usually multiple, relatively similar fossil hominoid species in the East African Miocene localities, postcranial bones of  Dendropithecus   macinnesi (Table 13.9), dating to about 17–20 Ma, are securely known only from associated 
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Table 13.9  Morphological traits of the  Dendropithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Moderately grooved talar trochleaa

Similarly projecting trochlear rimsa

Fibular facet on talus projects laterallya

 Hindfoot

Proximal subtalar facet gently curveda

Talar head mediolaterally wider than dorsoplantarly thicka,b

Calcaneus with a relatively short heel process and elongated distal segmenta

No proximal plantar tubercle on the calcaneal tuberosityc,d

 Midfoot

Calcaneocuboid surface on the calcaneus has a relatively deep depressionc,d Hallux

Slender metatarsal with gently proximodistal taperinge

Proximal articular surface is ovoid, deeply concave mediolaterally, but nearly flat 

dorsoplantarlye

Lateral epicondyle is more developed than the mediale

aRossie and MacLatchy (2006), bRose et al. (1992), cLe Gros Clark and Thomas (1951), dFerem-

bach (1958), ePatel et al. (2017)

skeletons from Rusinga, with only a calcaneus and a talus from the foot, both eroded and broken (Le Gros Clark & Thomas, 1951). Another isolated talus, KNM-RU 

1748 is generally attributed to  Dendropithecus, while a few specimens are only tentatively attributed to the genus by some authors. Body size estimates ranged from 5 to 9  kg (Harrison, 2002). The talar morphology presents mosaic traits, with a trochlea with symmetrical medial and lateral lip projections, a laterally projecting fibular facet, a proximal subtalar facet that is only gently curved, and a mediolaterally expanded head. Similar mosaicism is observed on the one known calcaneus. 

The sustentaculum tali and the superior part of the tuberosity are eroded away, but 

it has a long distal segment, a calcaneocuboid joint with a relatively deep depres-

sion, no proximal plantar tubercle despite a plantar profile in medial view is slightly concave (Le Gros Clark & Thomas, 1951; Ferembach, 1958). A complete hallucial metatarsal, KNM-SO 31233, is cautiously attributed to  D. macinnesi by Patel et al. 

(2017) based on its size (body mass estimate of 7.7 to 9 kg). It is very slender and the proximal joint surface implies that the metatarsal flexed in one principal axis, but it does not appear particularly well-suited for grasping substrates of different sizes. In overall shape, this metatarsal resembles those of hylobatids and monkeys 

and is clearly different from great apes (Patel et al., 2017), suggesting that it was not capable of powerful and versatile hallucial grasps. Based on foot morphology as 

well as on other skeletal parts,  Dendropithecus was likely an arboreal quadruped that also frequently practiced forelimb suspension. 
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Table 13.10  Morphological traits of the  Kalepithecus?/Limnopithecus?  foot. Traits similar to extant great apes are in bold font

 Foot  shape

Narrow foot

 Ankle

Medial malleolar surface of the talus facing medially, while the fibular margin is slightly more proximally orienteda,b

Similarly projecting trochlear rimsb

Cup-like depression at the talar neck for the medial malleolusa,b,c

 Hindfoot

Moderately developed tubercles proximal to the talar trochleab

Relatively long talar necka,b,c

Proximal calcaneal facet on talus not deeply concaveb,c

Distal talar facet on calcaneus is strongly concave, unifacetedc,d

Talar head small, but mediolaterally wider than tallb

Long and narrow calcaneusd

Deep cuboid facet on calcaneusb,c,d

Calcaneus with well-marked groove for the fibularis longus musclec,d

Moderately concave plantar profile of the heel with a moderate tubercleb,c,d

 Midfoot

Relatively proximodistally long naviculard,e

Small cuneiform facets on the navicular that lay more or less in the same planec

aLe Gros Clark and Thomas (1951), bRossie and MacLatchy (2006), cLangdon (1986), dHarrison 

(1982), eMadar et al. (2002)

Kalepithecus?/Limnopithecus? 

Only one  Kalepithecus species is known,  K. songhorensis, dating to about 19–20 Ma, while there are two recognized  Limnopithecus species,  L. legetet and  L. evansi, dating to approximately 17–20  Ma. All specimens described are from localities in 

western Kenya (Table 13.10). These species have a similar estimated body mass of about 5 kg or less (Gingerich et al., 1982; Harrison, 2002; Patel et al., 2017). The 

morphology of the tali suggests an ankle that is habitually dorsiflexed and that 

allows some modest eversion. It is not specialized for flexion-extension as in extant cercopithecoids. There is only one nearly complete calcaneus, KNM-CA 2270, 

which is long and narrow (Harrison, 1982), but with a deep cuboid facet and a well-marked groove for the fibularis longus muscle, and a moderately concave plantar 

profile of the heel with a moderate tubercle (Harrison, 1982; Langdon, 1986; Rossie 

& MacLatchy, 2006). The naviculars (KNM-SO 5156 and -LG 582) are relatively proximodistally long (Harrison, 1982; Madar et  al., 2002) with small cuneiform 

facets that lay more or less in the same plane (Langdon, 1986). The overall morphology of the calcaneus, navicular, and talar head suggests a relatively strong 

grasping hallux with a narrow distal foot capable of some torsion. However, the 

forefoot was likely not splayed as in apes. 
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 13.2.2   Europe

The taxonomies and phylogenies of European hominoids have varied tremendously 

through time and there is still no consensual interpretation regarding the relation-

ships among species (e.g., Alba, 2012; Begun, 2018). Of the numerous species iden-

tified, only six,  Pierolapithecus catalaunicus,    Hispanopithecus   crusafonti, H. laietanus,   Rudapithecus  hungaricus, and  Oreopithecus  bambolii,  include known foot bones. Two other species,  Ouranopithecus macedoniensis and  Ankarapithecus meteai, have phalanges that cannot securely be attributed to the foot, so they are only briefly discussed below. With the exception of  Oreopithecus, European hominoids have foot morphologies that share some similarities with extant great apes but appear different in other respects. European hominoids, although becoming more 

orthograde as inferred from the trunk and upper limbs, probably retained a signifi-

cant amount of quadrupedalism in their locomotor repertoire, as reflected by their 

foot morphology. The foot appears to develop more specialized features comparable 

to extant hominoids only in the late Miocene with  Oreopithecus. 

13.2.2.1   Pierolapithecus

 Pierolapithecus catalaunicus (sometimes included in the genus  Dryopithecus) is known from a partial skeleton from northern Spain, dated to 12.5 to 13 Ma, and its 

mass is estimated to be around 30–35 kg (Moyà-Solà et al., 2004). Unfortunately, there are no published descriptions of the foot bones of  Pierolapithecus, but there are fragments of all five right metatarsals, right and left intermediate and lateral cuneiforms, a fragmentary navicular, and fragments of phalanges (Moyà-Solà et al., 

2004; Table  13.11). From the photos published by Moyà-Solà et  al. (2004), the cuneiforms are proximodistally short like apes, but the lateral cuneiform in superior view has proximally oriented proximal facet, unlike that of extant apes that tend to be angled mediodistally to accommodate the more laterally oriented facet on the 

navicular. The morphology of  Pierolapithecus suggests a forefoot that was narrow, likely not splayed like hominoids (Conroy & Rose, 1983; Fig. 13.1), but that may, as in apes, have undergone tarsal shortening and a shift in habitual loading toward 

the medial aspect of the foot. If this inferred morphology (from Figure 1 of Moyà- 

Solà et al., 2004) is indeed accurate, it suggests only partial adaptations in the foot 

Table 13.11  Morphological traits of the  Pierolapithecus foota. Traits similar to extant great apes are in bold font

 Midfoot

Short cuneiforms

All three cuneiform facets on the navicular are oriented in a coronal plane? 

 Lateral  rays

Second metatarsal diaphysis more robust than the fourth

Metatarsal bases relatively narrow mediolaterally? 

aObservations drawn from the figure in Moyà-Solà et al. (2004)
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Table 13.12  Morphological traits of the  Hispanopithecus foot. Traits similar to extant great apes are in bold font

Trait

 Ankle

Mediolaterally thick medial malleolus, with deep sulcus for the tendon of tibialis posterior musclea

Marked distal projection of the medial malleolusa

Strongly keeled trochlear surface on the tibiaa

Articular facet on the talus is not expanded distallya

Metaphyseal shape of the distal tibia that is not mediolaterally expandeda

 Lateral  rays

Broad metatarsal basesb

Robust metatarsals with thick plantar tuberclesb

Proximal articular facet angled medially relative to the diaphyseal long axisb

aTallman et al. (2013), bBegun (1994)

of this taxon for vertical climbing and scrambling. This interpretation is consistent with analyses from the rest of the skeleton, which suggest only modest adaptations 

for orthogrady (Moyà-Solà et al., 2004; Hammond et al., 2013), and the retention of 

quadrupedal locomotion (Almécija et al., 2009; but see Deane & Begun, 2008 for an alternative locomotor interpretation based on the hand phalanges). 

13.2.2.2   Hispanopithecus

 Hispanopithecus (formerly included in  Dryopithecus) is represented by two species H. crusafonti and  H. laietanus (Table 13.12) .  The former is found in Spain and dates to 10.5 Ma (Begun, 2002). Its body mass is estimated at 23 to 31 kg (Begun, 1992). 

Foot bones are known only from the Vallès Penedés locality of Can Ponsic and con-

sist of two metatarsals (Begun, 1994; Begun et al., 1997). The postcrania of  H. laietanus is represented principally by a partial skeleton (IPS18800) from Can 

Llobaters, Spain, dated to 9.65 Ma (Casanovas-Vilar et al., 2011). Its body mass is estimated at about 34 kg (Moyà-Solà & Köhler, 1996). It has no foot bones, but it has a distal tibia. 

Begun (1994) describes the third and fourth metatarsals of  H. crusafonti as being hominoid-like in appearance, but with proximal articular facets that are angled medially (Table 13.12; Fig. 13.1). This indicates that the lateral metatarsals were adducted, relatively parallel to each other and that the forefoot was not as splayed as in extant apes. Overall, the remains of the foot suggest that the rays were robust, but that the foot could not conform to the substrate to the extent observed in extant great apes. 

The distal tibia resembles those of arboreal cercopithecoids that indicates that motion is more restricted in the dorsi- and plantarflexion axis with no evidence of loading of the ankle in extreme dorsiflexion as in vertical climbing (DeSilva, 2008). However, the same tibia also has a mediolaterally expanded medial malleolus (Tallman et al., 

2013) that has been linked to foot inversion while climbing (DeSilva, 2008) and a 

deep sulcus for the tendon of the tibialis posterior muscle, which likely suggests 
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Table 13.13  Morphological traits of the  Rudapithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Talus with broad and low bodya

Wide trochleaa

 Hindfoot

Long ( Pongo-like) talar neckb

 Midfoot

Relatively long medial cuneiformc

 Hallux

Medially facing metatarsal facet on the medial cuneiformc

 Lateral  rays

Phalanges are long, large, robust, curved with large articular ends and fairly marked flexor ridgesa,c

aBegun (2002), bBegun (2009), cBegun et al. (1997)

strong grasping capabilities (Tallman et  al., 2013). The forelimbs and hands are strong and long suggesting a greater use of the forelimb during arboreal locomotion, possibly incorporating more suspension and vertical climbing. Together, these traits suggest that adaptations to more orthograde locomotion in that taxon are mainly 

observed on the forelimb while adaptations on the hindlimbs were more moderate. 

13.2.2.3   Rudapithecus

Foot specimens of  Rudapithecus  hungaricus (formerly referred to as  Dryopithecus brancoi) have been recovered from Rudabànya, Hungary (Table 13.13), and date to about 9.5 to 10 Ma (Begun, 2002). The species is estimated to have weighed between 20 and 40 kg (Kordos & Begun, 2002). Foot specimens consist of a distal hallucial metatarsal, a medial cuneiform, two talar fragments, and some phalanges (although 

their attributions to the foot are not certain except for one proximal hallucial phalanx). The complete talus RUD 27 has been most recently attributed to another non- 

hominoid primate taxon from Rudabànya (Kordos & Begun, 2001). One fragmentary talus is described as being hominoid-like, most similar to the tali of  Pongo (Begun, 

2002, 2009). The medial cuneiform is monkey-like and long, but with a medially oriented hallucial metatarsal facet (Begun et al., 1997), and the phalanges are long and robust. These traits suggest an ankle that allowed movement beyond just dorsi-and plantarflexion with strong grasping capabilities. 

13.2.2.4   Ouranopithecus

The postcrania of  Ouranopithecus macedoniensis from Greece, dated at ~9.3 Ma, consists of only two phalanges that cannot be securely attributed to the hand or the foot, but their morphology is more consistent with hand phalanges (De Bonis & 

Koufos, 2014). Regardless of whether they are manual or pedal, they more closely 
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resemble the phalanges of terrestrial rather than arboreal primates (De Bonis & 

Koufos, 2014). 

13.2.2.5   Ankarapithecus

 Ankarapithecus meteai is found in Turkey and is dated to 8.9 to 9.6 Ma (Kappelman et  al., 2003a). There are only two fragmentary phalanges that could possibly be from the foot, but Kappleman and colleagues (Kappelman et al., 2003b) believe that they are likely manual. Their morphology does not suggest strong grasping as in 

extant apes and is more similar to morphologies observed in arboreal quadrupeds 

(Kappelman et al., 2003b). 

13.2.2.6   Oreopithecus

 Oreopithecus   bambolii (Table  13.14; Fig. 13.7) is securely identified only in Tuscany and Sardinia, Italy, and dates to about 6 to 7 Ma in localities that were 

islands during the late Miocene (Begun, 2002). Almost all bones of the postcranial skeleton are known for that species (Begun, 2002), including bones of the foot. Its body mass is estimated at around 32–35 kg (Szalay & Langdon, 1986; Jungers, 1990). 

The talus is hominoid-like and the trochlea can be described as being similar to 

that of apes, but with possibly less motion allowed for eversion of the ankle. The 

subtalar and midfoot joints are essentially hominoid-like, allowing dorsiflexion and torsion (Szalay & Langdon, 1986). The short midfoot tarsals, the laterally facing lateral cuneiform facet on the navicular, and the wedged cuneiform suggest an anteriorly splayed forefoot as observed in extant great apes (Fig. 13.1). The morphology of the medial cuneiform articular facets suggests an abducted and powerful hallux 

(Fig. 13.2). The presence of a plantarly projecting plantar process on the calcaneal tuberosity (Szalay & Langdon, 1986) combined with robust metatarsals and long digits signal powerful digit flexion in a variety of ankle positions. These traits, possibly convergent on those of extant hominoids (Szalay & Langdon, 1986; but see 

Harrison & Rook, 1997), suggest a foot that was well adapted to climbing and branch grasping at the expense of stability and powerful propulsion. The locomotion inferred from foot morphology is congruent with intermembral proportions and other traits of 

the postcrania (Biegert & Maurer, 1972; Harrison & Rook, 1997). Although some have proposed that  O. bambolii walked bipedally with an extremely abducted hallux (Köhler & Moyà-Solà, 1997), that hypothesis has received little support since. 
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Table 13.14  Morphological traits of the  Oreopithecus foot. Traits similar to extant great apes are in bold font

 Foot  shape

Forefoot splayed

Long digits and shortened distal tarsals

 Ankle

Talar trochlea is wedged with a shallow groovea,b,c

Lateral margin of the talar trochlea is rather vertical and the fibular articular surface is moderately angled proximallyb

Lateral talar trochlear rim slightly higher than the medialb

Shallow cup-shaped depression for the medial malleolus at the root of the talar necka,b Hindfoot

Talus is proximodistally and dorsoplantarly short with a short necka,b,d Lateral tubercle proximal to the talar trochlea is relatively well developed, but without a pronounced grooveb

Relatively short distal calcaneal segmenta,b

Calcaneal proximal talocalcaneal facet proximodistally long combined with a short corresponding facet on the talusb

Distal talocalcaneal facet on calcaneus wide and continuouse

Well-developed plantar process on calcaneal tuberosityb

Talar head is large and medially deviateda,b,d

Talar head is mediolaterally expanded

 Midfoot

Shortened navicular,  cuneiforms and cuboidb,e,f

Cubocalcaneal articular facet dorsoplantarly narrow with relatively deep depressionb Deep talar facet on navicularf

Hypertrophied medial cuneiform articular facet on the navicularb

Cuneiform facets on the navicular form an arch mediolaterallyb,c,g Large tubercle on navicular that extend medially and plantarly beyond the talar and medial cuneiform articular facets, indicating that the primary insertion of the tibialis posterior tendon is on the navicularf

Wedged cuboid, with deep sulcus for tendon of peroneus longus muscleb,e

 Hallux

Hallucial metatarsal facet on medial cuneiform highly curved and extends medially, with correspondingly curved facet on hallucial metatarsala,c,h

 Lateral  rays

Metatarsals relatively short and robustb,i

Second metatarsal inferred to be longer than fourthb

Metatarsal diaphyses dorsoplantarly expandedb

Long, and gracile and relatively curved phalanges with relatively well-developed flexor sheath flanges and proximally oriented articular facetsb,i

aHarrison (1986), bSzalay and Langdon (1986), cBillington (2016), dStraus (1963), eRose (1986), 

fMadar et al. (2002), gSarmiento and Marcus (2000), hHürzeler (1958), iBegun (2002)

 13.2.3   Asia

Overall, the Asian hominoid feet, almost exclusively represented by  Sivapithecus, indicate that the foot was capable of powerful and versatile hallucial flexion and was modestly mobile, allowing inversion, eversion, and torsion, but not to the degree 

observed in extant apes. Their feet were not as splayed as those of extant apes and 
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Fig. 13.7  Dorsal view of a composite foot of  Oreopithecus  bambolii. Scale is 1 cm. (Photo credit: Jeremy DeSilva)

Table 13.15  Fossil material of  Sivapithecus feet

 S. parvada a

 S. indicus

 S. sivalensis

Partial calcaneus GSP 

Distal tibia

YGSP  Partial talus

GSP 

Partial calcaneus 17152

Partial calcaneus 1656

Partial calcaneus

10785b

Intermediate 

GSP 

Navicular

GSP 

Hallux (distal metatarsal, 

GSP 

cuneiform

17606

Lateral 

28230

proximal and distal 

4664

GSP 

cuneiform

GSP 

phalanges)

GSP 

6454

Cuboid

46459

14046

Middle pedal(?)  GSP 

phalanx IV(?)

17118

Distal hallucial 

GSP 

phalanx

19905

GSP 

47583

GSP 

47700

aThere are four phalanges, complete and fragmentary, but they are all attributed to the hand (Kelley, 1988)

may have retained a modest transverse arch providing modest rigidity and capaci-

ties for propulsive leverage. 

13.2.3.1   Sivapithecus

 Sivapithecus is found in the Siwaliks of India and Pakistan. The foot is the best-represented segment of the  Sivapithecus skeleton (Madar, 1996) and specimens are 

generally included in three species, the markedly larger  S. parvada,  and the smaller, time-successive  S. indicus and  S. sivalensis (Kelley, 2002; Tables 13.15 and 13.16). 
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Table 13.16  Morphological traits of the  Sivapithecus foot. Traits similar to extant great apes are in bold font

 Ankle

Mediolaterally wide and anteroposteriorly narrow tibial metaphysisa

Robust medial malleolusa

Medial malleolus with well-demarcated groove for the tibialis posterior muscle and, more laterally, a shallow groove for the tendon of m. flexor hallucis longus and intermediately sized intercollicular groove for the attachment of the posterior tibiotalar ligamentsa

No evidence that medial malleolus articulated with cup-shaped depression at the talar necka Narrow talar trochlea relative to its lengthb

Talar trochlea is wedged-shaped corresponding to a tibial distal articular facet that is wider anteriorly than posteriorly, but not wide relative to sizea,b

Rounded median keel on the tibia, more pronounced anteriorly, with a corresponding 

intermediate to deep groove on the talar trochlea, that is displaced laterally making the medial section of the trochlea larger than the laterala,b,c,d,e

Medial and lateral malleolar surfaces are relatively verticalc,e

Small stop facet on the tibia at the anterior margin of the articulation with the talusa High talar trochlear relative to proximodistal length, tightly curved, particularly distallyb,c Talar trochlea with a lateral lip only moderately higher than the medialb,d,e Hindfoot

Oblique and well-developed groove for the tendon of the flexor hallucis longus muscle behind the talar trochlea, well-marked groove on the calcaneus as wellc,d,e,f Posterior subtalar facet on calcaneus relatively short proximodistally, but evenly curved and not as deep as in cercopithecoids, corresponding surface on talus extant ape-like in shape and sizeb,c

Distal subtalar articular surface on the calcaneus is continuous with a moderate waisting and curvaturef

Relatively long distal segments of the calcaneus, intermediate between apes and monkeyse,f Midfoot

Calcaneocuboid surface on the calcaneus with well-marked depression medially, particularly in the larger  S. parvada,  and with extensive surface dorsolaterally and plantarly, well-developed peg on cuboidb,d,e,f,g

Calcaneocuboid surface dorsoplantarly short relative to the calcaneal lengthb

Moderately abbreviated navicular,  cuneiforms, and cuboidd,h

Talar facet on navicular proximodistally shallow, monkey-like but within the range of apesh Large medial cuneiform facet on naviculard,h

Intermediate cuneiform wedge-shaped in proximal view

Lateral cuneiform facet on navicular is oriented more laterally, with corresponding wedge-shaped lateral cuneiform with medially oriented navicular facetd,i Distal part of the cuboid facet on the lateral cuneiform and the proximal part of the facet with the intermediate cuneiform are angled more plantarlyd,i

Mildly wedged cuboide,f

Cuboid with shallow, but relatively proximodistally wide sulcus for the tendon of peroneus longus muscled,i

Calcaneocuboid articular surface on cuboid dorsoplantarly deep relative to its widthd,e,f (continued)
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Table 13.16 (continued)

 Hallux

Metatarsal head asymmetrical, bulbous, and strongly curved with relatively shallow grooves for the sesamoid bonec,e

Medial epicondyle of the metatarsal head more developed than the lateral

Proximal phalanx robust, with well-marked flexor sheath ridges, no midshaft waisting and no marked dorsoplantar curvaturec

Distal phalanx triangular shaped with relatively wide apical tuft, but dorsoplantarly narrowh Lateral  rays

Middle phalanx with length similar to  Pan and  Theropithecus,  robust like  Pan,  tapered midshaft with no median keel and weakly developed flexor sheath ridgesh

Middle phalanx with no dorsoplantar curvatureh

Middle phalanx with mediolaterally broad distal and proximal articular facets, with the latter oriented somewhat dorsallyh

aDeSilva et  al. (2010), bLangdon (1986),  cPilbeam et  al. (1980), dMadar (1996),  eBegun et  al. 

(1997), fRose (1986), gRose (1989), hMadar et al. (2002), iRose (1984)

 S. parvada is exclusively from one locality, Y311 (also known as Sethi Nagri), of the Nagri Formation of the Siwaliks of the Potwar Plateau of Pakistan (Kelley, 

1988) that is dated to about 10.0 Ma (Barry et al., 2002; Kelley, 2002). It had an average adult body mass of about 68.7 kg, but with some sexual dimorphism (Kelley, 

1988).  S. indicus and  S. sivalensis are, respectively, from the Chinji (12.5 Ma to 10.5 Ma) and the Dhok Pathan (9.5 to 8.5 Ma) formations of the Siwaliks of India 

and Pakistan (Kelley, 2002). The two species are dimorphic with body mass estimates of ~20–24 kg for females and ~30–50 kg for males (DeSilva, 2010). 

The morphology of the distal tibial metaphysis as well as the tibiotalar and mal-

leolar articular facets suggests greater ankle mobility and loading in inverted pos-

tures than observed in quadrupedal taxa, but with less habitual loading in extreme 

dorsiflexion than in extant great apes (DeSilva et al., 2010). The subtalar facets are generally intermediate in shape between extant apes and cercopithecoids. The proximal subtalar facet on the  S. parvada calcaneal specimens (as well as in the  S. indicus specimen according to Madar, 1996), instead of being uniformly curved as in other anthropoids, presents flatter proximal and distal surfaces joined by a tightly curved area. This suggested to Rose (1986) that it had a moderate range of pronation-supination with stability at either end of that range, but rapid movements from one 

to the other. Overall, the ankle and subtalar facets suggest an ankle that was more 

limited in the range of inversion and eversion than those of extant apes, but that may have allowed greater movement than the ankles of cercopithecines. The morphology of the calcaneocuboid joint, as well as ligament attachment areas, suggests 

stable and wide ranges of pronation-supination in the midfoot, possibly more so 

than in extant hominoids (Rose, 1986). 

The navicular morphology is extant ape-like, indicating a midtarsus that is 

mediolaterally wide and a cuboid more laterally placed than in monkeys and that 

implies a wide, splayed forefoot (Madar et al., 2002). The eroded cuboid is comparable in size to those of male  Pan and  Pongo but resembles  Proconsul/Ekembo in 

shape (Rose, 1986; Madar, 1996; Begun et  al., 1997). The morphology of the 
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cuneiforms is basically extant ape-like (Pilbeam et al., 1980; Rose, 1984; Madar, 

1996), reflecting an abbreviated midtarsal region, although possibly not as much as in extant great apes. The arrangements of the cuneiforms suggest greater movements at the cuneonavicular joints, and relatively greater midtarsal and second 

metatarsal mobility than in cercopithecoids (Pilbeam  et  al., 1980). However, the ventral surface of the lateral cuneiform presents a modest groove for the tendon of 

Fig. 13.8  Dorsal (top three rows) and plantar (bottom three rows) views of the hallux of a hominoid ( Pan; rows 1 and 4),  Sivapithecus (rows 2 and 5), and a cercopithecid ( Mandrill; rows 3 and 6). Scale is 1 cm
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the fibularis longus muscle, the distal part of the lateral cuneocuboid facet and the proximal part of the facet with the intermediate cuneiform are angled more plantarly 

(Rose, 1984; Madar, 1996). This combination of features suggested to Rose (1984) that the cuboid was in a more inverted position relative to the lateral cuneiform and therefore that  S. indicus may have had a foot with a modest transverse arch, indicating more rigidity and propulsive capacities than the midfeet of extant large apes. 

The four fragmentary calcanei are all missing the heel process (e.g., Fig. 13.4), 

so the presence or absence of a plantar process of the tuberosity cannot be deter-

mined (Pilbeam et al., 1980; Rose, 1986, 1989). The first metatarsal is most similar to those of extant apes (Fig. 13.8). The proximal phalanx is robust, being most similar to  Gorilla (Pilbeam et al., 1980). The distal phalanges range in size between those of large chimpanzees and small gorillas, but they are somewhat monkey-like 

in morphology (Fig. 13.8). Plantarly, there is an extensive area for the insertion for the tendon of the flexor hallucis longus muscle, suggesting to Madar et al. (2002) that   Sivapithecus had powerful pedal grasping capabilities (but see Shrewsbury et  al., 2003 for caution about functionally interpreting the morphology of distal 

phalangeal tendon insertions). While the generally ape-like morphology suggests a 

highly mobile hallux, the general robusticity of the bones combined with grooves 

for the flexor hallucis longus muscle on the tibia, talus, and calcaneus suggest that hallucial grasping was also powerful. The middle phalanx has no dorsoplantar curvature and is  Pan-like in length and robusticity (Madar et al., 2002) with mediolaterally broad proximal and distal articular facets. The proximal articular facets are 

oriented somewhat dorsally, unlike the more plantar orientations observed in extant 

apes and arboreal cercopithecines (Madar et al., 2002). 

Despite small differences among taxa, particularly between the larger and smaller 

forms, the overall morphology of all the  Sivapithecus specimens suggests feet that all possessed a mobile and powerful hallux, an abbreviated midtarsal region, a moderately splayed forefoot, and possibly a modest transverse arch that would have 

provided more rigidity to the foot than observed in extant great apes. As a result, the foot would have had greater midtarsal mobility relative to cercopithecoids but also 

greater capacity for generating propulsion relative to extant great apes, underscor-

ing that this taxon was probably an arboreal quadruped that also practiced vertical 

climbing and scrambling. 

13.2.3.2   Lufengpithecus

There is one undescribed hallucial metatarsal reported for  Lufengpithecus from the site of Shihuiba, Lufeng county, China. It is reported to be similar to that of 

 Sivapithecus (Begun, 2007), suggesting a strong hallucial grasp in the taxon. 
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13.3   Future  Directions

Extant hominoids have unique modes of arboreal locomotion, being highly ortho-

grade and proficient at vertical climbing, hanging, and scrambling. For years, it was assumed that their adaptations were inherited from a common ancestor. However, 

fossil hominoids never seem to have the complete suite of adaptations observed in 


extant hominoids. Only later European taxa, such as  Oreopithecus, do present adaptations comparable to those observed in extant large apes. However,  Oreopithecus is too derived to be ancestral to all or even one extant taxon (Harrison & Rook, 1997). 

The closest fossil relative to  Pongo that includes foot remains,  Sivapithecus,  does not present the whole suite of extant hominoid-like pedal traits either, lending support to the hypothesis that extant hominoid orthograde and suspensory adaptations 

were acquired independently in  Pongo and in African apes (e.g., Moyà-Solà & Köhler, 1996; Larson, 1998; White et al., 2015; Williams & Russo, 2015). With the discovery of  Ardipithecus  ramidus, Lovejoy et al. (2009) have argued that the common ancestor of  Pan and hominins had a foot that was monkey-like, lacking the specialized adaptations of  Gorilla and  Pan.  They conclude that the African ape adaptations of a compliant foot (and other orthograde adaptations) were independently acquired in the two African apes (White et al., 2015) and that foot rigidity was primitive for hominins. Future research should focus on testing the hypothesis 

that foot adaptations in hominoids, particularly in  Pan and  Gorilla, were acquired independently in order to establish the likely primitive morphology from which 

early hominins evolved. 

Further research should also focus on the anatomy and mechanics of the trans-

verse arch in non-hominoid primates to better understand the morphological corre-

lates of foot rigidity (Venkadesan et  al., 2020). This is important because foot compliance is one of the fundamental modifications of extant great ape feet that 

enables them to adapt to a mode of arboreal locomotion that diverges from above- 

branch quadrupedalism. First, a better grasp of how compliant or rigid extant cerco-

pithecoid and hominoid feet really are would provide the basis to investigate 

correlations with the presence and height of the transverse arch in the articulated 

foot. Second, the transverse arch can be observed in articulated feet, but it remains speculative as to how it can be recognized from the shape of individual tarsal bones and the orientation and size of their articular facets. Further research is needed to quantify the morphology and link it to arch presence and height. This would help to 

advance and secure our interpretations of isolated foot bones, a common occurrence 

in the Miocene fossil record. 

Finally, it would be valuable to improve significantly the fossil record in the Late Miocene of Africa, particularly before and around the split of the hominin and  Pan lineages. This endeavor is idealistic considering the rarity of fossiliferous sediments of that period that have yielded non-hominin hominoid fossils. However, further 

understanding of the hominoid fossil landscape at that period would shed light on a 

period that is particularly poorly known. Any discoveries, not just of foot remains, would stand to provide answers to many current questions on our origins. 
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13.4   Summary

Fossil hominoid feet display variable adaptations. The oldest African taxa are gen-

erally characterized by feet that had strong hallucial grasps but that were relatively narrow and likely fairly rigid to provide levers for propulsion during quadrupedal 

locomotion. It is only with the later Asian and European taxa that increased foot and ankle mobility is observed with an abbreviated and modestly splayed distal tarsal 

region in some taxa. The latest,  Oreopithecus at 6–7 Ma, possesses the foot morphology most similar to those of extant great apes. This includes a mobile, strongly grasping feet, a specialization for arboreal scrambling and careful climbing and a 

more generalized orthograde posture. For many Miocene taxa, it appears that the 

forelimb is transformed more extensively in a variety of ways while the foot often 

retains traits that suggest more standardized quadrupedal movements. This sug-

gests, in turn, that many Miocene hominoids practiced types of locomotion that 

have no exact extant equivalent. These may have included quadrupedal locomotion 

with significant amounts of scrambling and orthograde posture, possibly during 

climbing and forelimb hanging. This combination of locomotor behaviors is com-

patible with what appear to be incongruous morphological traits, such as appearing 

in the forelimb of  Sivapithecus: a retroflexed humerus typical of extant quadrupedal taxa combined with an elbow joint indicative of wide ranges of pronation- supination typical of extant hominoids. 

It is difficult to establish the polarity of traits in the Miocene hominoids and 

therefore to determine how different the first hominoids were from their catarrhine 

ancestors. However, their general patterns of morphology testify to predominantly 

arboreal forms of locomotion for which hallucial grasping was always important 

(with the exception of the more terrestrial form  Equatorius). Further into the Miocene, with the expansion of hominoids to Europe and Asia, the feet of various 

taxa show greater emphasis on a pedal grasp that could adapt to variation in branch 

or trunk sizes, possibly signaling that substrate choices were more varied and were 

not limited to more horizontal branches. These “modern hominoid” adaptations are 

likely a consequence of the relatively large sizes of these arboreal taxa. Further 

research is needed to establish the extent to which these traits may have been 

acquired independently within each great ape taxon. 
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Chapter 14

The Early Hominin Foot

Jeremy M. DeSilva, Ellison J. McNutt, and Bernhard Zipfel

Abstract  Bipedalism is a hallmark of human evolution. Being the only part of the body that contacts the substrate during bipedal locomotion, the hominin foot has 

undergone significant changes to adapt to this unusual form of terrestrial travel. The last twenty years have witnessed an extraordinary increase in the pedal fossil record of early hominins, including specimens attributed to  Ardipithecus and 

 Australopithecus. The old standbys of  A. afarensis and  A. africanus have been joined by  Ardipithecus, “Little Foot”, the partial foot of  A. sediba, and a perplexing, primitive foot from Burtele, Ethiopia. These new finds, together with a reanalysis of the Hadar and Sterkfontein  Australopithecus pedal material, reveal functionally significant differences between early hominin species that provide evidence for differ-

ent forms and frequency of bipedal locomotion and arboreality in these early 

hominins and perhaps even different evolutionary experiments in early hominin foot 

anatomy. 
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14.1   Introduction

The human foot is adapted for the rigors of bipedal locomotion (Morton, 1935; Susman, 1983; Aiello & Dean, 2002; Klenerman & Wood, 2006; DeSilva et al., 

2019). Compared with our ape relatives, humans possess a suite of adaptations that position a well- balanced foot under the stance leg during bipedalism, render the foot capable of absorbing the high forces of heel strike, and convert the foot into a propulsive lever for push-off. The specific differences between the human foot and the 

ape foot are detailed elsewhere throughout this volume. But, the evolutionary timing of these anatomical changes is the purview of Plio-Pleistocene paleoanthropologists, and is the subject of this chapter. 

With the exception of  Oreopithecus (Szalay & Landgon, 1986), which likely has no close relationship to the chimpanzee-human last common ancestor, there are, as 

of this writing, no known fossilized feet between 4.4 Ma ( Ardipithecus) and 11.9 Ma ( Pierolapithecus). This 7.5 Ma gap makes it exceptionally difficult to reconstruct the foot of the last common ancestor between humans and the African apes (McNutt 

et  al., 2018). Nevertheless, the  Ardipithecus foot remains (Haile-Selassie, 2001; Lovejoy et al., 2009; White et al., 2015; Simpson et al., 2019) provide a good starting point for understanding the evolution and diversification of the early hominin 

foot. Below, we detail for each early hominin taxon what foot fossils have been 

recovered and what their morphologies suggest about the functions of their feet 

(Fig. 14.1; Appendix B). 

14.2   Early Hominin Feet

 14.2.1  

Sahelanthropus tchadensis  (ca. 7.0 Ma1)

There are currently no pedal fossils attributed to this taxon. 

 14.2.2  

Orrorin tugenensis  (5.6–6.2 Ma)

There are currently no pedal fossils attributed to this taxon. 

1 Geological ages from MacLatchy et al. (2010), Wood and Boyle (2016) and sources therein. 
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Fig. 14.1  Composite feet from eight early hominin species. All specimens are shown as right feet (left foot fossils have been reflected). Elements have been scaled and do not represent actual sizes. 

The purpose of this figure, thus, is to illustrate what aspects of the foot are known, and which unknown for the taxa discussed in this chapter. Elements are only shown once and duplicates (e.g., SK 1813 and SKX 5017 first metatarsals for  A. robustus) are not repeated. Associated foot fossils include those from  Ardipithecus  ramidus (ARA-VP-6/500), BRT-VP-2/73, the A.L. 333-115 forefoot of  Australopithecus  afarensis,  Australopithecus  prometheus (StW 573), and the talus, calcaneus, and Mt5 of  Australopithecus   sediba (MH2). The others are composites of isolated foot fossils. See Appendix B and text for attribution of these isolated elements

 14.2.3  

Ardipithecus kadabba  (5.2–5.8 Ma)

The oldest purported hominin pedal fossil is AME-VP-1/71, a 5.2 million-year-old 

left fourth pedal proximal phalanx from the Amba East collection area in the Middle 

Awash study site, Ethiopia. It is assigned to  Ardipithecus  kadabba (Haile-Selassie, 

2001; Haile-Selassie et al., 2009). It is long (Fig. 14.2) and similar in longitudinal curvature to 4th proximal phalanges from  Australopithecus  afarensis. 

Little can be said about foot function from a single toe bone; however, the bone 

does display dorsal canting of the proximal joint surface, perhaps indicative of toeoff in a bipedal foot (Latimer & Lovejoy, 1990a). While this anatomy is indeed found in human pedal phalanges and may very well indicate bipedalism in  A. kadabba, it has been noted that dorsal canting can occur in non-bipeds (Haile- Selassie et al., 2012; Wood & Harrison, 2011; McNutt et al., 2018) and can also be found in 

the lateral proximal phalanges of  Proconsul  heseloni (Begun et al., 1991). While we agree that the dorsal doming of metatarsal heads in combination with dorsal canting 
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Fig. 14.2.   Proximal (A) and middle (B) phalangeal lengths in early hominins. Data from measurements of original fossils and from Lovejoy et al., 2009. Notice the reduction in absolute phalangeal 

length from  Ardipithecus through  Australopithecus to  Homo. These absolute changes are conservative since there is evidence for body size increase in some species of  Homo and thus the relative phalangeal length changes would be even more pronounced (see Trinkaus & Patel, 2016 for more 

details on phalangeal changes over time)

forms a functional complex indicative of bipedal gait (Haile-Selassie et al., 2012), 

dorsal canting of a proximal phalanx alone is not enough to conclude that  A. kadabba was a biped, and support for this hypothesis will require additional postcranial evidence. Nevertheless, the  A. kadabba phalanx is tantalizing and illustrates just how little we know about the feet of hominins more than 4.5 million years ago. 

 14.2.4  

Ardipithecus ramidus  (4.3–4.5 Ma)

Over 50 pedal fossils have been recovered from the Pliocene hominin  Ardipithecus ramidus (White et al., 2009; Appendix B), representing most of the foot. The talus possesses several primitive, ape-like anatomies. The talar body is strongly wedged, 

with a mediolaterally wide distal trochlea (see Lovejoy et  al., 2009: Fig. S1). 

Additionally, the talus has an elevated lateral trochlear body resulting in a high talar axis angle—a skeletal correlate of an inverted foot (Fig. 14.3). An orthogonally positioned tibial shaft relative to the ankle joint is functionally correlated with a valgus knee, and thus this ankle anatomy in the ARA-VP-6/500 foot skeleton suggests that  Ardipithecus did not have a strongly developed bicondylar angle and likely had more mediolateral sway during bipedal gait (White et al., 2015). 

As in later hominins, the midfoot is proximodistally elongated. The navicular 

lacks the proximodistal pinching found in modern apes and is instead thickened in 

this direction. The cuboid is elongated and lacks the lateral tapering found in ape 

cuboids. Instead of regarding these anatomies as hominin synapomorphies, Lovejoy 

et al. (2009) hypothesized that an elongated midfoot may be primitive and that the different species of ape have independently evolved midtarsal reduction. 

Furthermore, there is evidence from the  Ardipithecus cuboid that the lateral midfoot 
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Fig. 14.3  The ape ankle joint is inverted, whereas the human ankle possesses an orthogonally set tibia relative to the horizontal plane of the talar trochlea, positioning the foot in an everted set. The angle formed between the axis of the ankle joint and the plane of the talar trochlea (talar axis angle) can be used in isolated tali to infer the differing ankle geometries in apes and humans (see Latimer et al., 1987 and DeSilva, 2009 for details). For this measure,  Ardipithecus is ape-like (Lovejoy et al., 2009). All  Australopithecus tali are human-like. Note in the views of the talus below that the chimpanzee has a high lateral rim and a low medial rim to the talar trochlea.  Australopithecus tend to have more even trochlear rims, even those with a strong central groove (e.g., KNM-ER 1464). 

Right tali have been mirrored to represent the left side and all bones have been scaled such that they are the same dorsoplantar height

remained stiff during the heel lift portion of bipedal gait. The proposed mechanism 

for midtarsal stiffening is the presence of an os peroneum complex, in which a sesa-

moid—common in humans, gibbons, and cercopithecoids, but not great apes—

helps lift the tendon of  m. peroneus longus out of the peroneal groove and diagonally across the midfoot. Contraction of this muscle during heel lift, combined with its 

oblique orientation across the foot, would help stiffen the lateral column and render it a propulsive lever adaptive for bipedal locomotion. Again, Lovejoy et al. (2009) regard this anatomical complex as primitive and its loss, and subsequent increase in midtarsal mobility, as derived. 

Most unusually for a bipedal foot,  Ardipithecus possessed a strongly divergent, grasping hallux. The first metatarsal facet on the medial cuneiform is convex and 

spills onto the medial aspect of the bone. The concave and sigmoidal first metatarsal base forms a complementary surface functionally consistent with hallucial opposability. The first metatarsal head lacks the dorsal doming found in  Australopithecus, but does possess a rather unusual double facet and a “nonsubchondral isthmus” 

(Lovejoy et al., 2009: Fig. 2) consistent with the dual role of the hallux in push-off during terrestrial bipedality and grasping during arboreality. Similarly, “chondral 

invaginations” on the dorsal base of the second metatarsal (Lovejoy et al., 2009: 
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Fig. 4) are interpreted as impressions produced by the dorsal capsule of the joint 

through habitual inversion during climbing and habitual eversion during walking. 

The preserved metatarsals have hominin-like tall metatarsal bases, and a third meta-

tarsal (ARA-VP-6/505) has a dorsally domed metatarsal head (Lovejoy et al., 2009; Fernández et al., 2018). The doming of the metatarsal head, combined with dorsally canted proximal phalanges, signifies a functional complex indicative of dorsiflexion at the metatarsophalangeal joint during bipedal gait. However, propulsion likely 

occurred along the oblique axis of the foot (lateral digits), meaning  Ardipithecus did not possess the medial weight transfer found in later taxa. The proximal and middle 

pedal phalanges are absolutely long (Fig. 14.2) and curved, consistent with frequent and skilled arboreality in this taxon. 

The above characterization of the  Ardipithecus  ramidus foot is complicated by a recent announcement of new  A. ramidus material from the 4.3–4.5 Ma deposits at Gona, Ethiopia (Simpson et al., 2019). Unlike in the Aramis  A. ramidus foot (White et al., 2009; Lovejoy et al., 2009), the Gona  A. ramidus has a more human-like talar axis angle, which would result in an everted set to the ankle joint (Simpson et al., 

2019). Additionally, the first metatarsal from the Gona fossil has a domed head, suggesting that the hallux was involved in bipedal propulsion. This hallucial morphol-

ogy differs significantly from the Aramis  A. ramidus, which has a divergent hallux (Lovejoy et al., 2009). The evolutionary significance of these pedal differences is currently unclear and awaits a full description of the Gona material (Simpson et al., 

2019) and direct comparisons between these apparently quite different  Ardipithecus foot fossils. 

 14.2.5  

Australopithecus anamensis  (3.8–4.2 Ma)

There are only two pedal fossils that have been recovered from  A. anamensis, currently the oldest named member of the  Australopithecus genus—a fragment of a second metatarsal shaft and a fragmentary proximal phalanx (White et al., 2006). 

Very little anatomy is preserved and not much can be inferred about the function of 

the  A. anamensis foot from these fossils. Therefore, our understanding of the  A. anamensis foot and ankle is based almost entirely on a 4.2 million-year-old distal tibia (KNM-KP 29285) from Kanapoi, Kenya (Leakey et al., 1995; Ward et al., 2001). 

The tibia has an orthogonally oriented shaft relative to the plane of the ankle joint, indicating that the foot had a human-like everted set. The medial malleolus is thin, as it is in humans, suggesting limited loading of the foot in an inverted position 

(DeSilva, 2009). Furthermore, the tibial plafond is square-shaped and lacks the 

mediolaterally anteriorly expanded ankle found in apes and present in the talar side of the ankle in  Ardipithecus  ramidus. We regard the KNM-KP 29285 tibia as the earliest foot or ankle evidence currently known in the human fossil record that is 

consistent with a habitual obligate biped. 
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 14.2.6  

Australopithecus deyiremeda  (3.3–3.5 Ma)

Currently, no pedal fossils have been directly attributed to this taxon. 

 14.2.7   Burtele Foot (~3.4 Ma)

While this unusual foot from Burtele, Ethiopia (Haile-Selassie et  al., 2012) was found in the general vicinity of the newly described taxon  Australopithecus  deyiremeda (see Haile-Selassie et al., 2015 for details), it has not yet received a taxonomic home and may belong to a late occurring member of  Ardipithecus. The 

Burtele forefoot (BRT-VP-2/73) was a game-changing discovery in paleoanthropol-

ogy. Though it was found in the ~3.4 Ma geological time period known to contain 

 Australopithecus   afarensis fossils, the Burtele foot is more primitive than any known  A. afarensis foot fossils, and is in many ways more like the  Ardipithecus ramidus foot. Recovered were complete first, second, and fourth metatarsals, a third metatarsal head, three proximal phalanges (PP1, PP2, and PP4), and a second middle phalanx (Fig. 14.1). Most notable is the anatomy of the first metatarsal, which 

appears to be capable of hallucial divergence and significant amounts of pedal 

grasping. Like the  Ardipithecus Mt1, the proximal facet of the Burtele Mt1 is sigmoid in shape and the medial aspect of the proximal facet is angled relative to the 

shaft of the bone, an anatomy distinct from that found in the A.L. 333-54  A. afarensis first metatarsal base (Fig. 14.4). The distal Mt1 head is not dorsally domed as in A. afarensis and indicates a reduced role of the hallux in bipedal propulsion, similar to the Mt1 morphology present in the  Ardipithecus foot. As also found in the Ardipithecus foot, the Mt2 displays internal torsion and possesses a dorsoplantarly short base, an ape-like anatomy indicative of some midfoot mobility. This bone is 

also curved longitudinally in the transverse plane which would direct the Mt2 

toward the Mt1 during bouts of arboreality. The Mt4 is the longest—an anatomy 

unusual for an extant hominoid and strong evidence that the axis of propulsion dur-

ing bipedalism was along the oblique axis of the foot. In other words, the Burtele 

foot belonged to a hominin that did not derive propulsive forces from the hallux 

during toe-off. The Mt4 base is damaged, but possessed a dorsoplantarly flat facet 

for the cuboid, suggestive of a stiff lateral midfoot, similar to that found in 

 Ardipithecus and other hominins (except  A. sediba). The lateral metatarsal heads are domed and are bordered by a deep dorsal gutter which would receive the dorsally 

canted proximal phalanges during toe-off. The pedal phalanges are long and rela-

tively curved. Together, the Burtele foot belonged to a hominin with a foot adapted 

for frequent arboreality that probably walked terrestrially with a primitive nonhu-

man ape-like bipedal gait in which the axis of propulsion remained along the lateral foot. More specific gait mechanics must await the discovery of additional postcranial remains associated with this foot morphology. 
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Fig. 14.4  Right medial cuneiform and first metatarsal are shown in an oblique dorsomedial view. 

Medial cuneiforms have been oriented so that the navicular facet is facing down in this image. 

Chimpanzees have a highly concave and sigmoidal base of the first metatarsal that articulates with a strongly convex facet that spills onto the medial aspect of the medial cuneiform ( black arrows). 

While moderately convex, the medial cuneiforms from  A. afarensis (A.L. 333-28) and  A. prometheus (StW 573) are oriented distally and only weakly spill onto the medial aspect of the bone. 

The articulating first metatarsal faces more distally and is not as medially divergent in A.L. 333-28, StW 573, or OH 8 as in apes. For both measures, StW 573 and OH 8 fit within the modern human range, while A.L. 333-28 is slightly outside the human range for convexity (Gill et  al., 2015). 

While the A.L. 333-54 is not associated with A.L. 333-28, when mirrored and size-fitted, it too articulates in a manner that produces a mostly adducted hallux

 14.2.8  

Australopithecus afarensis  (3.0–3.7 Ma)

The  A. afarensis foot is, by far, the best represented and most studied of any early hominin. From 3.0–3.4  Ma localities at the Hadar study site in Ethiopia, almost 

every bone of the adult  A. afarensis foot has been recovered, with the notable exceptions of the cuboid, the intermediate cuneiform, and some distal phalanges. A juve-

nile  A. afarensis foot preserves all of the tarsals and the bases of the metatarsals (DeSilva et al., 2018). It is further likely that the Laetoli footprints were made by members of this species, permitting an even more detailed discussion of gait 

mechanics using paleoichnological approaches (e.g., Hatala et  al., 2016). 

Nevertheless, interpretations of the functional anatomy of the  A. afarensis pedal material and the Laetoli footprints have varied considerably. 

The adult  A. afarensis calcaneus (A.L. 333-8, -37, -55) is well adapted for the rigors of heel-striking bipedalism. It is robust, with a human-like plantarly positioned lateral plantar process (Latimer & Lovejoy, 1989). However, the juvenile calcaneus is more ape-like in its gracility, indicating that the  A. afarensis calcaneus developed human-like robusticity in an ontogenetically unique manner (DeSilva 

et al., 2018). The subtalar joint is flat, limiting motion at this joint. The calcaneocuboid joint is unfortunately damaged on all three calcanei. There is a definitive rugos-ity for the lateral plantar ligament, an important stabilizer of the midfoot in modern 
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humans. While the calcanei are generally human-like, primitive anatomies remain. 

The peroneal trochlea is large and serves as the inflection point for a medially 

deflected distal portion of the bone, as occurs in apes. In humans, and some fossil 

hominins, the proximal and distal regions of the calcaneus are aligned in the sagittal plane. Furthermore, there are well-developed pits for the calcaneofibular ligament, 

similar to those found in ape calcanei. The talus is best represented by “Lucy” 

(A.L. 288-1), and a considerably larger individual (A.L. 333-147). Both have 

unwedged trochlear bodies with low, human-like talar axis angles, consistent with a 

geometry of the leg in which the foot is positioned directly under a valgus knee 

(Latimer et al., 1987; DeSilva, 2009; Fig. 14.3). 

The  A. afarensis lateral cuneiform (A.L. 333-37) is proximodistally elongated, as in the foot of modern humans. The  A. afarensis naviculars (A.L. 333-36, -47) are dominated by a large navicular tuberosity, which has been interpreted as evidence 

for weight bearing along the medial foot in a biped with no longitudinal arch 

(Harcourt-Smith, 2002). Others have found support for this interpretation in the ape-like angulation of the cuneiform facets along the distal surface of the navicular 

(Berillon, 2003). Recent reanalysis of the naviculars using geometric morphometric techniques found the  A. afarensis specimens to be quite human-like (Prang, 2016). 

Additionally, the angles of the rearfoot have suggested to some that  A. afarensis had a well-developed longitudinal arch of the foot (Prang, 2015b). The presence or absence of an arch in the  A. afarensis foot has been hotly debated. However, a longitudinal arch is not a dichotomous character and it is likely, based on our interpretation of the data, that  A. afarensis had a more longitudinally arched foot than that of modern apes and less of an arch than the average modern human (DeSilva 

et al., 2018). 

Much attention has been paid to the medial cuneiform (A.L. 333-28) and its role 

in hallucial positioning and function. The distal facet for the Mt1 is convex, but 

distally directed (Latimer et al., 1982; Latimer & Lovejoy, 1990b). Quantification of the facet convexity reveals that it is not as curved as in the ape foot, but is significantly more curved than the first tarsometatarsal joint in modern humans (Gill et al., 

2015). Some have interpreted this as evidence for some hallucial mobility and grasping in the foot of  A. afarensis (Stern & Susman, 1983; Stern, 2000). Latimer 

and Lovejoy (1990b) have countered that the medial cuneiform anatomy is entirely inconsistent with hallucial grasping and that the convexity of the metatarsal facet is a function of a not-fully-human toe-off mechanism in which the big toe may still 

have some mobility during propulsion (Fig. 14.4). The Dikika foot indicates that A. afarensis juveniles had even more mobile halluces than the adults (DeSilva 

et al., 2018). 

The base of the first metatarsal has a midline ridge that would limit hallucial 

mobility (Latimer & Lovejoy, 1990b), though the overall geometry of the facet is intermediate between humans and apes (Proctor, 2010). The bases of the lateral metatarsals are dorsoplantarly tall (Ward et al., 2012), and there is evidence for a stiff lateral midfoot (DeSilva, 2010; Ward et al., 2011). Furthermore, a complete fourth metatarsal (A.L. 333-160) possesses strong external torsion, which is consistent with a transverse arch and possibly a longitudinal arch as well (Ward et al., 
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2011; see Drapeau & Harmon, 2013). The forefoot is best represented by a partial foot A.L. 333-115. The first metatarsal head is domed (Latimer & Lovejoy, 1990a), 

though the dorsal aspect is mediolaterally narrow as found in apes, and suggests a 

weakened push-off mechanism within the medial forefoot (Stern & Susman, 1983; Susman et al., 1984). The lateral metatarsals are dorsally domed and together with dorsally canted proximal phalanges represent a functional complex adaptive for 

efficient bipedal toe-off (Latimer & Lovejoy, 1990a). However, Fernández et  al. 

(2016) have recently used a geometric morphometrics approach to show that the shapes of the lateral metatarsal heads are inconsistent with a modern human-like 

toe-off mechanism. The lateral phalanges are relatively long and curved (Susman 

et al., 1984; Stern, 2000; but see Lovejoy et al., 2009), which is consistent at the very least with occasional arboreality (especially in the juveniles [DeSilva et al., 

2018]), which may have been necessary for a Pliocene hominin to forage and survive predation at night. 

While debates continue regarding the match between the Laetoli footprints and 

the Hadar foot remains (e.g., Tuttle et al., 1991), we regard the functional anatomy of the Hadar  A. afarensis pedal fossils and the interpretations of the Laetoli footprints to be entirely consistent. The Laetoli footprints were made by a hominin 

walking with an extended knee and hip (Raichlen et al., 2010; Raichlen & Gordon, 

2017) though perhaps less extended than is typical in humans today (Hatala et al., 

2016). Furthermore, while the footprints are generally human-like (Day & Wickens, 

1980; White & Suwa, 1987; Crompton et al., 2012), there is evidence for slightly more hallucial mobility, a slightly reduced medial arch, and slightly less medial 

weight transfer than in humans today (Crompton et al., 2012; Hatala et al., 2016). 

We regard these observations as entirely consistent with interpretations of the fossil 

remains from Hadar (e.g., Fernández et al., 2016). 

 14.2.9  

Australopithecus bahrelghazeli  (3.6 Ma)

There are currently no pedal fossils attributed to this taxon. 

 14.2.10  

Kenyanthropus (Australopithecus) platyops  

 (3.3–3.5 Ma)

There are currently no pedal fossils attributed to this taxon. 
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 14.2.11   Australopithecus  prometheus  (2.2–4.2 Ma?)

The  Australopithecus prometheus foot is currently represented by a single individual (StW 573), better known as “Little Foot”. While StW 573 has been preliminarily 

assigned to  A. prometheus (Clarke, 2008; Granger et al., 2015), this interpretation will remain controversial until a full description of the fossil is published. 

Additionally, it is possible that Sterkfontein Member 4 also consists of a mixed 

assemblage of  A. prometheus and  A. africanus (Clarke, 2008, 2013). We address this possibility briefly in the  A. africanus section. Here, we focus solely on the Member 2 remains of “Little Foot”. 

StW 573 consists of a partial calcaneus, talus, navicular, medial and intermediate 

cuneiforms, and bases of the first and second metatarsals, published by Clarke & Tobias (1995) over twenty years ago and described in more detail by Deloison (2003). The date of these fossils remains contentious, with older estimates ranging between 3.67–4.17 million years old (Partridge et al., 2003; Granger et al., 2015) and younger estimates suggesting an age of 2.2–2.8 million years (Walker et al., 

2006; Kramers & Dirks, 2017). Nevertheless, the foot has been partially published (Clarke & Tobias, 1995; Tobias, 1998) and described (Deloison, 2003) and its rela-

tive completeness makes it an important contribution to our understanding of foot 

evolution. However, those who have studied StW 573 in the time since its initial 

descriptions have reached different conclusions about its functional anatomy. Clarke and Tobias (1995) originally proposed that StW 573 possessed an ape-like abducted, grasping hallux, but that the ankle joint was quite human-like. They formulated a 

hypothesis for foot evolution in which the proximal portion of the foot evolved a 

derived, human-like form before the more distal forefoot, which remained ape-like. 

Kidd and Oxnard (2005) reached a nearly opposite conclusion, suggesting that the 

talus and navicular were more primitive in StW 573, whereas the medial forefoot 

was more derived. The talus, according to Kidd and Oxnard (2005), possessed a gorilla-like high talar neck angle, and low head neck torsion. Harcourt-Smith (2002) and Harcourt-Smith and Aiello (2004) similarly found the talus to be primitive. In their geometric morphometric analysis the bone clustered with ape tali, though the 

navicular was intermediate in anatomy between ape and human, and the medial 

cuneiform more human-like, suggestive of a foot with a fully adducted hallux. 

Others have questioned the Clarke and Tobias (1995) hypothesis of a divergent hallux in StW 573 based on a human-like, relatively flat, and distally oriented facet for the first metatarsal on the medial cuneiform (McHenry & Jones, 2006; Lovejoy et al., 2009; Gill et al., 2015), and insertions of peroneus longus on both the Mt1 and the medial cuneiform (Lovejoy et al., 2009). Nevertheless, in a geometric morphometric analysis, the base of the StW 573 first metatarsal was found to be intermedi-

ate in morphology between those of humans and apes (Proctor, 2010). 

The Clarke and Tobias (1995) publication of StW 573 and the subsequent analy-

ses listed in the preceding paragraph included the talus, navicular, medial cunei-

form, and base of the first metatarsal. These four bones of the medial column of the foot can be articulated and oriented in a manner that appears to be consistent with a 
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grasping hallux as initially proposed. However, since the Clarke and Tobias (1995) publication, an intermediate cuneiform, lateral cuneiform, and second metatarsal 

base were found and described (Deloison, 2003) and these bones articulate in a 

manner no longer consistent with a divergent hallux (Fig. 14.1). There is definitive contact between the first and second metatarsal bases (the second metatarsal base 

has a distinct facet that articulates with the first, a pattern observed in modern 

humans; [Singh, 1960]), and the intermediate cuneiform nestles into the angled facet on the medial cuneiform as it does in humans. These additional fossils make it clear that  A. prometheus had a human-like, adducted hallux (Fig. 14.4). Thus, if StW 573 is as old as, or older, than the 3.66 Ma Laetoli footprints—as has been suggested by some (Partridge et al., 2003; Granger et al., 2015)—then it may represent some of the earliest currently known fossil evidence for a non-grasping foot. 

While the focus of this review has been on the hallux, other anatomies deserve 

attention here as well. StW 573 possesses a lateral cuneiform, which is mediolater-

ally narrow and proximodistally elongated, as in other hominin lateral cuneiforms. 

While the anatomy of the lateral aspect of the  A. prometheus foot remains unknown, the morphology of the lateral cuneiform suggests that the lateral column may have 

been functionally rigid, as in other bipedal hominins. 

 14.2.12  

Australopithecus africanus  (2.0–3.2 Ma)

Though the  Australopithecus africanus hypodigm consists of fossils from several South African localities, the foot is known solely from pedal fossils from 

Sterkfontein, Member 4, which has been dated to ~2.0–2.6  Ma (Pickering & 

Kramers, 2010). These include a partial calcaneus, five tali, 16 metatarsals, and three pedal phalanges. The partial calcaneus (StW 352) is lacking the posterior 

tuber; however, what has preserved is quite gracile, unlike the robust calcanei from A. afarensis (Prang, 2015a). The subtalar joint is ape-like in its convexity (Prang, 

2016), suggesting elevated mobility at this joint compared with humans. Internal analysis of this bone suggests human-like loading of the subtalar joint, but elevated mobility at the calcaneocuboid joint (Zeininger et al., 2016), which is an interesting 

finding given that the external anatomy would suggest the opposite—increased 

mobility at the subtalar joint and a more human-like locking calcaneocuboid joint. 

These seemingly conflicting results may be evidence for locomotor versatility in 

 A. africanus, and/or a unique form of bipedalism. 

The tali (StW 88, 102, 347, 363, 486) are human-like in having an unwedged 

trochlear surface and in possessing trochlear rims of roughly equal height. These 

anatomies indicate that the tibia was orthogonally positioned over the foot, as in 

modern humans, and that  A. africanus did not engage in ape-like dorsiflexion of the ankle during climbing bouts (DeSilva, 2009; Fig. 14.3). However, many of these tali (e.g., StW 486) possess a deeper trochlear groove than is typical in modern humans. 

Additionally, the tali generally lack the plantar declination of the head and neck or 

14  The Early Hominin Foot

373

the head neck torsion found in the arched foot of humans, and instead present an 

ape-like anatomy. This is particularly evident in StW 88, which has a low, ape-like 

head neck torsion of only 22 degrees (Zipfel et al., 2011). Of the five tali, one (StW 

347) is distinct in lacking a discernible neck between the head and body and also in having a relatively large talar head (Zipfel et al., 2011). In these respects, StW 347 

resembles the StW 573  A. prometheus talus from “Little Foot” and may be evidence of a second species represented in the assemblage. Internal studies of the  A. africanus distal tibia suggest stereotypical human-like loading in a biped with extended lower limbs (Barak et al., 2013). However, the study of the internal architecture of the  A. africanus tali (StW 102, 363, 486) suggests more locomotor versatility in a hominin that lacked the medial weight transfer typical of modern human gait (Su & 

Carlson, 2017), a finding consistent with proposed walking mechanics consisting of slightly more mediolateral sway over the stance leg during walking (Ruff & 

Higgins, 2013). 

There are two complete first metatarsals: StW 562 and StW 595. StW 562 is a 

large, robust Mt1, with a tall base and a domed head that spills onto the dorsum of 

the shaft. The length relative to the dorsoplantar midshaft dimensions falls within 

the modern human range (Fig. 14.5), and suggests a shaft strengthened against the high bending forces incurred on the first metatarsal during human-like push-off. 

StW 595, in contrast, is great ape-like in being long relative to the shaft dimensions, and it lacks the dorsal doming of the head. This latter morphology is inconsistent 

with a human-like toe-off mechanism during bipedal gait. While these differences 

may signify variation within a species, or even change within an evolving lineage 

(the Sterkfontein Member 4 assemblage spans nearly 600  ka), it is possible that 

these anatomically (and functionally) quite distinct Mt1 fossils provide evidence for two forms of bipedalism, and perhaps two species (Zipfel et  al., 2011; Clarke, 

2013). Similar anatomical and functional differences can be found in the two second metatarsals from Sterkfontein Member 4 (StW 89 and 377). StW 377 is human-like 

in possessing a dorsoplantarly tall base and a straight shaft. However, StW 89 has a mixture of human-like and ape-like traits. While it has a dorsally domed metatarsal 

head, the articular surface of the head also extends plantarly, suggestive of pedal 

grasping potential. The base is dorsoplantarly short, the shaft is moderately curved, and perhaps most importantly, there is internal torsion of the shaft, orienting the 

head of the Mt2 toward the first ray (DeSilva et al., 2012). StW 89 is remarkably similar to the second metatarsal from Burtele, Ethiopia (Haile-Selassie et al., 2012), 

and suggests that the foot to which StW 89 belonged possessed either a divergent 

hallux and grasping foot, or low medial longitudinal arching in a foot that possessed a transverse arch (DeSilva et al., 2012). Either way, StW 89 and 377 are anatomically distinct and would have come from feet that were functionally different from 

one another, further supporting the possibility of a taxonomically mixed assemblage 

at Sterkfontein Member 4. 

The best-represented metatarsal at Sterkfontein Member 4 is the third, with six 

published specimens preserved (though none are complete): StW 238, 387, 388, 

435, 477, 496. There is anatomical consistency to these bones—all appear to have 
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Fig. 14.5  Apes tend to have gracile first metatarsals which are long relative to the dorsoplantar dimensions of the midshaft. Humans, in contrast, resist bending forces in the sagittal plane while using the transverse axis for push-off and accordingly have a dorsoplantarly robust first metatarsal. 

Fossil  Homo first metatarsals and StW 562 fall within the human range. The Swartkrans first metatarsals and OH 8 (length estimate from White & Suwa, 1987) also are within the human range, but are quite short for their midshaft dimensions. In contrast, the first metatarsals from BRT-VP-2/73 

and StW 595 are ape-like in their gracility. These data imply bipedal mechanics involving the oblique axis of the foot, and suggest that there may be mixed taxa at Sterkfontein member 4 (StW 

562 and StW 595). Data from original fossils; ape data from H. Pontzer (www.australopithecus.org) human-like anatomies of dorsoplantarly tall bases, straight shafts, and external shaft torsion (Drapeau & Harmon, 2013). The rugose lateral contact area for the Mt4 on many of these Mt3 shafts would indicate lateral column rigidity, a human-like 

feature. 

The lateral column of the  A. africanus foot is not as well preserved with only two published Mt 4s (StW 485, 596) and one Mt5 (the complete StW 114/115). StW 485 

possesses a human-like flat, tall base, indicative of a relatively stiff lateral midfoot (DeSilva, 2010). StW 114/115 is quite human-like in possessing a curved shaft in the transverse plane, a dorsoplantarly flat base, external torsion, and a domed head (Zipfel et al., 2009), though the internal cortical shell of StW 114/115 displays a 

combination of ape-like and human-like properties (Dowdeswell et al., 2016). 

There are two proximal phalanges—one hallucial (StW 470) and one from a 

lateral digit (StW 355), which is elongated and moderately curved, and a distal 

pedal phalanx (StW 617). 
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 14.2.13  

Australopithecus sediba  (1.98 Ma)

The  Australopithecus  sediba foot preserves a calcaneus, talus, and Mt5 base from the MH2 skeleton and a calcaneal apophysis, and Mt4 and Mt5 from MH1. The 

distal tibia is also known from both MH2 and another adult individual (MH4). 

The calcaneus (U.W. 88-99) is gracile, well outside of the range of modern 

human calcanei (Zipfel et al., 2011; Prang, 2015a). It possesses an ape-like, dorsally positioned lateral plantar process, unlike the calcaneal geometry found in modern 

humans or in  A. afarensis (Zipfel et al., 2011; Boyle et al., 2018). This anatomy is present in the MH1 juvenile calcaneal apophysis as well (Zipfel et al., 2011). The medial plantar process is ape-like and strongly beaked. The U.W. 88-99 subtalar 

joint is quite convex, indicative of elevated motion at this joint (DeSilva et al., 2013; Prang, 2016). Presumed foot inversion at the subtalar joint is consistent both with elevated tree climbing in this taxon and with the hypothesized hyperpronation in the bipedal gait of  A. sediba (DeSilva et al., 2013). Unlike in  A. afarensis, there is no ape-like medial deflection of the distal aspect of the bone at the peroneal trochlea, and instead the proximal and distal aspects of the bone in dorsal view are parallel 

(and human-like). 

The overall morphology of the U.W. 88-98 talus is intermediate between humans 

and apes (Zipfel et al., 2011). The trochlea is human-like in having parallel rims and being unwedged. However, the head and neck have low, ape-like torsion (20 

degrees), falling entirely outside the modern human range. This is an important 

point given how variable modern human tali can be for this measure (Lovejoy, 1978; Kelikian & Sarrafian, 2011). The orientation of the joints of the rearfoot suggests that  A. sediba lacked a human-like longitudinal arch (Prang, 2015b). 

The Mt4 (U.W. 88-22) is ape-like in possessing a dorsoplantarly convex base, 

indicative of midfoot laxity and a midtarsal break (DeSilva et al., 2013; DeSilva et al., 2015). However, it is human-like in possessing external shaft torsion. The fifth metatarsals (U.W. 88-16, -33) are gracile and there is only weak bowing in the transverse plane. 

 14.2.14  

Australopithecus garhi  (2.5 Ma)

There are currently no pedal fossils attributed to this taxon. 

 14.2.15  

Australopithecus (Paranthropus) aethiopicus  

 (2.3–2.7 Ma)

There are currently no pedal fossils directly attributed to this taxon. However, a 

2.36 Ma calcaneus from Omo, Ethiopia (Omo-33-74-896) is temporally close to the 

transition between  A. aethiopicus and  A. boisei (Suwa et al., 1996) and is treated 
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here as potentially being from  A. aethiopicus. Gebo and Schwartz (2006) noted many derived anatomies and suggested this calcaneus may belong to  Homo, and 

they may very well be correct. However, it is just as likely that this is a robust australopith and is treated as such here and elsewhere (Howell et  al., 1987; 

Deloison, 1986). 

Omo-33-74-896 is almost complete, save for damage to the lateral proximal 

tuber. Although the lateral plantar process is not preserved, there is a small portion of the retrotrochlear eminence preserved that is plantarly angled as in the Hadar 

calcanei. However, it is quite gracile, and possesses ape-like measures of tuber 

robusticity (Prang, 2015a). Furthermore, the Omo calcaneus has a prominent, beak-

like medial plantar process and large, laterally projecting peroneal trochlea. The 

subtalar joint is relatively flat, as in humans. The calcaneocuboid joint is plantarly angled as in the human calcaneus. There is a medially prolonged facet for the flange of the cuboid, although it is not as well developed as in modern humans and may 

have permitted slightly more midfoot mobility. 

 14.2.16  

Australopithecus  (Paranthropus) boisei  (1.3–2.3 Ma)

 Australopithecus  (Paranthropus) boisei overlaps in time and space with early members of genus  Homo and thus it is difficult to identify isolated pedal material from 

this species (see also Chap. 16). The only definitive  A. boisei skeleton (OH 80) does not preserve any foot bones (Domínguez-Rodrigo et al., 2013). The KNM-ER 1500 

skeleton, possibly a female  A. boisei (Grausz et  al., 1988 but see Wood & Constantino, 2007), preserves the base of a Mt3 and a distal tibia. The Mt3 base is dorsoplantarly tall, as is found in other hominins. The ankle joint is human-like in possessing a square-shaped talar facet and an orthogonally positioned tibial shaft 

relative to the plane of the ankle, which positions the feet directly under the knees in a biped (DeSilva, 2009). KNM-ER 1500 t, suggested to be a calcaneus associated with the same partial skeleton, is likely not (pers. obs. and M. Häusler note in Kenya National Museum). 

There are four isolated tali known from the above time bin at Koobi Fora, Kenya 

(KNM-ER 813, 1464, 1476, and 5428). Two are thought to belong to  Homo (ER 

813 and ER 5428) in part based on similarities to modern human tali and the partial 

talus from the ER 803  Homo  erectus skeleton (Wood, 1974b; Gebo & Schwartz, 

2006; Boyle & DeSilva, 2015), and these are discussed in Chap. 16. ER 1464 and 

ER 1476 appear to us to be large and small versions of a similarly shaped talus that may belong to  A. boisei. These tali both possess low head and neck torsion, a laterally projecting fibular facet, a keeled trochlea, and a large, medially twisted head and neck relative to the body. In these respects, ER 1464 and ER 1476 are quite 

similar to OH 8, leading some researchers to suspect that this foot, traditionally 

referred to as  Homo  habilis, in fact belongs to  A. boisei (Wood, 1974a; Gebo & 
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Schwartz, 2006). This hypothesis can be tested when a foot skeleton of either  A. boisei or  H. habilis is found in association with craniodental material. Although this is suggested to have already happened for  H. habilis (OH 7, 8, 35: Susman & Stern, 

1982; Susman, 2008), others have countered that these remains may not be from a single individual (DeSilva et al., 2010; Njau & Blumenschine, 2012), or even from the same species (Aiello et al., 1998; Moyà-Solà et al., 2008). Nevertheless, the OH 

8 foot will be discussed in more detail in another chapter in this volume (Chap. 16). 

There are fragmentary metatarsal shafts (KNM-ER 997, KNM-ER 1823, OH 43) 

that may be from  A. boisei, but little can be discerned from their poorly preserved anatomy except that, as in the human foot, the bases appear to be dorsoplantarly tall. 

 14.2.17  

Australopithecus (Paranthropus) robustus  

 (1.0–2.0 Ma)

There is scant pedal material assigned to  Australopithecus  (Paranthropus) robustus. 

Currently, there is a talus and distal phalanx (TM 1517) from Kromdraai (Day & 

Thornton, 1986), and a fragmentary cuboid and five metatarsals from Swartkrans (SK 1813, SKX 5017; SK 247, SK 38529, and SKX 38890). A medial cuneiform 

(SKX 31117) originally identified as hominin is likely not. Additionally, a primate 

cuboid (KB 3133) and calcaneus (KB 3297) from Kromdraai originally identified as 

hominin are likely cercopithecoid (see Skinner et al., 2013). Furthermore, because 

there is evidence of both  Australopithecus and  Homo at Swartkrans, there is the possibility that many of the isolated pedal fossils from this locality are  Homo and not A. robustus. Two such bones—a talus (SKX 42695) and a proximal pedal phalanx (SKX 16699) have been tentatively identified as  Homo and are treated in another chapter in this volume (Chap. 16). The middle phalanges (SKX 344 and 1261) are also quite short (Fig. 14.2) and may be from  Homo. These assignments all must remain tentative until a more complete  A. robustus foot skeleton is recovered. 

The external anatomy of the talus TM 1517 is generally human-like (Le Gros 

Clark, 1947; DeSilva, 2009), though it possesses an exceptionally large talar head, an anatomy that may be characteristic of the robust australopiths (Gebo & Schwartz, 

2006). A study of the internal architecture of TM 1517 found that the trabecular network of bone was similar to chimpanzees and gorillas, though there was anisotropic bone in the anteromedial portion of the talar trochlea, perhaps evidence for 

medial weight transfer during stance phase (Su & Carlson, 2017). A combination of ape-like and human-like cortical bone properties also characterize the Mt5 from 

Swartkrans, SKX 33380 (Dowdeswell et al., 2016), which also possesses human-like dorsal doming of the head. 
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The bones that have received the most attention are the first metatarsals SK 1813 

(Susman & de Ruiter, 2004) and SKX 5017 (Susman & Brain, 1988). When a composite of external dimensions are viewed in multivariate space, these fossils fall 

between the range of human and ape (Zipfel & Kidd, 2006). The heads are mediolaterally narrow dorsally (Susman & de Ruiter, 2004) suggesting a less efficient toe-off mechanism than is found in modern humans. Furthermore, Proctor (2010) found that the proximal articular surfaces were definitively ape-like and indicative of some degree of hallucial divergence and grasping. Both SK 1813 and SKX 5017 

are remarkably short compared to their midshaft dimensions and notably, OH 8 has 

a similar stoutness (Fig. 14.5). 

While the foot of  A. robustus remains only poorly understood, what has been 

found and studied appears to present a foot with different anatomies (short, stout 

Mt1 with primitive base morphology, large talar head) than are found in other early 

Pleistocene hominins. These unique morphologies potentially support the hypoth-

esis that the locomotion of  A. robustus was kinematically different from that of A. africanus (Robinson, 1972). 

14.3   Future  Directions

This is an exciting time to be studying the foot of early hominins. Gone are the days in which a simple straight line could be drawn through  Australopithecus and OH 8 

( Homo   habilis?) to visualize the gradual transition of a chimpanzee foot into a human one. With the discovery of the  Ardipithecus  ramidus foot, it is now hypothesized that the chimpanzee foot may be too derived in many ways to serve as a 

placeholder for the last common ancestor. And, with the discovery of the Burtele 

foot and  Australopithecus   sediba, it has become clear that there were different experiments in bipedalism and different foot forms during the Plio-Pleistocene, 

making early hominin foot evolution more complex, and frankly more interesting, 

than once thought. Accordingly, there are more questions than ever. Three questions 

for future directions are presented below:

1.  What did the foot  of the last common ancestor  look like?  There are frustratingly few pedal remains from the late Pliocene and early Miocene, making it difficult 

to test hypotheses regarding the foot of the last common ancestor. There is a 

7.5  Ma gap between the foot of  Pierolapithecus (11.9  Ma) and  Ardipithecus (4.4 Ma), represented only by  Oreopithecus, which likely is not closely related to the human-chimpanzee LCA. Yet, based on what is currently known, it can be 

inferred that the LCA was an arboreally adapted animal with a grasping hallux, 

long curved phalanges, inverted ankle, and small calcaneal tuber. The 

 Ardipithecus foot, and the scant remains from the Miocene, make it reasonable 
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to hypothesize that the midfoot of the LCA was elongated, meaning that midfoot 

shortening evolved independently in the different ape species (Lovejoy et al., 

2009). However, we hypothesize that the lateral midfoot was mobile in the LCA, and that the stiffening of the lateral midfoot was one of the earliest anatomical 

changes associated with bipedal propulsion off the oblique axis of the foot 

(McNutt et  al., 2018). Nevertheless, these reconstructions are all speculative until more fossil evidence can be recovered. 

2.  How can we best explain the anatomical variation found in the early hominin 

 foot fossil record?  Recent discoveries (Zipfel et al., 2011; Haile-Selassie et al., 

2012) have considerably increased the anatomical variation of the early hominin foot. There are three possible ways to interpret these data: a.) These anatomical 

variants are sampling normal variation in evolving populations of taxa that are 

already formally recognized; b.) These anatomical variants are evidence for local 

adaptive responses to ecological differences in different species deriving from a 

shared australopith bauplan; c.) These anatomical variants are evidence for the 

independent acquisition of bipedalism in lineages branching from one in which 

bipedality was facultative (e.g.,  Ardipithecus). Not enough fossil evidence is yet known to confidently endorse or reject any of these hypotheses, though we are 

finding hypothesis (a) to be less and less tenable. Determining the taxonomic 

affinity and the phylogenetic position of the Burtele foot will be critical for testing these different hypotheses, as will the recovery of additional pedal material 

from  Ardipithecus,  A. sediba, the robust australopiths, and others. 

3.  What anatomies were the target of selection early in hominin foot   evolution? 

Many of our assumptions between form and function in the human foot are yet 

to be experimentally demonstrated. For instance, it is stated with confidence 

throughout this paper and others that dorsoplantarly tall metatarsal bases stabi-

lize the midfoot, but that has yet to be shown in an intraspecific experimental 

study. Furthermore, this specific pedal anatomy may be the by-product of selec-

tion acting on another part of the foot. Not only will it be critical for future studies to better understand the genetic underpinnings of foot anatomy and those 

features that are shaped developmentally (see Ward, 2002 and Lovejoy’s trait type designation in Lovejoy et al., 1999), but also to determine what anatomies of the foot have been the specific targets of selection (i.e., Grabowski and 

Roseman’s [2015] approach to the hip joint needs to be applied to the foot). 

These, and many more questions, are in part a result of the extraordinary new 

fossil discoveries that have been made in the early part of the twenty-first century alone. It is likely that additional palaeontological work will result in additional surprises and new questions about the nature of hominin foot evolution. 
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14.4   Summary

While questions abound, the currently known early hominin fossil record provides 

some important clues about the evolutionary history of the human foot: (1) While 

ape-like in many respects, the foot of the last common ancestor of humans and 

chimpanzees was more generalized than any modern ape foot (Morton, 1935; Lovejoy et al., 2009; McNutt et al., 2018); (2) The earliest evolutionary changes to the foot that are functionally related to bipedal locomotion likely occurred laterally (Kidd, 1999; Lovejoy et  al., 2009; McNutt et  al., 2018; Fernández et  al., 2018), 

combining a grasping appendage into one that could also facultatively engage in 

bipedal propulsion along the oblique axis of the foot. Changes in the medial column 

of the foot likely happened later, and possibly along different evolutionary trajectories (Fernández et  al., 2018); (3) Functionally relevant differences in the feet of contemporaneous early hominins reveal locomotor diversity in Plio-Pleistocene 

hominins; (4) The foot of  Australopithecus  afarensis possesses derived human-like anatomies not seen in other hominins until fossil  Homo. Establishing whether A. afarensis is the sister taxon to  Homo is necessary for testing whether the evolution of obligate, human-like bipedalism was a singular occurrence. 
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Chapter 15

The Feet of Fossil  Homo

Kevin G. Hatala and Eve K. Boyle

Abstract  The genus  Homo, as currently known, includes several hominin taxa that span a time period from roughly 2.8 million years ago (Ma) to the present. Nearly 

all of these taxa possess feet that appear, at least superficially, anatomically similar to the feet of modern humans. They possess clear adaptations for terrestrial bipedalism, and the range of morphological diversity is relatively constrained compared 

with that observed among earlier hominins. However, there does exist variation in 

foot anatomy among  Homo taxa, which leads to questions regarding whether and how patterns of foot function and locomotion may have varied across fossil  Homo. 

Here, we explore these anatomical variations, introduce some of the preliminary 

hypotheses regarding how foot function among  Homo taxa may have varied, and 

highlight key areas where our current knowledge is limited and where focused stud-

ies may prove fruitful. 

Keywords   Homo · Neanderthals · Dmanisi · Ileret · Koobi Fora · Gran Dolina · 

Sima de los Huesos · Dinaledi · Flores

15.1   Introduction

Our species,  Homo  sapiens, was the first member of the genus  Homo to be formally defined – by Carolus Linnaeus in 1758 – and this makes us the “type” species of our 

genus. Hominin fossils are classified in the genus  Homo if their morphology more closely resembles that observed in modern humans than those observed in any other 

known living or fossil genus. Paleoanthropologists continue to debate which fossil 

hominin taxon qualifies as the earliest “true” member of the genus  Homo (Wood & 

Collard, 1999) and recent discoveries have pushed the potential origin of our genus K. G. Hatala (*) 
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back further than previously realized (Villmoare et al., 2015). Candidates for the 

earliest members of our genus are dated to between about 2.8 Ma and 1.9 Ma. It is 

widely presumed that the earliest members of  Homo, whoever they may be, emerged through an evolutionary event that separated them from an  Australopithecus ancestor. As such, the fossil record of  Homo includes several taxa whose overall anatomies are, in a variety of ways, more similar to our own than they are to the various taxa within  Australopithecus. 

Despite unifying similarities, the genus  Homo still includes a range of morphological diversity, albeit not as broad of a spectrum as exists among earlier hominins (Chap. 14). The taxa that are considered candidates for the title of “earliest  Homo” 

generally look the most different from modern humans. They are characterized by 

mixed bags of morphological traits that in some ways resemble earlier 

 Australopithecus forms but in other ways more closely align with modern human anatomy. The researchers who have assigned these taxa to the genus  Homo determined, for the purpose of taxonomic classification, that the human-like traits out-

weighed the others. 

For example, the postcranial skeleton of  Homo  habilis, a possible earliest member of  Homo, includes a handful of traits that are functionally relevant for arboreal locomotion alongside another handful that are important for human-like terrestrial 

bipedalism (Richmond & Hatala, 2013). The researchers who discovered the first H. habilis fossils assigned them to the genus  Homo because they believed that the fossil morphologies more closely resembled those of modern humans than those of 

extant great apes, or the assemblages of  Australopithecus fossils that were known at the time, in several adaptively important ways (Leakey et al., 1964). Analyses of fossil foot bones (Day & Napier, 1964) were integral to these taxonomic conclusions. Certain aspects of foot morphology were viewed as indicators of human-like 

locomotion and were integral to a description of an overall human-like adaptive 

suite, which was used to justify the classification of these fossils within  Homo (Leakey et al., 1964). The conclusions of these original analyses have been questioned by subsequent studies (details are found later in this chapter). These later 

studies focused on the fact that other features of the  H. habilis foot are markedly different from those of modern humans, and suggested that they probably imply a distinct kinematic strategy. These more recent results are even used to argue that 

 H. habilis should be excluded from our genus (Wood & Collard, 1999). 

In contrast with these very earliest potential members of  Homo, the more recent members tend to have feet that are often only subtly different from our own. Yet 

even these subtle differences may be functionally or evolutionarily important, and 

could signify meaningful differences in  locomotor behaviors. Many questions 

remain unanswered regarding exactly how, and to what extent, bipedalism may have 

changed and evolved within the genus  Homo. 

In the sections that follow, we explore what skeletal remains and trace fossils 

(i.e., fossil hominin footprints) reveal about the feet of the various fossil members of our genus (Fig. 15.1; Appendix C). We include discussions of major hypotheses 
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Fig. 15.1  Phylogram of fossil  Homo taxa. Colors reflect the current state of the pedal fossil records of each taxon.  Black, solid: many elements, confident taxonomic attributions.  Black, striped: many elements, not confidently attributed.  Gray, solid: relatively fewer elements, confident taxonomic attributions.  Gray, striped: relatively fewer elements, not confidently attributed. 

 White: no pedal elements known

regarding the evolution of the human foot, and we also highlight some of the critical gaps in our current knowledge. As is always the case in paleoanthropology, discoveries of new fossils may dramatically change the picture that is described within this chapter, and the reader should be cognizant of the potential for some hypotheses 

described below to be substantially revised, or even suddenly confirmed or 

dismissed. 

15.2   Obstacles in Understanding the Feet of the Earliest 

Potential Members of  Homo

Before discussing the comparative anatomy of fossil  Homo feet, it is important to note the inherent difficulties in understanding evolutionary trends that characterize the earliest stages of our genus. Apart from the issues of taxonomy described in the Introduction to this chapter (e.g., who exactly belongs in the genus  Homo?) there are also unavoidable complications in attributing foot fossils to specific early  Homo taxa. It is exceedingly rare to find foot fossils in direct association with craniodental 
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Fig. 15.2  Eastern African  Homo tali discovered in isolation. Photo includes casts of (from left to right) OH 8, KNM-ER 1476, KNM-ER 813, KNM-ER 1464, and KNM-ER 5428. These fossils 

vary widely in size and shape, and they have been attributed to a variety of early  Homo taxa known from eastern Africa. All were discovered without associated craniodental fossils so taxonomic attributions, discussed here and in Chap. 14, are tenuous. Scale bar is 1 cm long. Photograph courtesy of Jeremy M. DeSilva

remains, which are typically the most reliable (or at least the most frequently relied upon) sources for taxonomic diagnoses. Much of the currently known fossil record 

of early  Homo comes from areas such as the Omo-Turkana Basin of southern 

Ethiopia and northern Kenya, or Olduvai Gorge, Tanzania, locations where it is 

known that multiple early  Homo and robust australopith taxa co-existed. Their skeletal fossils are regularly found within the same geological sequences (i.e., they are of the same antiquity) and they can also be found in close spatial proximity. Without associated craniodental remains, it is difficult to attribute isolated postcranial fossils to a particular hominin taxon with much confidence. A considerable portion of the 

discussion below, concerning the feet of these earliest potential members of  Homo, is derived from analyses of fossil foot bones that were discovered in isolation 

(Fig. 15.2). We urge readers of this chapter to remain aware of this fact and its implications. Future analyses may reveal that certain fossils below are misclassified, and that trends described were likely different than they appear through the lenses 

afforded by the current state of the human fossil record. 

15.3   The Pedal Fossil Record of the Genus  Homo

 15.3.1   Unspecified  Homo  from Ledi-Geraru, Ethiopia 

 (2.80–2.75 Ma)1

Currently, the oldest known fossil attributed to the genus  Homo is a mandible from Ledi-Geraru, Ethiopia (Villmoare et al., 2015). A species has not yet been designated for this specimen, and no postcranial remains have been described. 

1 Here and in all sub-headings that follow, dates are derived from Wood and Boyle (2016) unless otherwise specified. 
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 15.3.2  

Homo habilis  (2.35–1.65 Ma) and Homo rudolfensis  

 (2.0–1.95 Ma)

 Homo  habilis and  Homo  rudolfensis are grouped together here. The fossil records of these taxa overlap substantially, both temporally and geographically. Postcranial fossils have only rarely been found in association with craniodental remains of 

 H. habilis, while no postcrania have been found in association with  H. rudolfensis craniodental fossils. Very little is therefore known about  H. habilis postcranial morphology, while nothing at all can be said with certainty about  H. rudolfensis. These present circumstances make it exceedingly difficult, if not impossible, to distinguish isolated postcranial fossils attributed to them. In many fossil localities,  Paranthropus ( Australopithecus) boisei and/or  Homo  erectus also overlap with  H. habilis and/or H. rudolfensis. In these cases, when one uncovers an isolated postcranial fossil, there can be as many as four candidate taxa to which that fossil may belong. 

Taxonomic attributions of fossils within this section are particularly tenuous. 

One of the most enigmatic, and historically most important fossils for hypothe-

ses regarding the foot anatomy of earliest  Homo has been the OH 8 partial foot skeleton – a set of 12 associated left foot bones dating to  c.  1.8 Ma, which were discovered at Olduvai Gorge, Tanzania in 1960 (Fig. 15.3; Leakey et al., 1964). The earliest analysis of the OH 8 foot complex (Day & Napier, 1964) concluded that the overall morphological pattern was a mosaic of human-like and non-human-like 

traits. Subsequent analyses have continued to support this assessment. The OH 8 

talus has been described as similar to that of modern humans in its overall length 

and breadth, its position relative to the underlying calcaneus, the morphology of its lateral malleolar surface, and both the length and degree of torsion of the talar neck (Day & Napier, 1964; Day & Wood, 1968). However, these features appear Fig. 15.3  OH 8 partial foot skeleton. Scale bar is approximately 5 cm, divided into 1 cm segments. 

Photograph courtesy of Bernard A. Wood
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alongside others such as a deeply grooved trochlea and a horizontally angled and 

less-inclined talar neck, all of which distinguish the OH 8 talus from those of mod-

ern humans (Day & Napier, 1964; Day & Wood, 1968; Kidd et al., 1996). 

The OH 8 calcaneus and cuboid are largely human-like, perhaps most notably in 

their articulation with each other. The cuboid possesses an inferiorly located “beak,” 

and there exists a reciprocal inferior extension on the corresponding facet of the 

calcaneus, a morphology that is observed in modern humans but absent in nonhu-

man primates (Lewis, 1980; Susman & Stern, 1982; Kidd et al., 1996). This type of articulation between the calcaneus and cuboid may play a critical role in stabilizing the lateral column of the foot during push-off, preventing a midtarsal break (Susman 

& Stern, 1982; Kidd et al., 1996; DeSilva, 2010). Most researchers also consider the anatomy of the OH 8 navicular tuberosity to be human-like (e.g., Susman & Stern, 

1982; Sarmiento & Marcus, 2000; Harcourt-Smith, 2002; but see Kidd et al., 1996). 

The navicular tuberosity is thought to reflect the degree of weight-bearing on the 

medial side of the foot, therefore implying that the OH 8 foot possessed a human- 

like medial longitudinal arch (Harcourt-Smith, 2002; Harcourt-Smith & Aiello, 

2004). The OH 8 medial cuneiform has a flat, anteriorly facing distal facet for articulation with the first metatarsal, providing clear evidence that the OH 8 hallux was human-like in lacking opposability (Harcourt-Smith, 2002; Gill et al., 2015). 

Across the metatarsal row, overall size and robusticity are generally comparable 

to the patterns observed in modern humans (Susman & Stern, 1982). When placed in order of increasing robusticity, the metatarsals follow a pattern of 1>5>3>4>2. 

This was originally viewed as distinctive from modern humans, whose metatarsal 

robusticity patterns are more commonly 1>5>4>3>2 (Day & Napier, 1964). 

However, the OH 8 pattern was later found to be present, although rare, in certain 

modern human populations (Archibald et al., 1972). A more recent analysis by Patel et al. (2018) found that the 1>5>3>4>2 robusticity pattern of the OH 8 metatarsals is infrequent in modern humans but almost never observed in African apes. These 

authors inferred that forefoot loading patterns of OH 8 were perhaps more similar 

to some modern humans than African apes but probably different from the stereo-

typical patterns of both (Patel et al., 2018). 

Much debate has surrounded individual interpretations of other OH 8 skeletal 

elements, but the general consensus is that this foot was most likely adapted for a 

manner of bipedalism that was distinct from those of modern humans and modern 

nonhuman apes (Day & Napier, 1964; Day & Wood, 1968; Lewis, 1972; Oxnard, 

1972; Lisowski et  al., 1974; Wood, 1974a; Kidd et  al., 1996). If the OH 8 foot belonged to  H. habilis, then this taxon was characterized by a more nonhuman ape-like foot than any later  Homo taxa. 

Soon after the discovery of the OH 8 foot, another important foot fossil was 

found that immediately cast doubt on the taxonomic placement of OH 8. In 1971, 

KNM-ER 813, a right talus dating to about 1.8 Ma was discovered at Koobi Fora, 

Kenya (Leakey & Wood, 1973; Feibel et al., 1989). While the OH 8 talus differs from those of modern humans with respect to the grooving of the trochlea and the 

horizontal angle and inclination of the talar neck, KNM-ER 813 is similar to the tali of humans in all of these respects (Leakey & Wood, 1973; Wood, 1974b). Because 
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of the morphological similarities between KNM-ER 813 and modern human tali, to 

the exclusion of OH 8, it was suggested that KNM-ER 813 belonged to a member 

of the genus  Homo and OH 8 belonged to  Australopithecus (Wood, 1974a). This designation was also eventually revised, once later discoveries shed light on the 

extent of morphological and (potentially) taxic diversity within early  Homo, and it was hypothesized that OH 8 may belong to  H. habilis and KNM-ER 813 to 

 H. rudolfensis (Wood, 1992). Alternatively, based on morphological similarities between the OH 8 talus and TM 1517 (a  Paranthropus   robustus talus from Kromdraai, South Africa, see Chap. 14), it may be more likely that OH 8 belongs to P. boisei (Gebo & Schwartz, 2006; Wood & Constantino, 2007). KNM-ER 813 is very similar to a modern human talus, and its placement within the genus  Homo is uncontentious. However, one cannot be sure of whether this fossil is attributed to 

 H. habilis,  H. rudolfensis, or even  H. erectus. 

There are other foot fossils from the Omo-Turkana Basin that could belong to 

either  H. habilis or  H. rudolfensis, although their taxonomic attributions are also debated. A  c.  2.2 Ma talus and a  c.  2.36 Ma calcaneus from the Shungura Formation in southern Ethiopia have been attributed by some to early  Homo (Gebo & Schwartz, 

2006). The talus, Omo 323-76-898, is similar to KNM-ER 813 in nearly all respects except that it has a less-grooved (i.e., even more human-like) trochlea (Gebo & 

Schwartz, 2006). Given these anatomical similarities and the implied functional similarities between the Omo 323-76-898 talus and those of modern humans, provisional placement of this fossil within early  Homo makes sense. The calcaneus, Omo 33-74-896, is similar to the calcanei of modern humans in some ways but different 

in others. Among the differences described by Gebo and Schwartz (2006) are a more sizeable peroneal tubercle than is typical of modern humans, a different morphology of the calcaneocuboid joint surface, and a subtalar joint surface that implies more mobility than is present in modern humans. Notably, the same authors also 

describe that the Omo 33-74-896 calcaneus closely resembles A.L. 333-8, a  c.  3.2 Ma fossil from Hadar, Ethiopia that is attributed to  Australopithecus  afarensis. Deloison (1986) argued that the anatomy and implied functions of the Omo calcaneus were different enough from those of modern humans to justify its attribution to  P. boisei, although Gebo and Schwartz (2006) contend that the same morphological features 

are not distinct enough to warrant a different attribution than that of the Omo 

323-76-898 talus; they argue that both belong in  Homo. More recent analyses have shown that the joint facets of the Omo 323-76-898 talus are oriented in a manner 

that implies a human-like longitudinal arch (Prang, 2015a) but that the Omo 33-74-896 calcaneus is more nonhuman ape-like than human-like, at least with 

respect to the robusticity of the calcaneal tuber (Prang, 2015b). Given these disparate results, the taxonomic attributions of these fossils, and the functional pattern implied by their morphologies, are matters of ongoing debate. 

Ultimately, it is difficult to discuss foot anatomy and function in  H. habilis or H. rudolfensis in much detail, due to the persistent debates over the taxonomic placements of the skeletal fossils described above. Additional fossil discoveries are likely the only possible source for clarification on which postcranial morphologies 

belong with which skulls and teeth. The recent discovery of KNM-ER 64062, a 
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1.82–1.86 Ma partial skeleton attributed to the genus  Homo that includes a majority of the right foot, may offer some hope for resolving the taxonomy of other, isolated 

foot fossils (Jungers et al., 2015). 

 15.3.3  

Homo  erectus sensu lato  (1.85–0.108 Ma)2

Few foot bones have been discovered in close association with  Homo  erectus sensu lato craniodental material. The  c.  1.8 Ma hominin fossils from Dmanisi, Georgia are considered to represent a deme of  H. erectus (Lordkipanidze et  al., 2013), and 

include a left talus, right medial cuneiform, and several metatarsals (Lordkipanidze et al., 2007; Pontzer et al., 2010). The D4110 talus is similar to modern humans in overall size, and in having a relatively flat trochlea and high inclination angle 

(Pontzer et al., 2010; Boyle & DeSilva, 2015). However, it retains a relatively elongated neck, a somewhat obliquely oriented passage for flexor hallucis longus, and a 

laterally projecting fibular facet (Lordkipanidze et al., 2007; Pontzer et al., 2010). 

D4111a/b presents the earliest hominin fossil evidence for medial cuneiform bipar-

tition, a condition rare in modern humans and apes (Jashashvili et al., 2010). Though Jashashvili et al. (2010) suggest that medial cuneiform bipartition has no functional consequences, the large distal articular surface area and large inferior length in 

D4111a/b relative to modern human medial cuneiforms could reflect meaningful 

functional differences within the medial foot. 

The Dmanisi foot bones also differ from those of modern humans in metatarsal 

morphology. Though the two first metatarsals known from Dmanisi fall within the 

human range of robusticity, they appear similar to the OH 8 first metatarsal in lateral view and they retain narrow, dorsoplantarly tall distal articular surfaces. These features are similar to those observed in first metatarsals from Swartkrans (Pontzer 

et al., 2010) that are likely attributed to  P. robustus (Susman & Brain, 1988; Susman 

& de Ruiter, 2004). Furthermore, the third, fourth, and fifth metatarsals in the 

Dmanisi sample are about 25% longer than the first metatarsals, which is a pattern 

observed in modern chimpanzees and gorillas (Pontzer et al., 2010). The fifth metatarsal is also the least robust, another feature that distinguishes modern apes from modern humans (Pontzer et al., 2010). These differences in metatarsal length and robusticity patterns could influence patterns of forefoot function, although the precise functional consequences of these variants are unclear. Early descriptions of 

D2021, a right third metatarsal, suggested that this specimen was similar in shaft 

curvature and proximal ventral tubercle morphology to KNM-ER 803, and the 

degree of torsion was consistent with the presence of transverse and longitudinal 

arches (Gabunia et  al., 2000a,  b). Subsequent analysis of metatarsal torsion in D2021 and the other metatarsals confirms the presence of human-like transverse 

2 A minimum age of  27  ka was  published by Wood and  Boyle (2016) but  here this is revised to 108 ka, reflecting revised dates recently published for  H. erectus specimens from Ngandong, Java (Rizal et al., 2020). 
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and longitudinal arches (Pontzer et  al., 2010). Despite some primitive retentions among the metatarsals, the collection of pedal fossils at Dmanisi altogether suggests the  H. erectus individuals at this site exhibit adaptations for efficient, and at least mostly modern human-like, bipedalism. 

Though the  c.  1.5 Ma juvenile male skeleton KNM-WT 15000 informs much of 

what we know about  H. erectus body size and shape, this partial skeleton reveals very little about the functional morphology of the  H. erectus foot. Walker and Leakey (1993) briefly describe what could be the proximal half of the right first 

metatarsal of KNM-WT 15000, but note the possibility that this specimen could 

belong to another juvenile mammal. Though no other foot bones are preserved, and 

the distal epiphyses of the fibulae are also missing, distal tibia morphology suggests this individual exhibits rearfoot arching (Zipfel et al., 2011). 

A less complete skeleton from  c.  1.5 Ma, KNM-ER 803, has also been attributed to  H. erectus (Wood, 1976, 1991; Walker, 1993), and preserves a fragmentary talus, partial left third and fifth metatarsals, and four phalanges (Day & Leakey, 1973). 

While much of the talus is missing, the remnants of the trochlea appear to be flat, 

similar to the tali of other potential  H. erectu s individuals and anatomically modern humans (Boyle & DeSilva, 2015). The third metatarsal is only missing the head, and is similar in size, shaft curvature, and proximal ventral tubercle morphology to 

D2021 (Gabunia et al., 2000b). Only the base of the fifth metatarsal is preserved, and while it is similar to A.L. 333-13 ( A. afarensis) in size, the morphology of the proximal articular surface is modern human-like (Zipfel et al., 2009). 

Two isolated tali, KNM-ER 5428 and BOU-VP-2/95, have also been tentatively 

ascribed to  H. erectus. KNM-ER 5428, a  c.  1.6 Ma right hominin talus, was found at Area 119 in Koobi Fora, Kenya and preliminarily described by Leakey and Walker 

(1985), but not included in comparative analyses until those published by Boyle and DeSilva (2015). Craniodental fossils known from Area 119 are attributed to  P. boisei, and so the taxonomic affiliation of KNM-ER 5428 relies in part on comparison with KNM-ER 1464, a potential  P. boisei talus (Wood & Constantino, 2007). 

KNM-ER 1464 has a deeply grooved trochlea, laterally projecting fibular facet, low 

torsion in the head and neck, and a medially “twisted” trochlear body, most closely 

resembling another potential  P. boisei talus, KNM-ER 1476 (Boyle & DeSilva, 

2015; Gebo & Schwartz, 2006; Chap. 14). KNM-ER 5428 differs from these tali in having a relatively flat trochlea, and a straight, anteriorly oriented trochlear body, displaying similarities to KNM-ER 803, D4110, and modern humans (Boyle & 

DeSilva, 2015). In addition to morphological similarities with  Homo tali, Boyle and DeSilva (2015) attribute KNM-ER 5428 to  H. erectus in part because of its large size, as measurements from this specimen yield a body size estimate of >90  kg 

using equations from McHenry (1992; but see Cunningham et  al. [2019] for a smaller estimate). Although the trochlea and the articular surface of the head are 

damaged, the  c.  1 Ma BOU-VP-2/95 talus from Bouri, Middle Awash, Ethiopia has been attributed to  H. erectus, but it has not yet been fully described nor incorporated in comparative analyses (Gilbert, 2008). 

While we are somewhat limited in what we can know, with confidence, about 

eastern African  H. erectus feet from the skeletal fossil record, a wealth of data has 
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come in the form of tracks (i.e., footprints) likely produced by  H. erectus individuals. The first discoveries of potential  H. erectus tracks were made in 1978 within c.  1.4–1.5 Ma sediments near Koobi Fora, Kenya (Behrensmeyer & Laporte, 1981). 

Because a relatively small number of footprints (seven) were present, and they were 

unearthed around the same time as the discovery of a much larger assemblage of 

 c.  3.7  Ma hominin footprints at Laetoli, Tanzania (Leakey & Hay, 1979), these Koobi Fora tracks did not figure prominently into hypotheses regarding the foot 

anatomy and function of  H. erectus. 

Between 2006 and 2008, a team of researchers discovered a larger assemblage of 

 c.  1.5 Ma hominin footprints near Ileret, Kenya that yielded substantially more information regarding the foot anatomy and locomotion of  H. erectus. The analyses of this initial discovery of 20 hominin tracks included a preliminary attribution to  H. erectus, because their overall sizes implied statures most consistent with estimates derived from  H. erectus skeletal fossils (Bennett et al., 2009). These first analyses also suggested that essentially modern human-like patterns of foot anatomy and foot func-

tion, including an adducted hallux, a longitudinally-arched foot, and evidence for 

propulsion derived from the medial forefoot, were present in hominins by 1.5 Ma. 

Continued work at this site and in other areas near Ileret from 2010 to 2014 

revealed a total of 102 hominin footprints from five distinct sites, all dated to 

approximately 1.5 Ma (Fig. 15.4; Hatala et al., 2016b; Roach et al., 2016; Hatala et al., 2017). With a much larger sample, preliminary analyses have been refined and further tested, and new forms of analyses have been pursued. First, estimates of 

body size derived from this expanded sample of tracks supported their attributions 

to   H. erectus rather than  P. boisei,  H. habilis, or  H. rudolfensis, the other fossil hominins known from this area at about 1.5 Ma (although body sizes of those taxa 

are difficult to evaluate, given the uncertain taxonomic associations of isolated postcranial fossils; Hatala et al., 2016b). Second, it was demonstrated that the 3D morphologies of the Ileret tracks were statistically indistinguishable from those of 

Fig. 15.4  Representative subset of the roughly 100  c.  1.5 Ma hominin footprints discovered at five different sites near Ileret, Kenya between 2007 and 2014. This figure has been published previ-

ously (Hatala et al., 2016b), but with copyright retained by K.G.H
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modern human footprints created in the same type of substrate, while the  c.  3.7 Ma Laetoli tracks were significantly different (Hatala et  al., 2016a, b). These results suggested that certain characteristics of foot anatomy and function differed between the Laetoli and Ileret hominins. The latter, presumably  H. erectus, showed significantly closer affinities with the morphological and functional patterns observed in 

modern humans, as the footprint evidence has pointed toward a more human-like 

medial longitudinal arch of the foot and a greater emphasis on the medial forefoot 

to generate propulsive forces at toe-off. These results corroborate analyses of postcranial skeletal fossils that have suggested a human-like overall body form and pat-

tern of bipedal locomotion in  H. erectus (Ruff & Walker, 1993), and further imply that  H. erectus may have been the first hominin to possess a foot well-equipped for human-like running (Chap. 11). 

 15.3.4  

Homo antecessor  (1.0–0.936 Ma)

Ten foot bones including a second metatarsal, fragmented metatarsal base, and eight 

assorted phalanges are considered paratypes of  Homo  antecessor from the  c.  900 ka Gran Dolina site at Sierra de Atapuerca, Spain (Lorenzo et al., 1999; Appendix C). 

The shaft of the second metatarsal, ATD6-70+107, is similar in size and shape to 

modern humans, but the head resembles those of the  A. afarensis metatarsals from the A.L. 333 site (Lorenzo et al., 1999). The hallucial phalanges are rounded at the base, through the shaft, and at the proximal articular surface, and they have dorsoplantarly taller shafts relative to shaft breadth than do modern humans and 

Neanderthals (Lorenzo et al., 1999). Proximal, intermediate, and distal phalanges 

from the other rays are similar in size and shape to both Neanderthals and modern 

humans (Lorenzo et al., 1999). 

Continued excavations at the TD6 level at Gran Dolina have since yielded a 

small calcaneal fragment, partial left talus, and fourth metatarsal that is missing the head and a small portion of the distal shaft (Pablos et al., 2012). The ATD6-95 talus is larger than most other fossil  Homo tali, and its dimensions produce a body mass estimate of 76 kg (Pablos et al., 2012, 2017). The talar body is expanded vertically, a feature common in Late Pleistocene  Homo (Pablos et al., 2012; Boyle & DeSilva, 

2015). The trochleas are flat, and relatively longer than those of modern humans, Neanderthals, Sima de los Huesos hominins, and several other Pleistocene hominin 

specimens (Pablos et al., 2012). There is a groove that separates the anterior and medial calcaneal facets, a trait that could affect movement at the subtalar joint and that is variably present in modern human populations (Pablos et al., 2012). Torsion in the shaft of the fourth metatarsal suggests a human-like transverse arch (Pablos 

et al., 2012). Altogether, the pedal remains of  H. antecessor indicate a foot that is generally human- and Neanderthal-like in form and function. 

A set of 0.78–1.0 Ma tracks discovered at Happisburgh, UK has been provision-

ally attributed to  H. antecessor (Ashton et al., 2014). This diagnosis is not based on inferred foot anatomy or function, instead this is the only taxon whose skeletal 
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fossils are known from this area around this time. Unfortunately, the circumstances 

surrounding the discovery of these tracks precluded many of the traditional methods 

for inferring aspects of foot anatomy and foot function from them. In 2013, researchers noticed hominin tracks within layers of laminated silt that had been exposed by 

erosional processes that washed away modern beach deposits (Ashton et al., 2014). 

However, these tracks were located along a rapidly eroding coastline, and the 

researchers were forced to act as quickly as possible to document the site before it was ultimately destroyed by wave action within just weeks of its initial discovery 

(Ashton et al., 2014). Three-dimensional models of the site were created using pho-togrammetry, but because the tracks were filled with water when recorded, analyses 

of these models have been limited to estimates of foot size (and, by extension, body size). Initial analyses suggested that the tracks were between 14 and 26 cm in length, and most likely produced by a group of adults and children estimated to have been 

between 0.93 and 1.73  m in stature (Ashton et  al., 2014). Comparative analyses have found that the larger, presumed adult Happisburgh tracks are generally similar 

in overall foot size and shape to the  H. erectus tracks from Ileret, suggesting that both  H. erectus and  H. antecessor feet were human-like in their overall sizes and 

proportions (Hatala et al., 2017; Wiseman et al., 2020). 

 15.3.5   Sima de los Huesos hominins (780–427 ka)

The assemblage of  c.  430 ka fossils from the site of Sima de los Huesos (SH), at Sierra de Atapuerca, Spain, are grouped here separately from other taxa as they are 

believed to represent a taxon distinct from  H. heidelbergensis and  H. neanderthalensis (Arsuaga et al., 2014). Throughout the skeleton, the Sima de los Huesos hominins show evidence of Neanderthal-like anatomies, hinting at a potential 

ancestor-descendant relationship (Arsuaga et al., 2014). The foot is no exception to this pattern. 

Over 500 pedal fossils have been recovered from SH, and the collection is mostly 

comprised of metatarsals and phalanges (Pablos, 2015). For brevity, these fossils are not included in Appendix C and the reader is instead referred to the references 

within this section. Some similarities between SH hominins and Neanderthals can 

be attributed to the fact that both taxa possessed generally large, robust skeletons. 

For example, the known SH and Neanderthal pedal fossil samples include broad 

naviculars, broad bases of the fourth metatarsals, and broad phalanges (Pablos et al., 

2012, 2017; Pablos, 2015). 

SH hominin and Neanderthal tali share a broad lateral malleolar facet, a talar 

body that is not as vertically expanded as in modern humans, and a short middle 

calcaneal facet, but these occur alongside narrower talar heads (Pablos et al., 2013; Boyle & DeSilva, 2015). The sample of calcaneal fossils suggests that SH hominins and Neanderthals both had relatively long calcaneal tubers, but the sustentaculum 

tali is extremely broad in the SH hominins (Pablos et  al., 2014). While the SH 

naviculars, cuboids, medial cuneiforms, and lateral cuneiforms resemble those of 
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Neanderthals, the SH intermediate cuneiforms are relatively short (Pablos et  al., 

2017). The SH metatarsal row is very similar to that of Neanderthals, but the SH 

hominins have relatively broader first metatarsals (Pablos et al., 2017). One notable similarity to Neanderthals that is observed among the >250 known SH pedal phalanges is a broader distal end of the hallucial phalanges than is seen in Late 

Pleistocene and modern  H. sapiens (Pablos et al., 2017). 

 15.3.6  

Homo  heidelbergensis  (700–100 ka)

Similar to the situation with  H. erectus, not much is known about the feet of  Homo heidelbergensis from the skeletal fossil record, and what is known is conditional on which specimens are attributed to this species. Assuming that the material from 

Arago, France and Jinniushan, Liaoning Province, China are part of the  H. heidelbergensis hypodigm, pedal remains suggest that  H. heidelbergensis feet were generally human-like but with some primitive retentions. The  c.  400  ka  second left metatarsal from Arago – Arago XLIII – is more robust than those of anatomically 

modern humans, but not quite to the extent of Neanderthals, and it exhibits shaft 

morphology similar to great apes and OH 8 (Lamy, 1982). 

Several more bones are preserved in the nearly complete feet of the  c.  260–200 ka Jinniushan female skeleton, which are largely similar to modern humans but more 

comparable to Neanderthals in robusticity (Lu et  al., 2011; Pablos et  al., 2012, 

2013). The Jinniushan tali are quite large among Pleistocene hominin tali, yielding body mass estimates of 74.4 kg (Pablos et al., 2017). The talar trochleas are also remarkably flat (Lu et al., 2011). The relative proximodistal lengths of the calcanei are human-like, but they are also mediolaterally wide (Lu et al., 2011). The medial plantar processes are large, and while the lateral plantar processes are inferiorly 

positioned like in modern humans, they are shifted anteriorly and do not contribute 

to the most posterior portion of the calcaneal tuber (Lu et al., 2011). The morphology of the articular surfaces for the cuboid, and the presence of medial beaks on the cuboids, suggest that the calcaneocuboid joint was stable during walking (Lu et al., 

2011). Deep grooves on the cuboid and lateral cuneiform indicate a well-developed fibularis longus tendon, which provides further evidence for a stable lateral foot (Lu et al., 2011). However, despite these indicators of midfoot stiffness, Lu et al. (2011) suggest that the shapes of the right navicular and the medial cuneiforms reflect 

weight-bearing, though perhaps not to the extent as in great apes. This could indi-

cate a more mobile medial midfoot, or a lower longitudinal arch than is typical of 

modern humans. 

Though the Jinniushan first metatarsal is generally human-like in shape, the dis-

tal articular surface is not as wide mediolaterally, and the shape of the head resembles those of African  H. erectus due to the morphology of the sesamoid grooves (Lu et al., 2011). The second metatarsal is relatively short compared to specimens from Gran Dolina and Sima de los Huesos, though it is within the low end of the range of 

variation in Neanderthals, late Pleistocene  H. sapiens, and modern  H. sapiens 
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(Pablos et al., 2012). Lastly, the phalanges are short and robust (Lu et al., 2011). It 

should be noted that Bae (2010) assigns the skeletal material from Jinniushan to archaic  H. sapiens, which, if correct, implies that a fully modern foot (i.e., not identical to the feet of extant humans) did not appear with the earliest members of our 

species. 

A set of three trackways discovered along the slope of the Roccamonfina volcano 

in southern Italy are dated to  c.  385–325 ka, and have been provisionally ascribed to H. heidelbergensis (Mietto et al., 2003; Avanzini et al., 2008). It is difficult to assess the gaits of the trackmakers within a comparative context, as these trackways were 

formed on a steep slope (nearly 80 degrees in some places; Mietto et al., 2003) that is topographically very different from earlier hominin track sites such as Laetoli, 

Ileret, or Happisburgh. Records of foot morphology and kinematics are also not as 

clear as they are at other track sites, but general sizes and shapes of the tracks have been compared with other sites. Avanzini et  al. (2008) demonstrate that outline 

dimensions are comparable to those of Late Pleistocene ( c.  14 ka) modern human tracks from Jeju island, South Korea, and they further suggest that these two sets of tracks were produced by trackmakers with similar arch and forefoot anatomies. The 

overall sizes of the Roccamonfina footprints are also generally comparable to those 

of the  c.  1.5 Ma Ileret tracks, and those of habitually barefoot modern humans, suggesting that these sets of trackmakers had feet of human-like sizes and proportions 

(Hatala et al., 2017). 

Altamura et al. (2018) recently described a  c.  700 ka surface preserving eleven possible hominin footprints at Melka Kunture, Ethiopia. One of these tracks is 

described as morphologically similar to those from the 1.5 Ma assemblages at Ileret, Kenya, presumably recording a similarly human-like pattern of foot anatomy and 

function (Altamura et al., 2018). The state in which the remaining tracks are preserved  has precluded confident attributions or direct comparisons with hominin 

footprints from other sites. 

 15.3.7  

Homo naledi  (335–236 ka)3

The pedal remains of  Homo  naledi from the Rising Star Cave System, Gauteng, South Africa are comprised of around 107 bones, including a nearly complete right 

adult foot (Fig. 15.5), partial foot skeletons of two adults and two juveniles, and several bones belonging to other individuals (Berger et al., 2015; Harcourt-Smith et al., 2015; Appendix C). Overall, the  H. naledi foot appears to be anatomically and functionally similar to modern humans, departing most from the modern human 

condition in some aspects of the talus and calcaneus. The Dinaledi tali have only a 

slight trochlear groove, a moderate talar wedging ratio, and head and neck torsion 

that is within the human range (Berger et al., 2015; Harcourt-Smith et al., 2015). 

3 Dates derived from Dirks et al. (2017). 
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Fig. 15.5  Exceptionally complete  H. naledi Foot 1 skeleton. Scale bar is 3 cm, divided into 1 cm segments. Photograph courtesy of William E. H. Harcourt-Smith, with credit to Peter Schmid These anatomies suggest that the Dinaledi hominins had a limited range of motion 

at the ankle joint, and a rigid midfoot (Harcourt-Smith et al., 2015). However, the talar declination angle is low, similar to apes and some australopiths, suggesting 

 H. naledi had a low longitudinal arch (Berger et al., 2015; Harcourt-Smith et al., 

2015). Based on a mostly intact adult calcaneus, U.W. 101-1322,  H. naledi appears to have a flat posterior subtalar joint, indicating a human- and  A. afarensis-like limited mobility at this joint, and a poorly developed peroneal trochlea, which suggests a human-like reduction of the peroneal musculature (Berger et al., 2015; Harcourt- 

Smith et al., 2015). The lateral plantar process of this specimen is not preserved, but appears to be in a plantar, modern human-like position based on the trajectory of the retrotrochlear eminence (Berger et  al., 2015; Harcourt-Smith et  al., 2015). 

U.W. 101-1322 differs from humans in having a relatively gracile tuber, and an ape- 

like orientation of the sustentaculum tali, which provides further evidence for a relatively low medial longitudinal arch (Berger et al., 2015; Harcourt-Smith et al., 2015). 

Though the Dinaledi naviculars are not well preserved, the remaining tarsal 

bones also resemble those of modern humans. The cuboids have beaks on the medial 

side that are thought to stabilize the calcaneocuboid joint, a feature  H. naledi shares with modern humans and other fossil  Homo (Harcourt-Smith et al., 2015). The hallucial facet on the only complete medial cuneiform in the assemblage, U.W. 101-1533, is flat and indicates a fully adducted hallux (Harcourt-Smith et al., 2015). The lateral and intermediate cuneiforms are proximodistally elongated, similar to those of 
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other hominins and within the modern human range of variation (Harcourt-Smith 

et al., 2015). 

Robusticity across the  H. naledi metatarsal row follows the 1>5>4>3>2 pattern observed in  H. floresiensis and in most humans, and distinct from OH 8 (Harcourt-Smith et al., 2015). Metatarsal torsion values are also within the human range, indicating a presence of a transverse arch (Harcourt-Smith et al., 2015). The relative length of the hallucial metatarsal is human-like and its head is robust, which together suggest that the medial side of the  H. naledi foot was functionally equivalent to modern humans during toe-off (Berger et al., 2015; Harcourt-Smith et al., 2015). 

Dorsal doming on the metatarsal heads and human-like dorsal canting angles of the 

proximal facets of the hallucial and proximal phalanges suggest habitual loading of 

the metatarsophalangeal joint during dorsiflexion (Harcourt-Smith et al., 2015). The lateral proximal phalanges are more curved than those of modern humans, however, 

perhaps reflecting enhanced pedal grasping abilities in  H. naledi (Berger et  al., 

2015; Harcourt-Smith et al., 2015). However, these biomechanical implications are unclear as the curved lateral proximal phalanges occur in conjunction with a human-like propulsive hallux, rather than one suited for grasping. 

 15.3.8  

Homo  neanderthalensis  (130–40 ka)

The Neanderthal ( Homo   neanderthalensis) foot is well represented in the fossil record (Appendix C). Some researchers have suggested that Neanderthal feet may have functioned differently than those of modern humans but, if so, these differences were likely subtle. Neanderthal pedal remains are relatively robust but other-

wise they are largely modern-human like in shape. 

Most of the slight differences between Neanderthal and  H. sapiens foot bones, such as larger articular surfaces between the talocrural, subtalar, and calcaneocuboid joints, could be related to different activity levels or body sizes, but they are unlikely to signify any considerable differences in locomotor biomechanics (Rhoads 

& Trinkaus, 1977; Trinkaus, 1983a; Schmitt, 1998). Five Neanderthal tali from the c.  43 ka El Sidrón site in Asturias, Spain display slight differences in articular morphology relative to other Neanderthals, which probably reflect body size differences relative to specimens from other sites (Rosas et al., 2017). The El Sidrón tali have a relatively larger and less wedge-shaped trochlea, a more projected lateral malleolar facet, and longer posterior calcaneal facet (Rosas et al., 2017). Many Neanderthals share anterior extensions of the medial malleolus and trochlea, and facets on the 

talar neck, with some modern human populations (Trinkaus, 1975a). These features are thought to possibly reflect habitual hyperdorsiflexion of the ankle, associated 

with squatting, or high levels of activity (Trinkaus, 1975a). 

Another difference between  H. sapiens and  H. neanderthalensis feet that could have had functional implications is the relatively longer calcaneal tuber in the latter species (Trinkaus, 1975b; Schmitt, 1998; Raichlen et al., 2011). An elongated calcaneal tuber would have lengthened the Achilles tendon moment arm, suggesting 
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that Neanderthals would have had a reduced capability for storing and releasing 

elastic energy in this tendon, and thus incurred higher energy costs during running 

(Raichlen et  al., 2011). However, this feature may have conferred a mechanical advantage during walking on inclined or uneven substrates (Raichlen et al., 2011). 

Neanderthals also differ from modern humans in phalangeal proportions and 

robusticity (Trinkaus, 1983b; Trinkaus & Hilton, 1996). The Neanderthal hallucial and pedal proximal phalanges are relatively short, and the middle and distal phalanges on each ray are relatively long (Trinkaus, 1983b; Trinkaus & Hilton, 1996). The proximal phalanges on rays one through four are also more robust than those of 

modern humans (Trinkaus, 1983b; Trinkaus & Hilton, 1996). These differences could reflect greater stresses on the anterior foot of Neanderthals during locomotion (Trinkaus & Hilton, 1996), and it has been suggested that phalanges may be more robust in individuals or populations that do not habitually use footwear (Trinkaus & Shang, 2008). However, the biomechanical significance of increased phalangeal robusticity has not been studied experimentally. 

 15.3.9  

Homo  floresiensis  (100–60 ka)

Nearly the entire foot is represented in the collection of  Homo  floresiensis remains 

from Liang Bua, Flores, Indonesia (Fig. 15.6; Appendix C). In addition to the rela-

tively complete left foot and partial right foot of the type specimen, LB1, researchers also uncovered a right cuboid, fragmentary metatarsal, and phalanges belonging 

to other individuals (Jungers et al., 2009a, b). The LB1/15 talus is similar in size and neck angle to A.L. 288-1, and has an ape-like, low degree of talar head torsion, but shares a relatively tall talar body and flat trochlea with modern humans (Jungers 

et al., 2009a, b). Additionally, the head facet curvature of LB1/15 is reduced relative Fig. 15.6 LB1  H. floresiensis partial foot skeleton. Scale bar is approximately 5 cm, divided into 1 cm segments. Photograph courtesy of William L. Jungers
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to modern humans (Parr et al., 2014). This feature, also seen in OH 8 and KNM-ER 

1476, may indicate that  H. floresiensis had reduced mobility at the medial transverse tarsal joint, leading to a more rigid foot well-suited for propulsion during 

habitual bipedalism (Parr et al., 2014). The two naviculars belonging to LB1 appear more primitive. With tuberosities that are expanded medially but “pinched” on the 

lateral side, the  H. floresiensis naviculars exhibit a wedge-like shape that is similar to apes,  A. afarensis, and  A. africanus (Jungers et al., 2009a, b). The same authors suggested that these naviculars were weight-bearing, and that the feet of LB1 would 

have had a weak medial longitudinal arch (Jungers et al., 2009a, b). The LB1 naviculars do not appear to have articular facets for the cuboids, and while the cuboids 

have incipient medial beaks that articulate with the calcaneus and stabilize the lateral foot, this surface is flat in a cuboid belonging to another  H. floresiensis individual (Jungers et al., 2009a, b). Therefore, the calcaneocuboid joint may depart from the common morphology evident in the other  Homo taxa discussed in this 

chapter. The cuneiforms appear to be human-like in morphology and function. The 

hallucial facet on the medial cuneiform is flat and its orientation indicates that the first ray was fully adducted (Jungers et al., 2009a, b). In articulation, the cuneiform row reveals a well-developed transverse arch (Jungers et al., 2009a, b). 

The  H. floresiensis metatarsals also exhibit a mix of primitive and derived traits. 

Metatarsal robusticity in LB1 follows the 1>5>4>3>2 pattern that is most common in modern humans (Jungers et al., 2009a, b). The first metatarsal, however, is very short relative to the others, and its relative length is more chimpanzee-like than 

human-like (Jungers et al., 2009a, b). Collectively, the lateral metatarsals are relatively longer than the tarsus, so their relative lengths fall entirely outside the modern human range of variation (Jungers et al., 2009a, b). The LB1 proximal phalanges are australopithecine-like in curvature, and chimpanzee-like in relative proportions, 

further reflecting the relatively long forefoot (Jungers et al., 2009a, b). These features, and the morphology of the tarsal bones, led the same authors to suggest that 

force distribution through the  H. floresiensis foot during walking was probably different than modern humans, with the lateral rays likely enduring high stresses 

(Jungers et al., 2009a, b). 

 15.3.10  

Homo  luzonensis  (67–50 ka)

The species  H. luzonensis was described only recently, from craniodental and postcranial fossils that were discovered on the island of Luzon, in the Philippines. This exciting discovery includes one  third metatarsal, one proximal phalanx, and one 

middle pedal phalanx (Détroit et al., 2019; Appendix C). The metatarsal, CCH1, has a small base for its size, and the articular surface for the lateral cuneiform is convex (Détroit et  al., 2019). A convex base is also observed in a fourth metatarsal of A. sediba and it resembles the pattern observed in extant nonhuman apes to the 
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exclusion of modern humans, perhaps implying relatively increased dorsoplantar 

mobility in the midfoot (DeSilva et al., 2013). 

The  H. luzonensis proximal phalanx, CCH4, is longitudinally curved and is characterized by an overall shape and set of articular features that match well with proximal phalanges attributed to  A. afarensis and  A. africanus. The authors describe this specimen as noticeably different from all other pedal phalanges attributed to the 

genus  Homo (Détroit et al., 2019). The middle phalanx, CCH3, is not described in as much comparative detail but is said to be relatively similar to the middle phalanges of modern humans and  H. floresiensis (Détroit et al., 2019). Overall, the  H. luzonensis foot shows a perplexing mix of traits, including many  Australopithecus-like features. We agree with Détroit et al. (2019) that these elements likely reflect a foot that functioned in a manner that was not entirely modern human-like. 

 15.3.11  

Homo  sapiens  (300 ka-Present)

Several other chapters in this volume are dedicated to discussions of modern human 

foot anatomy within a comparative context, and the characteristics of modern 

human foot anatomy are not repeated here. In addition, the record of foot fossils 

attributed to  Homo  sapiens is obviously more robust than that of any other taxon, and these fossils bear anatomies that essentially match the morphological patterns 

observed in present-day humans. For the sake of brevity, we focus here on only the 

earliest foot fossils that have been attributed to  H. sapiens. 

The   c.  195  ka Omo I skeleton, discovered in the Kibish Formation within the Omo Valley of Ethiopia, includes a partial right foot (Day, 1969; Appendix C). 

From these skeletal elements, it is clear that the Omo I foot anatomy largely mirrors the foot anatomies of other anatomically modern humans, including those of the 

 c.  100 ka early modern human skeletons from the sites of Skhul and Qafzeh in Israel (Pearson et al., 2008). There are, however, two peculiarities that represent minor deviations from stereotypical modern human anatomical patterns. First, on the Omo 

I talus, the articular facet for the lateral malleolus of the fibula projects laterally farther than is typical in modern humans. This anatomy is observed in Neanderthals 

(see Sect. 15.3.8) but also in some  H. sapiens populations (Pearson et al., 2008). 

Second, the dorsoplantar height of the Omo I talus is shorter than typical modern 

human tali, a pattern that is consistent with many other fossil tali attributed to 

 H. erectus,  H. neanderthalensis, and  H. sapiens (Boyle & DeSilva, 2015). The dorsoplantar height of the talus does not appear to have reached modern human propor-

tions until quite recently. The functional consequences of variations in lateral 

malleolar facet morphology and talar height are entirely unclear at the moment, but 

in nearly all other respects it appears that the Omo I foot (and later  H. sapiens feet) would have functioned in the same manner as our own. 
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15.4   Future  Directions

As is the case regarding early hominin feet (Chap. 14), the persistence of long- 

standing questions alongside new fossil discoveries makes this an exciting and 

interesting time to be studying the evolution of foot anatomy and function within the genus  Homo. Certain foot fossils have puzzled researchers for the past half century (e.g., OH 8), while more recent discoveries in unexpected contexts (e.g., the Dinaledi assemblage,  Homo  floresiensis,  Homo  luzonensis) are rapidly changing the “who, what, when and where” definitions of the genus  Homo. 

Although the scope of anatomical and inferred locomotor variation is relatively 

restricted within our genus, compared with that evident in earlier hominins – most 

taxa described above have remarkably human-like feet with presumably similar 

functional patterns  – there are still a number of important prevailing questions 

regarding the feet of fossil  Homo. Three examples of such questions that warrant future study include:

1.  How can we resolve the taxonomic issues surrounding early Homo  isolated postcranial fossils?  Many of our questions about foot anatomy and function in the earliest members of our genus stem from uncertainty regarding the proper taxonomic attribution of isolated fossils. Tarsals seem particularly well-suited for 

preservation in the fossil record, but without associated craniodental remains 

these tarsals often cannot be attributed with confidence to any particular hominin 

taxon. Obviously additional fossil discoveries have the potential to resolve this 

issue, but it is also possible that new methods can utilize data currently available. 

For example, recent analyses have identified three distinct early  Homo cranial 

“morphs” among early Pleistocene fossils from Koobi Fora, Kenya (Leakey 

et al., 2012). Perhaps size, shape, or other aspects of morphology can similarly be used to partition the current sample of isolated foot fossils from the same time 

and place (early Pleistocene, Koobi Fora) into the same number of distinct 

groups that are known from cranial anatomy. At that point, it may be possible to 

tentatively link groups of postcranial fossils with groups of cranial fossils, based on broader temporal and geographic patterns of association. Resolving taxonomic attributions of these isolated postcranial fossils will be essential to refine our understandings of the functional anatomies of the earliest members of  Homo. 

2.  What are the functional implications of interspecific variations in Homo  foot anatomy?  The taxa described within this chapter all had foot anatomies that were, in general, quite similar to the anatomy of modern human feet. However, 

interspecific variation is still present, albeit more subtle than that which charac-

terizes earlier hominins (Chap. 14). Are all of these more subtle anatomical variations among taxa functionally significant? Carefully designed experimental 

studies may be able to shed light on how and/or why foot function differed 

among various fossil  Homo taxa, and can influence broader questions about evolutionary patterns within our genus. 
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3.  What else can fossil hominin tracks tell us about the  evolution  of human  foot anatomy and function?  In the sections above, we describe three hominin track sites that were discovered and/or first analyzed within the past 15 years and have 

subsequently influenced understandings of foot anatomy and/or function in three 

different fossil  Homo taxa. Given the rate at which new fossil  Homo track sites have been uncovered in recent years (Hatala et al., 2017), these data are becoming quite plentiful. New discoveries could unveil data with the potential to 

answer longstanding questions regarding the evolution of the human foot. 

However, studies of hominin footprints are still relatively new to paleoanthropol-

ogy, so it is equally important that experimental studies are also pursued in order 

to develop and refine methods for inferring aspects of foot anatomy and foot 

function from fossil hominin tracks. Through this approach, it is possible for 

hominin tracks to serve as a form of deep time motion capture, providing records 

of foot dynamics that offer a valuable complement to the more traditional func-

tional morphological studies of pedal skeletal fossils. 

These questions, and many more, will spur continued research on the evolution of 

the foot within the genus  Homo for years to come. While we hope there is long-term utility to this chapter, at the same time we are excited by the possibility that, even perhaps within the next decade, new discoveries and analyses will present cause for 

much of this text to be re-written. 

15.5   Summary

Fossil taxa attributed to the genus  Homo generally possess feet that bear strong resemblance to the feet of modern humans. There exists much less morphological 

variation among the feet of  Homo taxa than among those of earlier hominins (Chap. 

14). Only in the very earliest potential members of  Homo (i.e.,  H. habilis) are there any questions about pedal adaptations for locomotor behaviors other than terrestrial bipedalism. However, there still exists an interesting variety of more subtle differences among the foot skeletons of fossil  Homo. Currently, we know very little about what these differences imply. Did different members of  Homo use slightly different patterns of bipedalism? Or is the variation that we observe among fossil  Homo feet functionally insignificant? In the years that lie ahead, it will be interesting to see what questions can be answered through additional  fossil discoveries and novel 

experimental approaches that shed new light on the morphology and functional 

implications of fossil  Homo feet. 
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Chapter 16

Pedal Morphology and Locomotor 

Behavior of the Subfossil Lemurs of 

Madagascar

Michael C. Granatosky

Abstract  The subfossil lemurs of Madagascar have been discussed and studied in great detail due to their remarkable preservation, phylogenetic history, and locomotor convergence with a number of extant taxa. This chapter highlights these discus-

sions with particular focus on the variation in pedal morphology observed across the three extinct families of subfossil lemur. Special attention is given to locomotor and foot loading behavior of the palaeopropithecids, colloquially known as the sloth 

lemurs. These animals represent the only primate lineage to become specialized for 

below branch quadrupedal locomotion, and, by necessity, the ability to bear tensile 

loads in the foot. Unfortunately, discussion of the anatomy of the sloth lemur foot, and its ability to bear tensile loads in general has been limited, and a thorough discussion of the mechanical and anatomical traits associated with tensile loading in a primate foot has yet to be compiled. This chapter is broken down into distinct sections focusing on phylogeny, anatomy, and mechanics that will come together for 

the reader into a holistic view of the locomotor adaptations in the feet of the extinct subfossil lemurs of Madagascar. 

Keywords  Madagascar ·  Babakotia · Sloth lemurs ·  Palaeopropithecus · Sloths · 

 Megaladapis · Archaeolemuridae · Inverted quadrupedalism · Kinetics · Lemurs · 

Ankle · Phalanges

M. C. Granatosky (*) 

Department of Anatomy, New York Institute of Technology College of Osteopathic Medicine, Old Westbury, NY, USA

Center for Biomedical Innovation, New York Institute of Technology College of Osteopathic Medicine, Old Westbury, NY, USA

e-mail: michael.granatosky@nyit.edu

© Springer Nature Switzerland AG 2022

415

A. Zeininger et al. (eds.),  The Evolution of the Primate Foot, Developments  

in Primatology: Progress and Prospects, https://doi.org/10.1007/978-3-031-06436-4_16

416

M. C. Granatosky

16.1   Phylogenetic History and Relationships 

of the Subfossil Lemurs

The subfossil lemurs are represented by an extensive collection of craniodental 

remains, as well as a large number of postcranial elements. This has allowed for 

thorough and reliable reconstructions of body size (Jungers et  al., 2008), positional behavior (Godfrey et al., 1995; Jungers et al., 1997; Hamrick et al., 2000; Shapiro et al., 2005; Granatosky et al., 2014b), and phylogenetic affiliation (Yoder et al., 1999; Karanth et al., 2005; Orlando et al., 2008; Kistler et al., 2015). There are currently three recognized families of extinct sub-fossil lemurs: 

Palaeopropithecidae (sloth lemurs), Archaeolemuridae (monkey lemurs), and 

Megaladapidae (koala lemurs). Relationships of the sub-fossil lemurs to extant 

lemur families (Cheirogaleidae, Lepilemuridae, Indriidae, Lemuridae, and 

Daubentoniidae) have been reconstructed on the basis of both morphological and 

molecular data. To a large extent, morphological and genetic data support similar 

phylogenetic topologies. 

The family Palaeopropithecidae is split into four genera:  Mesopropithecus 

(three species),  Babakotia (one species),  Palaeopropithecus (three species), and   Archaeoindris (one species) (Simons et  al., 1992; Jungers et  al., 1997; Godfrey & Jungers, 2003; Gommery et al., 2009). Among the extant lemurs, there is little doubt that palaeopropithecids and indriids are sister taxa. These 

taxa share a host of craniodental and developmental traits (Tattersall, 1973; Tattersall & Schwartz, 1974; Schwartz & Tattersall, 1985; Schwartz et  al., 

2002; Godfrey & Jungers, 2003), but differ dramatically in postcranial characteristics. Indriids (including  Indri,  Propithecus, and  Avahi) have specialized leaping anatomy, while  Mesopropithecus,  Babakotia, and  Palaeopropithecus all have, to varying degrees, specialized suspensory adaptations (Godfrey et al., 

1995, 2016; Jungers et  al., 1997; Hamrick et  al., 2000; Godfrey & Jungers, 

2003; Walker et al., 2008; Granatosky et al., 2014b). Molecular data supports 

that, among these taxa, palaeopropithecids and indriids form a monophyletic 

group (Yoder et al., 1999; Karanth et al., 2005; Orlando et al., 2008; Kistler et al., 2015). 

The family Archaeolemuridae is made up of two genera,  Archaeolemur and 

 Hadropithecus (Orlando et  al., 2008). Certain dental traits link the 

Archaeolemuridae to the palaeopropithecid/indriid clade (e.g., the loss of the 


lower canines, aspects of molar shape), but these animals differ tremendously in 

their postcranial anatomy. 

Body mass estimates for sloth lemurs range from ~11 to ~160  kg, and 

 Mesopropithecus,  Babakotia, and  Palaeopropithecus have all been interpreted as antipronograde [i.e., a locomotor mode in which the forelimbs, hindlimbs, or both 

are loaded in tension, see Stern & Susman (1983)] primates with varying degrees of suspensory locomotion based on postcranial similarities, in regions such as the femoral neck and head, knee joint, elbow, and back, that appear functionally convergent with similar traits in living sloths (Fig. 16.1). Meanwhile, body mass estimates for  
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Fig. 16.1   Palaeopropithecus   kelyus reconstruction, skeleton from Anjohibe in northwestern Madagascar. The post-cranial morphology of  Palaeopropithecus indicates that this was a specialized below branch quadruped. Photo credit: Don DeBlieux

 Archaeolemur and  Hadropithecus (monkey lemurs) range from ~18 to ~35 kg, and postcranial remains suggest that these species did not climb very often and imply 

that they were much more adept at terrestrial living. They are not believed to have 

been exclusively terrestrial, but rather to have had a combined habitat with both 

ground and arboreal components. Despite these differences in postcranial morphol-

ogy, recent molecular analyses support the position of the archaeolemurids as a 

sister taxon to the palaeopropithecids and indriids (Orlando et  al., 2008; Kistler 

et al., 2015). 

Initial phylogenetic reconstructions on the basis of certain craniodental charac-

teristics (including the molar morphology, the loss of the upper permanent incisors, and the development of an expanded facet on the neck of the mandibular condyle 

that articulates with the postglenoid process) have placed  Megaladapis as the sister taxon to the sportive lemurs, or Lepilemuridae, (Schwartz & Tattersall, 1985; Wall, 

1998). Recent molecular data, however, consistently suggests a sister taxon relationship for the Megaladapidae and the Lemuridae (Kistler et  al., 2015). This is supported by a limited number of morphological traits, including some features of 

the carpus (Godfrey et  al., 2016), and dental eruption sequences (Schwartz 

et al., 2005). 
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16.2   Pedal Morphology and Locomotor Behaviors 

of the Subfossil Lemurs

 16.2.1   Palaeopropithecidae

Upon gross inspection of the postcranial skeleton of the sloth lemurs, perhaps noth-

ing is more noticeable than the high degree of phalangeal curvature (Fig. 16.2). 

Based on work by Jungers et  al. (1997) there appears to be no difference in the amount of curvature observed between the proximal phalanges in the hand and foot. 

Among living primates, phalangeal curvature appears to be greatest in highly sus-

pensory species, such as gibbons, orangutans, and spider monkeys (Jungers et al., 

1997; Congdon, 2012). The presence of highly curved digits substantially mitigates the strains experienced during suspensory locomotion (Stern et al., 1995; Jungers et al., 1997; Richmond, 2007; Congdon, 2012). As a digit is loaded during suspensory postures, joint reaction forces load the articular ends of the phalanx in com-

pression, while digital flexor musculature pulls the mid-shaft toward the palm 

(Richmond, 2007). 

While phalangeal curvature tends to be fairly consistent across species, talar 

morphology among subfossil sloth lemurs is quite variable (Fig. 16.3). In Palaeopropithecus, the talocrural articular surface is large, globular, and the medial tibial facet is large in area and quite dorsoventrally deep (Boyer et al., 2015). This 

combination of features is also observed in the extant sloths and allows those ani-

mals to accomplish remarkable levels of ankle inversion during locomotion (Boyer 

et al., 2015). This, as discussed in Sect. 16.3.3, appears to be common for species Fig. 16.2  Curvature of the proximal phalanges in living primates and subfossil indriids (A). The average for theta angle is indicated ★ for sloth lemurs and ● for all other species along with ± 1 

standard deviation. Note the high degree of curvature in all species of extinct sloth lemurs. 

Representative examples of proximal phalanges of indroid primates (B). Top to bottom: Archaeolemur,  Indri,  Babakotia, and  Palaeopropithecus. Figure reprinted with permission from 

Jungers et al. (1997). Copyright (1997 and National Academy of Sciences, U.S.A.)
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Fig. 16.3  Talus of  Varecia,  Babakotia,   Palaeopropithecus,  and  Choloepus. Left column, dorsal view; middle column, medial view; right column, ventral view. Specimens not displayed to scale. 

Figure reprinted with permission from Meldrum et al. (1997) and Boyer et al. (2015)

that have become specialized for below branch quadrupedal locomotion. In con-

trast,  Babakotia demonstrates talar morphology more consistent with non- 

suspensory arboreal primates (e.g.,  Varecia). The talocrural articular surface is fairly narrow, and the medial tibial facet is small in area and relatively dorsoventrally shallow in  Babakotia. This anatomical configuration indicates that this animal may have been limited in its ability to invert the ankle compared to  Palaeopropithecus and extant sloths (Boyer et  al., 2015). From a kinematic perspective, this likely 
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suggests that when, and if,  Babakotia adopted below branch quadrupedal locomotion the movements of the ankle would have more closely resembled patterns 

observed in other primates (see Sect. 16.3.2) than specialized below branch quadrupeds like sloths or bats. 

Relative calcaneal proportions and morphologies also vary among the sloth 

lemurs (Fig. 16.4). As in living sloths, the calcaneal tuberosity of  Palaeopropithecus curves backward, downward, and medially to form the lateral edge of the flexor 

tendon tunnel.  Babakotia and  Mesopropithecus demonstrate less of this downward curvature, indicating that the need for powerful flexor musculature in the foot was 

much less important for these species compared to  Palaeopropithecus. Boyer et al. 

(2013) observed that while  Palaeopropithecus and  Mesopropithecus demonstrated calcaneal proportions (i.e., relatively short distal elongation compared to the total length of the calcaneus) consistent with other suspensory and slow-climbing arboreal quadrupeds,  Babakotia instead showed distal elongation of the calcaneus consistent with arboreal quadrupeds (e.g.,  Aotus,  Lemur,  Varecia). They speculated that quadrumanous suspension allows and/or selects for greater elongation than is possible/useful for pronograde and orthograde animals of similar size in some situa-

tions (Boyer et  al., 2013). Similar morphology (i.e., relatively greater degree of distal calcaneal elongation) observed in  Cynocephalus volans (the colugo; well-known for its propensity for below branch quadrupedal locomotion) compared to 

other non-primate euarchontans adds further evidence to support their prediction 

(Boyer et al., 2013). The inclusion of sloth calcaneal proportions with their measurements [this study; measurement of sloth calcaneus from Meldrum et al. (1997)] 

of calcaneal elongation reveals that calcaneal proportions of the sloth closely match the morphology observed in  Palaeopropithecus (Fig. 16.5). This similarity indicates that relatively short distal elongation of the calcaneus is likely typical for obligate below branch quadrupeds, and perhaps the morphology observed in  Babakotia adds further evidence (Simons et al., 1992; Shapiro et al., 2005; Granatosky et al., 2014b; Godfrey et  al., 2016) to the idea that this species used a more varied locomotor repertoire. 

It has been the practice in this review and other studies, to lump the sloth lemurs 

into a single group with similar locomotor patterns. However, as work continues on 

reconstructing behaviors in these extinct species it is clear that locomotor behaviors of these animals were not the same.  Babakotia and  Mesopropithecus both appear to have commonly used suspensory positional behaviors but may have been capable of 

a more generalized locomotor repertoire similar to the living lorisids, or, as pro-

posed by Jungers et  al. (1997) and Shapiro et  al. (2005),  Pongo. In contrast, Palaeopropithecus consistently demonstrates morphological similarities with the extant sloths. Sloths are commonly classified as obligate inverted quadrupeds that 

are incapable of proficient pronograde terrestrial locomotion (Mendel, 1981b; Nyakatura et al., 2010; Granatosky & Schmitt, 2017). Results from numerous stud-

ies (Simons et al., 1992; Godfrey et al., 1995, 2016; Jungers et al., 1997; Hamrick et  al., 2000; Shapiro et  al., 2005; Granatosky et  al., 2014b) suggest that Palaeopropithecus likely moved in a similar manner. 
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Fig. 16.4  Calcaneus of  Varecia,  Babakotia, Mesopropithecus,   Palaeopropithecus,  and  Choloepus. 

Left column, dorsal view; right column, lateral view. Specimens not displayed to scale. [Figure 

adapted from Meldrum et al. (1997) and Boyer et al. (2013)]
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Fig. 16.5  Calcaneal proportions observed in euarchontans and sloths. Measurements used in Boyer et al. (2013) shown on a left calcaneus. Abbreviations:  TL total proximodistal length,  DL 

distal segment length (A). Calcaneal proportions of  Cynocephalus volans,  Choloepus hoffmanni, Palaeopropithecus,  Babakotia,  Mesopropithecus, arboreal quadrupeds (AQ), slow-climbing/terrestrial taxa (SC/T), slow-climbing/terrestrial/suspensory taxa, and vertical-clinging/

leaping taxa (VCL/L). Across species analyzed, sloths have relatively short distal elongation. This pattern is also observed in  Palaeopropithecus. Relatively short distal elongation may be a feature indicative of obligate below branch quadrupedal locomotion. Data from Boyer et al. (2013) and 

Meldrum et al. (1997)

It should be noted, however, that  Palaeopropithecus and sloths are not identical in all aspects of morphology. Phalangeal proportions are very distinct between the 

species, and it is clear that evolution has produced clawed (observed in sloths, bats, and colugos; proximal phalanx is relatively short and straight compared to an elongated and straight intermediate phalanx, and an elongated and curved distal clawed 

phalanx; load bearing occurs at the distal phalanx) and non-clawed (observed in 

suspensory primates; proximal phalanx is relatively long and curved compared to 

intermediate and clawless distal phalanx; load bearing occurs at the proximal pha-

lanx) conditions in order to deal with the demands of suspensory locomotion 

(Jungers et al., 1997; Richmond, 2007; Boyer & Bloch, 2008). The implications of these anatomical differences are poorly known, and further study should be conducted to better understand their ecological and biomechanical consequences. One 

potential consequence comes from the work of Mendel (1981b, 1985) which dem-

onstrated that the two-toed sloths are incapable of moving on large diameter (i.e., 
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> 91 mm) substrates. This has been interpreted as a consequence of immobile digits that have become specialized for small diameter (i.e., 13–31  mm) supports. 

 Palaeopropithecus, with its primate pedal digital proportions [i.e., proximal phalanx is longest in length followed by the intermediate and then distal, see Jungers 

et al. (1997)], likely was not as limited by substrate size variability in this way. 

The feet of sloths are highly modified for suspensory locomotion and emphasize 

mobility and powerful digital flexion (Grand, 1967; Mendel, 1981a; Meldrum et al., 

1997; Read, 2001). Additionally, the orientation of the foot is maintained in a neutral (i.e., in line with the tibia rather than the dorsiflexed posture observed in most other mammals) and inverted position during locomotion (Mendel, 1981a, b, 1985; Nyakatura et al., 2010). This combination of features makes terrestrial locomotion of the sloth clumsy, energetically costly, and puts the animal in vulnerable position 

to predators (Mendel, 1981b). Based on the superficial analysis of the foot morphol-

ogy of  Palaeopropithecus conducted in this chapter, it appears that this species has considerable similarities to the calcaneal and talar morphologies of sloths. If this preliminary analysis holds true, then it is likely that  Palaeopropithecus evolved to become an obligate below branch quadruped. This means that reconstructions of 

this species that include habitual terrestrial locomotion (Muldoon, 2010; Boyer et al., 2013; Godfrey et al., 2016) within their behavioral repertoire would be highly unlikely.  Babakotia and  Mesopropithecus, on the other hand, continue to demonstrate morphologies consistent with more varied locomotor repertoires. 

 16.2.2  

Archaeolemuridae

Interpretations of foot function of the Archaeolemuridae come from an exception-

ally well-preserved specimen of  A. edwardsi (USNM 447012) (Fig. 16.6). Overall, the feet of  Archaeolemur are relatively short (extremely so relative to body size, which has been reconstructed between 15 and 35 kg). However, relative to total foot 

length, the tarsal bones are long. 

While pedal morphology of the sloth lemurs highlights the ability for inverted 

foot postures during locomotion,  Archaeolemur demonstrates the opposite pattern. 

In   Archaeolemur, the calcaneus is robust and typically bears an unusually large lateral (peroneal) tubercle. The calcaneal tuberosity is expanded mediolaterally and is continuous with the peroneal tubercle. Furthermore, there is a series of prominent lateral tubercles running from the calcaneus to the cuboid to the base of the fifth 

metatarsal (Jungers et  al., 2005). Taken together, this arrangement suggests an important role in eversion for the fibularis musculature and/or a broader platform 

for contact with the substrate in an everted foot (Jungers et  al., 2005; Kingston 

et al., 2010). 

The hallux of  Archaeolemur is reduced and was likely less prehensile than what is observed in extant strepsirrhines. Accordingly, the medial cuneiform is reduced in size, and the joint facets and orientation suggest that the hallux of  Archaeolemur was also less abducted than in extant lemurs (Gebo, 1985; Jungers et al., 2005). 
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Fig. 16.6  The foot (right) of  Archaeolemur edwardsi, reassembled for the most part from USNM 

specimen 447012; the missing bones replaced by bones of DUPC specimen 11823 (A), and Megaladapis sp. reassembled from DPC specimen 9089 (B). Figure adapted from Wunderlich 

et al. (1996) and Jungers et al. (2005)

Although the hallux is relatively small, it nevertheless bears a prominent hook-like process for the tendon of fibularis longus. There is also a distinct groove on the 

plantar surface of the cuboid for the same tendon (Jungers et al., 2005). This morphological configuration was originally thought to be indicative of powerful hallu-

cial grasping, but recent experimental evidence of fibularis longus muscle activity 

during arboreal locomotion has rejected this interpretation (Boyer et  al., 2007; 

Kingston et al., 2010). 

Phalangeal morphology of  Archaeolemur are largely similar to characteristics observed in some terrestrial Old World Monkeys. The apical tufts of the distal phalanges of the foot are broad and rounded and are similar to what is observed in 

gelada baboons. This implies that the nails of  Archaeolemur rested on unusually voluminous volar pads. However, given the apparent reduction of prehensility in the 

hallux, it is unlikely this expansion is somehow linked to enhanced grasping capa-

bilities. Jungers et al. (2005) posited that apical pad size is probably correlated with a body- wide pattern of high robusticity. Compared to the highly curved digits of the sloth lemurs,  Archaeolemur has relatively straight proximal pedal phalanges. 

However, they are not nearly as straight as the pedal phalanges of the baboon, and 

they overlap extensively with the lower ranges of a variety of arboreal species 

(including living indriids), as well as with the gorilla. A mixed positional repertoire with a significant component of terrestrial locomotion was likely for  Archaeolemur based on phalangeal morphology. 
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 Archaeolemur is characterized by a surprising and unique combination of postcranial features, and their foot morphology fits this pattern. As argued by Jungers 

et al. (2005) this morphological suite makes no single locomotor analogy possible. 

Comparisons that rely heavily on baboons or geladas are likely to be incorrect, as 

many features of the foot are inconsistent with cursorial locomotion. Instead, it is more probable that  Archaeolemur was a robust, cautious quadruped that exploited both the trees and the ground. 

 16.2.3   Megaladapidae

 Megaladapis is a genus of large-bodied (at least 50 kg; Jungers, 1978) subfossil 

lemur that includes three recognized species (Wunderlich et al., 1996). Locomotor 

reconstructions of  Megaladapis described below are largely based off pedal remains of either  M. madagascariensis or  M. grandidieri and suggest that these species moved in a manner similar to koalas ( Phascolarctos cinereus) or lorisids (Wunderlich et al., 1996; Jungers et al., 2002, 2008). Much less is known about the locomotor behavior of  M. edwardsi, but it is likely that this species was more terrestrial in nature (Wunderlich et al., 1996). Proportions of the hindlimb indicate that the foot of  Megaladapis is relatively longer than that of any other primate. The calcaneus is reduced distally, which indicates an emphasis on climbing over leaping or quadrupedal walking and running (Fig. 16.6). The calcaneal tuberosity is large and medially directed. This anatomical arrangement suggests both a strong inversion 

component to plantarflexion and a well-developed abductor mechanism (Wunderlich 

et al., 1996). This morphology is consistent with what is observed in the lorisids and 

the sloth lemurs (Grand, 1967; Boyer et al., 2013). 

Most remarkable, however, is the way in which  Megaladapis has emphasized 

inversion within the foot while fixing movement in other planes of motion at various joints. The deep trochlear groove and asymmetrical margins on the talus fixes movement at the talocrural joint in a path of tibial plantarflexion/medial rotation or dorsiflexion/lateral rotation. The short, narrow proximal navicular facet has been 

reduced to accommodate almost exclusive lateral and medial translation for the talar head at this joint. Finally, the first metatarsal-medial cuneiform joint is expanded in one direction such that hallucial movement is essentially fixed in an almost pure 

flexion/extension with little abduction and adduction (Wunderlich et al., 1996). 

The phalanges of  Megaladapis are long and moderately curved, and similar in 

shape to  Varecia and  Pan (Jungers et  al., 2005). The hallux is long, robust, and abducted (Wunderlich et  al., 1996). The inferred grasping mechanism of Megaladapis involves the large hallux and lateral abductor musculature being used to ensure a secure grasp regardless of the position of the hindlimb or the substrate (Wunderlich et al., 1996). This foot morphology suggests that  Megaladapis used very different grasping strategies than those seen in the sloth lemurs, which emphasize digital flexors in a more hook-like mechanism. 
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On the base of the fifth metatarsal of  Megaladapis is a large tubercle that serves as the insertion site for the fibularis brevis and the abductor os metatarsi muscle 

(Wunderlich et al., 1996). This muscle originates on the lateral side of the proximal calcaneus and inserts onto the base of the fifth metatarsal tubercle laterally. Its function is presumably to abduct (laterally deviate) the lateral border of the foot (Gebo, 

1986; Wunderlich et al., 1996). Such an action is advantageous when climbing and clinging to vertical supports, in that it acts to resist gravitational forces tending to adduct the abducted first and lateral digits (Cartmill, 1974; Wunderlich et al., 1996). 

The abductor os metatarsi muscle also probably acts with the fifth digital abductor 

to place the forefoot in a laterally deviated position, whereby the fifth digit abductor can help to flex the fifth digit and thereby enhance grasping effectiveness (Gebo, 

1985, 1986; Wunderlich et al., 1996). 

The foot of  Megaladapis seems extremely well designed for grasping vertical 

supports of any size, but a variety of arboreal postures, including quadrupedal hanging and pedal suspension, were likely feasible because of this species’ powerful 

grasping mechanism (Wunderlich et al., 1996). The large, widely abducted hallux would have allowed the foot to subtend large angles on all supports. Such morphology appears to be one solution for strepsirrhines to deal with large body size in an arboreal environment and represents a very different anatomical solution than the 

arboreal adaptations observed in the sloth lemurs (Grand, 1967; Wunderlich 

et al., 1996). 

16.3   Below Branch Quadrupedal Locomotion

Among all the subfossil lemurs, the locomotor behavior of the sloth lemurs 

(Palaeopropithecidae) may be most remarkable. These animals represent one of the 

few mammalian species adapted for below branch quadrupedal locomotion 

(Granatosky, 2018), and the only primate lineage to become specialized for this locomotor mode (Granatosky, 2020). As such, the sloth lemurs are extremely valuable for studying how natural selection in this case designed a foot able to mitigate the mechanical challenges of tensile rather than compressive loading. 

 16.3.1   Definition and Ecological Relevance

For most, images of suspensory locomotion are centered on what is commonly 

referred to as arm-swinging, a form of forward progression in which the animal 

hangs below the support and the forelimbs bear a majority of the body’s mass Byron 

et al., 2017. The issue with this common definition is that it excludes species that utilize below branch quadrupedalism, which is a form of suspensory locomotion in 

which both the forelimbs and hindlimbs are used in some combination, the torso is 
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pronograde, and the limbs are loaded in tension (Cant, 1986; Ishida et al., 1990; 

Hunt et al., 1996; Bergeson, 1998). 

It is safe to assume that below branch quadrupedal locomotion represents the 

simplest way for an upright arboreal animal to adopt suspensory positional behav-

iors. Nyakatura (2011) suggests that the transition from above to below branch quadrupedal locomotion is so simple (at least in ancestral sloths) that it requires few mechanical adjustments, and animals are utilizing conserved neural control of locomotion. Other studies agree with this interpretation, and some argue based on very 

limited data that animals walking quadrupedally below a support are simply invert-

ing normal patterns observed during upright walking (Turnquist, 1975; Parsons & Taylor, 1977; Jouffroy & Petter, 1990; Jouffroy & Stern, 1990; Nyakatura et al., 

2010). For example, Parsons and Taylor (1977) observed a slow loris as it walked above and below a motor-driven rope and found no significant differences in timing 

or energy consumption between the two modes of locomotion. Jouffroy and Petter 

(1990) and Jouffroy and Stern (1990) corroborated these results, demonstrating that step length, duty factor, limb excursion, muscle activation, and overall body contour line were mirrored between above and below branch quadrupedalism in lorises. It 

should be noted that the lorisids are highly specialized species and may not be rep-

resentative of all the primates (Grand, 1967; Cartmill & Milton, 1977; Jouffroy & Stern, 1990; Read, 2001; Schmitt & Lemelin, 2004; Shapiro, 2007; Granatosky 

et al., 2014a, b). 

There are two non-exclusive theories as to why animals may adopt below branch 

quadrupedal locomotion. The first, an ecological perspective, posits that below 

branch movements are associated with increased food acquisition, and as a means 

for relatively large-bodied arboreal mammals to move along thin, compliant sup-

ports often associated with the terminal ends of branches (Grand, 1972). These 

branches provide important foraging locations, as they are often the site of young 

leaves, fruit, blooming flowers, and insect prey (Sussman, 1991; Cartmill, 1992; 

Schmitt & Lemelin, 2002). Access to these branches, however, is difficult for animals whose repertoire includes only above branch locomotion (Grand, 1972; Cartmill, 1985; Cartmill et al., 2002; Lammers & Gauntner, 2008). Using suspensory positional behavior allows animals to more efficiently exploit these terminal 

branch resources, opening or expanding an animal’s feeding niche (Grand, 1972; Cheyne, 2011). 

The second reason for the adoption of below branch quadrupedal locomotion is 

a biomechanical model that predicts the ratio of body size to support varies inversely with the ability to remain balanced above the support. As the body size to support 

size ratio increases, above branch quadrupedal locomotion becomes perilous 

(Napier, 1967; Cartmill, 1985; Lammers & Gauntner, 2008). Thus, as body size increases, an animal’s ability to safely and efficiently move above relatively small arboreal supports rapidly declines. One solution to this balance problem may be for 

arboreal animals to move their center of mass below branch, thereby adopting sus-

pensory behaviors (Napier, 1967; Cartmill, 1985). 
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 16.3.2   Kinematics  and Kinetics

Until relatively recently, little information was known about the movements and 

limb loading patterns of animals walking quadrupedally below branches. However, 

recent works on primates, sloths, and bats (Dickinson, Young, & Granatosky, 2022; Granatosky, 2018; Granatosky, Karantanis, Rychlik, & Youlatos, 2018;  Granatosky 

& Schmitt, 2019; Nyakatura, 2012; Nyakatura et al. 2010) have provided detailed accounts of the mechanics of below branch quadrupedal locomotion, and the variability observed between species. In general, species tend to grasp the support with an inverted foot posture. This means that traditional terms such as plantarflexion 

and dorsiflexion are difficult to apply in this context. Instead, movements of cranial-deviation and caudal-deviation are more appropriate when describing the movement 

of the ankle. Primates walking quadrupedally below branches are characterized by 

two general patterns (Fig. 16.7). In some species (i.e.,  Cebus apella,  Varecia variegata, and  Daubentonia madagascariensis), the position of the ankle is Fig. 16.7  Patterns of mean ankle movement (°) observed during below branch quadrupedal locomotion in five species of primates ( white) and two species of non-primate mammals ( black). All animals were allowed to walk at freely selected speeds on simulated arboreal supports (3.1 cm diameter). Ankle angles were measured based on the position of the ankle relative to the point-of-contact with the support and the knee. Due to the inverted positioning of the foot, all measurements represent craniocaudal ankle movements. Neutral position (180°) was defined as the point in which the ankle was in line with the point-of-contact and the knee. Ankle angles greater than 180° represent cranial deviation, while angles less than 180° represent caudal deviation. All primates demonstrate a highly cranially-deviated ankle during below branch quadrupedal locomotion, while non-primate mammals maintain a more neutral position
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cranially-deviated at touchdown. The ankle then becomes further cranially-deviated 

until close to the end of support phase, and at this point the ankle begins to caudally-deviate to slightly more neutral (i.e., in line with the tibia) position until lift-off. In other species (i.e.,  Lemur  catta and  Propithecus coquereli), the ankle is placed in a highly cranially-deviated position at touchdown, and throughout the remainder of 

support phase the ankle becomes caudally-deviated into a more neutral position. All 

primate species walking below branches demonstrate a similar ankle angle near the 

end of support phase. In non-primate species studies thus far (i.e.,  Choloepus didactylus and  Pteropus vampyrus), the position of the ankle is kept in a more neutral position throughout support phase, with only slight caudally-deviated observed in 

 C. didactylus (Nyakatura et al., 2010; Granatosky, 2016), and slight caudally-deviated observed in  P. vampyrus (Granatosky, 2016). 

The interspecific differences in the overall movements of the ankle most likely 

result from the specialized ankle morphology observed in obligate below branch 

quadrupeds such as  C. didactylus and  P. vampyrus. In these animals, their ankles have become modified for high mobility, and they rest in a neutral (i.e., in line with the tibia rather than the dorsiflexed posture) and inverted position during locomo-

tion (see Sect. 16.3.2; Mendel, 1979). Interestingly, although the proximal ankle joint is highly mobile (as determined by cadaveric studies [Mendel, 1979, 1981a]) it shows relatively little movement during locomotion. These findings support the 

hypotheses of Cartmill and Milton (1977) and Mendel (1979) that suggest joint 

mobility may not be a direct result of suspensory locomotion, but instead an adapta-

tion for careful limb placement on thin arboreal supports often experienced by cau-

tious arboreal quadrupeds. 

As with the kinematic patterns of the ankle, there appear to be distinct limb load-

ing patterns between primate and non-primate mammals (Ishida et  al., 1990; Granatosky, 2016; Granatosky et al., 2016; Granatosky & Schmitt, 2017; Dickinson, 

Young, & Granatosky, 2022; Granatosky, 2018; Granatosky & Schmitt, 2019). 

Force plate studies of below branch quadrupedal locomotion reveal that for all pri-

mate species studied to date, the forelimb serves as the primary weight-bearing limb (Granatosky & Schmitt, 2019). In contrast, non-primate mammals reveal either roughly equivalent weight support between the fore- and hind limbs, or a tendency 

to bear a majority of body-weight on the hindlimb (Fig. 16.8). This finding indicates that greater forelimb weight- support is not a mechanical requirement of suspensory 

locomotion across all mammals, and this pattern may represent a primate-specific 

configuration (Ishida et  al., 1990; Granatosky, 2016; Granatosky et  al., 2016; Granatosky & Schmitt, 2017; Dickinson, Young, & Granatosky, 2022; Granatosky, 

2018; Granatosky & Schmitt, 2019). 

The primate/non-primate mammal limb loading disparity may be a consequence 

of other mechanical specializations that have occurred due to the long evolutionary 

association between primates and thin arboreal supports. During above branch qua-

drupedal locomotion, primates shift weight away from mobile and weak joints of 

the forelimbs to the hind limbs (Reynolds, 1985a, b; Demes et al., 1994; Schmitt 

&Lemelin, 2002). This results in relatively larger compressive loading in the hind limbs, which occurs because of the increased muscular activity and the added 
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Fig. 16.8  Distribution of weight support observed on the limbs during upright ( white) and inverted ( gray) branch quadrupedal locomotion in seven species of primates (left) and two species of nonprimate mammals (right). Data on above branch quadrupedal locomotion was only collected in primates. Weight support distribution on the limbs calculated as the percentage of vertical impulse (impulse is the change of momentum of an object when the object is acted upon by a force for an interval of time it is measured in % body weight seconds) observed in the forelimb divided by total forelimb and hindlimb vertical impulse. All animals were allowed to walk at freely selected speeds on simulated arboreal supports (3.1  cm diameter). Values greater than 50% indicates forelimb biased weight distribution, while values less than 50% indicate hindlimb biased weight support. 

All primates analyzed during below branch quadrupedal locomotion demonstrate forelimb dominant weight-support. This pattern is not observed in non-primate mammals where obligate below branch quadrupedal locomotion has evolved

proportion of body weight that is shifted away from the forelimbs (Demes et al., 

2001; Carlson & Patel, 2006; Patel & Carlson, 2008; Beck, 2009; Judex & Carlson, 

2009). As a result, the primate hind limb includes a number of anatomical features that represent adaptations to increased compressive loading (Schaffler & Burr, 
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1984; Ruff, 1988; Swartz, 1989; Berg et al., 1991; Rafferty & Ruff, 1994; Ryan & 

Walker, 2010). When moving below branches, gravity is acting to pull the center of mass away from the support, thereby subjecting the limbs to relatively greater tensile forces than during above branch locomotion (Swartz et al., 1989). While muscular flexion can act to prevent excessive tension (Beck, 2009; Judex & Carlson, 

2009), it is evident that certain bones and joints are subjected to net tensile loading (Swartz et al., 1989). In this orientation, a bone or joint that has been modified to resist compressive loading will be ill-fitted to deal with tensile loads (Boyette & London, 1948; Hamilton & Parkes, 1973; Crowninshield & Pope, 1974; Carter & 

Hayes, 1976; Wright & Hayes, 1976; Newman, 1985; Michaels, 1989; Sacchetti 

et al., 1990; Schunk, 1990; Fung, 1993; Choung & Heinrich, 1995; Macias et al., 

1998; O’Driscoll et al., 2000), and therefore it would be advantageous for primates to shift (either actively or passively) weight away from the compressively adapted 

hindlimb toward the forelimb (Dickinson et al., 2022). Obviously, this is beyond the scope of our discussion of the suspensory foot, but it does speak to the uniqueness 

of the sloth lemurs in becoming the only obligate below branch quadruped within 

the primates. Something about the behavior, ecology, or anatomy of these species 

must have been distinct compared to other primate species, in order to lead them 

down this evolutionary trajectory. 

 16.3.3   Anatomy of a Foot Adapted for Suspensory Locomotion

During below branch quadrupedal locomotion in primates, the foot can be described 

as being positioned like a hook to wrap above and around the support (Swartz et al., 

1989; Jungers et al., 1997; Richmond, 2007; Fleagle, 2013). On the lateral digits, 

the proximal phalanx is usually positioned above the support, while intermediate 

and distal phalanges make contact on the side and near the bottom of the support, 

respectively (Richmond, 2007). In most cases the metacarpals have no contact with the support, and the pollex is thought to be of little importance during suspensory 

movement (Fleagle, 2013; but see McClure et al., 2012). The relative amount of phalangeal curvature within the proximal phalanx is thought to be an accurate predictor of the importance and proportion of arboreality and suspensory positional 

behaviors (Stern & Susman, 1983; Stern et al., 1995; Jungers et al., 1997; Richmond, 

2007; Congdon, 2012). 

Unlike primates, highly suspensory non-primate mammalian species, such as 

sloths, bats, and colugos, have relatively straight and short proximal phalanges 

(Beard, 1990; Hamrick et al., 1999; Boyer & Bloch, 2008), and relatively straight and long intermediate phalanges. These animals instead support the body with long 

and highly curved claws of the distal phalanx (Boyer & Bloch, 2008) (Fig. 16.9). 

A foot adapted for suspensory loading is characterized by a high level of mobil-

ity, a realignment of the foot so that inversion represents the resting position 

(Mendel, 1981a, b, 1985; Nyakatura et al., 2010), and increased emphasis on powerful flexion capabilities (Grand, 1967; Mendel, 1981a, b, 1985; Read, 2001). Both 
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Fig. 16.9  Lateral and end views of components of tarsus and digit IV in  Choloepus (A). Note plantar protrusion of calcaneus and medial cuneiform together forming walls of tarsal tunnel. View of deep structures of flexor compartment of leg and superficial structures of the foot. Note the conversion of tibialis anterior from a dorsiflexor to a plantar flexor of the pes; the tendon passes around the medial side of the pes to the volar surface to insert on the tendons of flexor digitorum longus, guided by the tuberosity (B). Figure reprinted with permission from Mendel (1981a)
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the increased mobility of the foot and its neutral inverted position are consequences of modifications over multiple joints. As an example, in the extant lorisine talocrural joint, the talus is securely locked beneath the tibia and fibula during inversion and eversion (Gebo, 1989,  2014). The hinge-like mechanism of the joint permits plantar/dorsiflexion across a range of about 100° of motion (Grand, 1967). The ligaments of the joint assist in retaining a single plane of motion in this joint (Grand, 

1967; Read, 2001). 

Like the lorisines, sloths have remarkably mobile talocrural joints as well 

(Mendel, 1981a). Based on the cadaveric descriptions of Mendel (1981a), the sloth talus is a narrow bone primarily comprised of a hemispherical trochlea. The articular surface for the tibia is convex and tapered slightly posteriorly. There is no articulating surface for the medial malleolus. From a neutral position the ankle can be 

plantarflexed approximately 90° and dorsiflexed 50–60°. Further motion of this 

joint is limited when the calcaneus abuts against the posterior aspect of the tibia and fibula (plantarflexion), and when the neck of the talus strikes the anterior tibia (dorsiflexion). Ligaments of this joint appear to restrict flexion and extension little if at all. They are important, however, in curbing movements in other planes. Lateral 

collateral ligaments, from inferior and lateral aspects of fibular malleolus to lateral tip of lateral process of talus and from posterior aspects of fibular malleolus to posterior extreme of trochlea, permit approximately 10° of inversion. The foot can also be adducted (deviated medially) some 30–40° from the neutral position at this joint. 

Medial collateral ligaments, which run from inferior and lateral aspects of tibial 

malleolus to just slightly anterior to the center of the body of talus, combined with large fibular malleolus allow no eversion of talus while the foot is in the neutral 

position. The ankle can be everted several degrees, however, when it is fully flexed 

(Mendel, 1981a). 

As inversion and eversion are limited at the talocural joint, for both sloths and 

lorises the transverse tarsal joint (talonavicular and calcaneocuboid joints) is the primary site of inversion and eversion of the foot. In the loris, the navicular articulates mediolaterally with the anterior surface of the flattened talar head, facilitating inversion/eversion across a range of approximately 60–70° (Grand, 1967; Read, 

2001). Additional inversion and flexion also occur at the metatarsals and digits. This inverted posture of the foot, accompanied by plantarflexion at the talocrural joint, is documented as the natural position of the tarsus and digits relative to the ankle 

(Grand, 1967; Read, 2001). 

In the sloth, the neck of the talus is long, narrow, and angled medially. The head 

is globular. There is a thick, convex rim on the medial and ventral aspects that meets the navicular and cuboid, but the dorsolateral aspect is a concavity that pivots on a convex navicular projection. The facet for the sustentaculum tali extends along the 

ventromedial surface of the neck and is continuous with both the navicular facet and the posterior facet. The posterior facet is saddle-shaped and rectangular and it faces ventromedially, blending into the rough pit inside the concavity of the fibular facet. 

This facet directs medial translation of the calcaneus in inversion, which has a similarly complex, saddle-shaped posterior facet. The calcaneus presents a slightly con-

cave, round facet for the cuboid, on which it pivots. Calcaneal eversion is extremely 
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limited (5–10°), but the overall range of inversion is quite high (90°). Distal tarsal joints and the metatarsophalangeal joints permit an additional 10–15° of inversion 

(Mendel, 1981a; Jenkins & McClearn, 1984; Meldrum et al., 1997). 

As the ability not to fall off the substrate is incredibly important for suspensory 

animals, it is not surprising that the sloths have come up with some remarkable 

muscular adaptations that further differentiate their foot from other more general-

ized quadrupeds. The most striking modification is the conversion of tibialis ante-

rior and extensor hallucis longus from dorsiflexors to plantarflexors of the foot; the tendons pass around the medial side of the pes to the volar surface to insert on the tendons of flexor digitorum longus, guided by the tuberosity (Fig. 16.9). Soleus, another plantarflexor, passes around the calcaneal tuberosity and is continuous with 

quadratus plantae in some specimens (Mendel, 1981a; Meldrum et al., 1997). 

The flexor tendons are maintained within the tendon tunnel formed between the 

calcaneal tuberosity and the elongated medial cuneiform (Fig. 16.9). The extreme length of the medial cuneiform is peculiar, as it extends from talonavicular joint to proximal end of Metatarsal I. It articulates with inferomedial aspects of the navicular, the base of Metatarsal II and the proximal end of hallucial metatarsal. A majority of the bone is volar (pertaining to the palm or the sole) to other tarsals except for proximal end of the calcaneus. The posterior, non-articulating half of the calcaneus has a roughened superior edge that curves backward and downward into a tuberosity 

that is well below the volar surface of other tarsals. This half of bone is compressed laterally and twisted slightly so that its tuberosity is slightly more medial than its superior surface (Mendel, 1981a; Meldrum et al., 1997). 

16.4   Future  Directions

What is clear, based on this review, is how little we know about primate feet adapted for suspensory locomotion. A thorough functional analysis of the sloth lemur foot is sorely needed, and comparisons with the morphology of living sloths would aid in 

developing our understanding of the locomotor capabilities of these species. Perhaps most interesting would be a study targeted at reconstructing the attachment site of 

tibialis anterior and extensor hallucis longus in the foot of  Palaeopropithecus. If the tendons pass around the medial side of the pes to insert on the tendons of flexor 

digitorum longus, a pattern seen in sloths, this would represent one of the most 

remarkable forms of convergence seen across mammals. From an experimental 

point of view, the details of the movements of tarsal bones are much too fine and 

complex for us to understand without the use of some form of cineradiography, and 

it is becoming quite obvious that a range of motion measurements from sedated 

animals and cadaveric specimens do not match the movements of animals during 

normal locomotion. The advancements and availability of X-ray reconstruction of 

moving morphology (XROMM) (Brainerd et al., 2010) have opened new doors that may greatly benefit our understanding of not only the movements of the foot and 

ankle during suspensory locomotion, but all locomotor modes in general. 
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16.5   Summary

The subfossil lemurs of Madagascar are one of the most interesting enigmantic spe-

cies. Their remarkable ecological and locomotor diversity presents opportunities for studies of relationships between form and function. This is especially true for the 

feet. Some species, like sloth lemurs, hang below branches, while others are large 

and terrestrial. The feet of sloth lemurs is in many ways convergent on those of 

sloths. This can be explained by loading patterns reported for other below branch 

mammals, particularly the ability of the foot to be loaded in tension. Similarly, the anatomy of the foot of the archeolemurs in many cases can be explained by loading 

patterns of terrestrial locomotion seen in living primates. By taking a holistic view of the locomotor adaptations in the feet of the extinct subfossil lemurs of Madagascar and including experimental loading data, we gain a greater understanding of the 

adaptations in this fascinating lineage. 
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Chapter 17

Recent Developments and Future 

Directions for the Study of Primate Feet

Kevin G. Hatala, Angel Zeininger, Daniel Schmitt, and Roshna E. Wunderlich

We hope that as you arrive at the end of this book, you found that the authors pro-

vided a sense of how integral the foot is to understanding primate evolution. In 

addition, we hope that many new areas and avenues for future research are clear and 

exciting. The preceding chapters offered rich reviews of the current states of knowledge concerning the comparative anatomy and biomechanics of extant primate feet 

and primate foot evolution. Each individual chapter also highlighted key directions 

that, in the eyes of the authors, may be fruitful for advancing knowledge in their 

topical areas. Here, we attempt to synthesize these future directions to highlight 

some of the most important areas in which we hope or expect to see advances in the 

coming years. 

One of the important themes in every chapter is how the functional anatomy of 

the primate foot has been explored to a surprisingly limited extent, especially com-

pared with the hand. In our view, this stems at least partially from a tendency to 

oversimplify the human foot – we think of our hands as remarkably complex assem-

blages that afford the fine-scale dexterity that is essential to our everyday lives. Our feet, with their 26 bones and 33 articulating surfaces, are just as complex and perhaps should be considered similarly dextrous, yet we often think of our feet as 

simple levers that move along a single axis to allow us to plod through our daily 

lives. These kinds of simplifications are exemplified by comparisons of the current 

state-of-the-art hand and foot prostheses. There is an abundance of research focused on designing complex and dexterous prosthetic hands (Belter et al., 2013) yet the most advanced leg/foot prosthetics still tend to model the foot as a deformable plate that moves primarily along a single axis (Versluys et al., 2009). These prosthetic feet can be remarkably complex in the manner in which they absorb impacts, 

enhance balance, and generate propulsive forces for locomotion, but their design 

dramatically reduces the degrees of freedom that have characterized primate and 

human feet throughout their evolutionary history. When bipedal feet can be designed 
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in simpler and still satisfactory ways, disciplines such as robotics and mechanical 

engineering – which on a regular basis significantly advance our knowledge of the 

functional anatomy of the human hand – can have fewer incentives to investigate the 

inner complexities of our feet and their grasping origins. 

Moreover, even within biological anthropology, there is a tendency to think of 

human and primate feet in over-simplified ways. Most research over the past 

150 years has focused on humans and apes despite the importance of the grasping 

foot as one of the hallmarks of the Primate order. We tend to dichotomize human 

and nonhuman ape feet, with the latter viewed as essentially hand-like units built for grasping and the former viewed as stiff, propulsive levers. We understand very little about the remarkable diversity of anatomical arrangements in primate feet, and the 

complicated manners in which different foot designs operate to achieve  both grasping and propulsive functions. We also overlook the ways in which human feet are 

not always stiff, but instead have underlying functions that reflect their evolutionary history as grasping appendages. 

Increasing our understanding of the complex relationships between form and 

function can provide new insights that not only advance understanding of our evo-

lutionary history but also inform clinical approaches (and footwear design). We 

know that extant primate feet, despite their common origins, are remarkably diverse 

in form and function. Similarly, the diversity of primate feet is even more profound if we expand our lens to include the fossil record. We began this book by explicitly discussing the ways in which evolutionary and clinical studies have existed together and interacted since the earliest days of biological anthropology. As we continue to advance technologies, improve methods, and expand our knowledge of anatomical 

and functional variation in the feet of extant and extinct primates, the future holds the potential to further integrate evolutionary and clinical studies in novel ways. 

While the contents of this book are heavily focused on primate evolution, we want 

to emphasize that the connections to clinical approaches still exist, and have the 

potential to be enhanced through the future research directions that are outlined here. 

It is evident that the feet of many primates, both extant and extinct, are poorly 

understood from an anatomical and/or functional standpoint. For example, Vereecke 

(Chap. 6) describes a surprising lack of myological data from non-hominoids. This void of information on muscular anatomy seems like a remarkable absence. 

Comparative studies of the myology of primate hands have included extensive sam-

pling of strepsirhines and haplorhines, and by doing so have provided deep insight 

into the evolution of primate hands and form-function relationships (see Kivell 

et al., 2016). The taxonomic breadth across which we understand variation in the muscular (and other soft tissue) anatomy of primate feet is always going to be limited by the availability of cadaveric samples. However, many cadavers are available 

these days and remain understudied. Museums have robust collections, and facili-

ties like the Duke Lemur Center and many zoos will make primate cadavers avail-

able for research. This suggests that supply is not currently preventing us from 

learning more about the anatomy of primate feet. Instead, the narrow taxonomic 

breadth across which primate foot anatomy is currently studied more likely reflects 

a long-standing focus on human and ape feet, to the exclusion of other taxa, which 
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has persisted with few exceptions for more than 150 years (Chap. 5). While it makes some sense that there has been an unbalanced focus on our closest genetic relatives, there is a lot more to gain from broader comparative anatomical studies. 

In addition to cadavers being available yet understudied, recent technological 

advances may increase access to cadaveric material and allow these materials to be 

distributed more broadly. One such advance is diffusible iodine-based contrast- 

enhanced computed tomography (diceCT; Gignac et al., 2016). This is an imaging technique for acquiring high-resolution 3D scans of soft- and hard-tissue morphology from cadaveric specimens, and it has been rapidly adopted by a broad array of 

comparative anatomists for studying both gross and microscopic anatomy. The fact 

that the technique is non-destructive (Gignac et al., 2016) allows it to potentially be applied to museum and laboratory specimens that cannot be sacrificed through traditional physical dissection techniques. The technique has so far been applied to 

primates in only a limited number of studies (Orsbon et al., 2018; Dickinson et al., 

2019). None of those have applied it to primate feet, but that is sure to change in the coming years. In a similar direction, comparative biologists have been successful in developing techniques for capturing  in vivo CT scans in taxa for which cadavers are difficult to acquire (e.g., elephants – Miller et al., 2008). The potential to use medical imaging technologies to collect  in vivo data for comparative studies of primate foot anatomy deserves further exploration. The increasing number of researchers 

using digital imaging technologies has also coincided with the growth of open- 

access digital repositories (e.g., Morphosource [morphosource.org]) that allow researchers to share digital specimens with researchers around the world. While 

certain primate species may always be inaccessible for study (e.g., those few that 

are critically endangered), the collection and sharing of high-resolution digital data can substantially enhance the accessibility of anatomical specimens for any comparative study. 

Hanna and Venkataraman (Chap. 8) and Holowka (Chap. 10) similarly remark that experimental studies of climbing and walking have focused on only a select few 

primate taxa. Considering ongoing debates about the mechanics of human and non-

human primate locomotion, this is a notable shortcoming. For example, researchers 

have recently debated the mechanical advantages of plantigrade foot postures 

(Gebo, 1992; Meldrum, 1993; Carrier et al., 1994; Cunningham et al., 2010; Webber 

& Raichlen, 2016; Holowka & Lieberman, 2018; Zeininger et al., 2020) and the extent and nature of human midfoot mobility compared with that of nonhuman primates (Bates et al., 2013; DeSilva & Gill, 2013; Greiner & Ball, 2014; Holowka et al., 2017). It is hard to evaluate these arguments about foot movements without experimental data from a wider variety of primate taxa. 

New technologies for acquiring biomechanical data are opening doors for 

researching foot function and locomotion across samples of primates that are more 

taxonomically broad. For the past several decades, biological anthropologists have 

worked to synthesize laboratory and field approaches in order to derive comprehen-

sive understandings of primate locomotor biomechanics (e.g., Tuttle, 1967; Jenkins, 

1972; Tuttle & Basmajian, 1977, 1978a, b; Kimura et al., 1977; Fleagle et al., 1981; Jungers & Stern 1981; Stern & Susman, 1981; Vilensky, 1983; Larson & Stern, 
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1986, 1987; Swartz et al., 1989; Demes et al., 1994; Wunderlich & Jungers, 1998). 

During these years, the Primate Locomotion Lab at Stony Brook University was 

host to perhaps the broadest array of studies on primate foot function (e.g., Meldrum, 

1991; Schmitt & Larson, 1995; Wunderlich, 1999; Patel et al., 2015; Holowka et al., 

2017). In recent years, the number of laboratories equipped for research on com-

parative primate biomechanics has dwindled. At the same time, however, there has 

been an increase in the number of biomechanical studies conducted in field and zoo 

settings, due to the development of techniques for capturing varieties and resolu-

tions of biomechanical data that were previously only accessible in laboratories, and because of the interest of zoos and conservation areas in hosting such research. 

Kinetic data have been captured in zoos by hiding instruments in locations where 

data can be collected opportunistically. For example, Vereecke et al. (2003, 2005b) conducted seminal studies on foot function in bonobos and gibbons by creatively 

concealing pressure pads and force plates within the enclosures of those animals, 

in locations that the animals would regularly traverse. Similarly, Hanna et al. (2015) used a hidden force plate to capture kinetic data from capuchin monkeys as they 

walked bipedally in their natural environment. Recently, Zeininger, Wunderlich, 

and Schmitt (Schmitt et al., 2019; Wunderlich et al., 2019; Zeininger et al., 2019) successfully collected the first synchronous force and pressure data on gorillas in a zoo setting using a custom-designed instrumented runway. Kinetic instruments such 

as pressure pads and force plates are not inherently difficult to transport. Instead, their utility in zoo and field settings is typically reliant upon creative solutions for concealing the instruments in a manner that allows for data collection while mitigat-ing the risk that animals will avoid, or worse destroy them. These obstacles can be 

overcome, and the collection of kinetic data from a wider variety of taxa is very 

feasible. With technological advancements that permit increased flexibility of force sensors, possibilities also exist to develop more complete understandings of how 

various primate feet generate forces for both grasping and propulsion (Chap. 5). 

Kinematic data (particularly 3D kinematic data) have been somewhat more dif-

ficult to acquire outside of laboratory settings, due to the non-portability of many optical motion capture cameras and the need to calculate precise spatial calibra-tions. Sellers and Hirasaki (2014) recently circumvented these issues by developing photogrammetric methods that have flexible calibration procedures and employ 

portable cameras with high capacities for native data storage. These methods 

allowed the authors to perform markerless 3D motion capture of macaques and 

chimpanzees in zoo enclosures, and they can easily be extended to other animals in 

natural settings. Their techniques have already been employed in field studies of 

mountain gorilla locomotion (Thompson et al., 2018). Other researchers have developed slightly different methods to capture 3D kinematics in field settings, and 

applied them to study locomotor kinematics in a variety of free-ranging platyrrhines (Dunham et al., 2018). Importantly, both teams have developed open-access software that will enable other researchers to collect kinematic data in a variety of field settings (Sellers & Hirasaki, 2014 – CloudDigitiser, available at: animalsimulation. 

org; Dunham et al., 2018 – GaitKeeper, available at: http://web.neomed.edu/web/

anatomy/Young/GaitKeeper/). Other studies have similarly employed highly 

17  Recent Developments and Future Directions for the Study of Primate Feet 445

portable cameras (e.g., GoPros – Granatosky et al., 2016) and other research teams 

have developed open-source software for kinematic analysis (Hedrick, 2008; Knörlein et al., 2016), collectively increasing access to opportunities for 3D kinematic data collection and analysis. These technological developments now enable 

researchers to consider primate field sites as potential “laboratories” for biome-

chanical studies. This will be invaluable for studying foot function in broader sam-

ples of primates within their natural environments, thereby avoiding the logistical 

and ethical concerns associated with studying these animals in laboratories. 

Multiple authors commented on the need to better integrate anatomical and func-

tional data, in order to better understand the functional morphology of the feet of 

both living and extinct primates. Studies often look at either anatomical or func-

tional variables in isolation, and try to use one form of data to make inferences about the other. The actual functions of morphology are rarely studied directly. Su and 

Zeininger (Chap. 3) and Wunderlich (Chap. 5) note that we know little about bone’s morphological sensitivity to function. While we know that cortical bone and trabecular bone model and remodel in response to biomechanical loads, we lack a 

complete understanding of how and when this occurs (e.g., what magnitudes and/or 

frequencies of biomechanical loading induce this modeling and remodeling). In 

primate feet, distributions of trabecular bone have been shown to differ between 

species with different locomotor patterns, and are inferred to correlate with the 

loading patterns experienced during those different locomotor modes (Tsegai et al., 

2017). These between-species differences in trabecular bone distributions have subsequently been applied to analyze fossil hominin foot bones, and infer locomotor 

behaviors (Su et al., 2013; Zeininger et al., 2016; Su & Carlson, 2017). The expectations for how and why trabecular bone reflects locomotor functions relates to long- 

existing theories of bone functional adaptation (Wolff, 1892). Experimental studies 

have demonstrated that trabecular (and cortical) bone adapts in response to external loading (e.g., Pontzer et al., 2006), but it is also known that a multitude of genetic and developmental factors can influence how and to what extent trabecular morphology reflects functional loading (reviewed in Wallace et al., 2017). Further work to unravel these effects, and to improve methods for decoding purely functional 

signals from skeletal morphology, are essential not only for understanding variation in extant primate anatomy but also for inferring functional patterns and evolutionary changes from the primate fossil record. 

Related to the theme of integrating anatomical and functional data, Vereecke 

(Chap. 6) and Lieberman and Holowka (Chap. 10) described the difficulties of rely-

ing upon analogy for understanding biomechanical systems, and how biomechani-

cal modeling could generate significant advances in our understanding of how the 

human foot functions. The development of 3D musculoskeletal models has enabled 

the integrated study of the musculoskeletal system, and allowed for experimentation 

with input parameters (i.e., aspects of musculoskeletal anatomy) to understand how 

anatomy influences kinematics and kinetics during a variety of activities, including locomotion. Human musculoskeletal models have existed for several decades 

(Hatze, 1977) but models of nonhuman primates have been developed only recently. 

Ogihara et al. (2009) developed a whole-body macaque model, while O’Neill et al. 
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(2013) and Goh et al. (2019) developed models of chimpanzees and lowland gorillas, respectively. These musculoskeletal models enhance our abilities to understand 

how muscular morphology influences biomechanical function in each of these pri-

mates, and models of additional primate species will add to this valuable compara-

tive framework. 

New methods are also becoming available for studying muscular function  in 

 vivo, thereby expanding our toolkits for studying form and function within the muscular system. For example, Camp et al. (2016) recently introduced fluoromicrome-

try, a technique that uses biplanar X-ray to visualize and study 3D muscle tissue 

mechanics. With this technique, one can better pinpoint how anatomical variation 

between muscles (or between species) influences their contractile patterns. 

Fluoromicrometry can be further integrated with the X-ray analysis of moving mor-

phology (XROMM; Brainerd et al., 2010) to study how muscular function drives skeletal motion. Orsbon et al. (2018) applied these techniques, alongside diceCT, to conduct an  in vivo study of musculoskeletal dynamics during macaque chewing and swallowing. Such methods could easily be extended to primate feet, in order to 

develop a more complete understanding of how muscular morphology influences 

foot biomechanics. 

Holowka (Chap. 10) and Lieberman and Holowka (Chap. 11) both described the fact that the form and functions of soft tissue structures in primate feet are poorly understood. We know very little about their anatomies, their biomechanics, how 

they vary, and how, when, and why they may have evolved. For example, the plantar 

aponeurosis plays a critical role in the function of the human foot (Hicks, 1954), but this structure has only been studied in a handful of nonhuman primates (bonobos 

and gibbons – Vereecke et al., 2005a; chimpanzees, humans, and baboons – Swindler 

& Wood, 1973). The evolution of this structure is thought to have been monumental to our foot’s evolutionary history (Morton, 1924); however, the aponeurosis itself does not fossilize nor is it known to leave a discernible signature on fossil foot 

bones. Therefore, our current knowledge of its evolutionary history is purely hypo-

thetical. Another example of a soft tissue structure that is both integral to our foot’s function yet woefully understudied is the human heel pad (Chap. 7). Chi (2005), 

Chi and Schmitt (2005), and Chi and Roth (2010) explored the comparative anatomy and mechanics of heel pads in humans and in a variety of carnivores. However, 

the heel pad has been virtually unstudied in apes (who possess prominent heel pads) 

and in other primates. 

As mentioned previously, methods such as diceCT, fluoromicrometry, MRI, and 

musculoskeletal modeling are providing new avenues for understanding anatomical 

and functional variation in the soft tissue anatomies of extant primates. These methods and others can certainly help to shine light on the unknowns regarding the structure and function of soft tissues, such as the plantar aponeurosis and the heel pad, in the primate foot. At the same time though, it is important not to examine these soft tissue structures in isolation. Soft and hard tissues interact with one another in complex ways to generate functional patterns, and a structure like the arch of the human 
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foot is a prime example of this. Here, researchers have long focused on the longitu-

dinal arch of our foot skeleton and the plantar aponeurosis as the crucial compo-

nents that make our foot a stiff, propulsive lever (Hicks, 1954; Aiello & Dean, 

2002). However, more recent studies have shown that past models of the windlass mechanism are oversimplified and insufficient to describe the pattern by which our 

foot stiffens during propulsion (Welte et al., 2018) and that our foot’s transverse arch contributes nearly as much to propulsive stiffness as does the longitudinal arch (Venkadesan et al., 2020). The plantar aponeurosis is also not the only soft tissue structure that regulates the foot’s stiffness, as intrinsic foot muscles have been 

shown to play perhaps an equally important role (Kelly et al., 2014, 2015). These findings have made clear that analytical approaches in which researchers seek to 

understand structure-function relationships within the foot need to be appropriately complex to consider the many aspects of the foot’s musculoskeletal system that 

influence those patterns. Likewise, evolutionary hypotheses that focus on single 

structures are more likely to oversimplify patterns than those that consider the foot as a multi-faceted functional unit. 

Chapters concerning extinct primates highlighted a remarkable diversity of foot 

morphologies that are currently known from the primate fossil record, while also 

noting critical parts of the fossil record that remain unknown. Filling gaps in the 

fossil record is not a straightforward task, nor is it one that is likely to be resolved with a simple technological advancement. However, there are areas in which new or 

modified approaches have strong potential to advance the state of knowledge within 

the field. For one, techniques have emerged that use remote imaging and spatial 

analysis to locate areas that are likely to be fossiliferous (Anemone et al., 2011). 

These techniques may increase the efficiency of surveying and the likelihood of 

finding fossils within a given field expedition. In theory, the application of such 

techniques could lead to more primate fossils, and therefore more primate foot fos-

sils, being recovered in palaeontological field projects. It is also the case that more fossils will be recovered over time. As more students enter the field of paleontology and begin to launch their own field research projects in unexplored areas, more fossils are sure to be discovered. The past two decades have seen an astonishing num-

ber of discoveries of fossil hominin feet, in the form of both skeletal fossils and 

trace fossils (Chaps. 15 and 16). This recent rate of discovery may be an anomaly, but it is nonetheless encouraging. Likewise, paleoanthropologists have seldom 

searched intentionally for fossil footprint sites, but a recent increase in attentiveness to these data has rapidly expanded that part of the human fossil record (Bennett 

et al., 2009; Hatala et al., 2016, 2017; Masao et al., 2016; Altamura et al., 2018; Duveau et al., 2019) and this is an encouraging sign for future growth. Surely the years ahead will see even more discoveries that reveal previously unknown patterns 

of foot morphology and function in fossil hominins and other primates. 

Increasing the number of known foot fossils is only part of the equation for better 

understanding the evolution of primate feet. Hatala and Boyle (Chap. 16) and 

Granatosky (Chap. 17) note that there is a dire need to more accurately associate 

features of skeletal morphology with their biomechanical functions, in order to 
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derive functional inferences from fossil material and understand how foot and loco-

motor mechanics changed throughout primate evolution. XROMM is a promising 

avenue for building such an understanding of how skeletal morphology relates to 

functional patterns in primate feet; however, this direction has been relatively unexplored. Kuo et al. (2020) conducted XROMM studies of tarsal joints in macaques, with an eye toward better understanding of midfoot joint mobility in fossil hominins. Hatala et al. (2018, 2021) have adapted XROMM methods to study external foot kinematics in humans, and to derive methods for reconstructing foot anatomy 

and motion from fossil hominin tracks. XROMM-based methods have achieved 

promising results for reconstructing locomotor behaviors in dinosaurs from both 

footprints and skeletal fossils (Falkingham & Gatesy, 2014; Manafzadeh & Padian, 

2018), and applications within the human fossil record are likely to be similarly fruitful. 

Finally, multiple authors including Su and Zeininger (Chap. 3) and DeSilva et  al. (Chap. 15) described how new analytical approaches can be leveraged to advance our understanding of evolutionary patterns in primate foot anatomy and 

function. If specific functional patterns can be linked directly with anatomical 

traits, then quantitative genetic approaches can be applied to better understand how natural selection may have driven the evolution of those anatomical traits (and 

thereby functional patterns) in modern primates. Rolian (2009) examined patterns of anatomical integration in primate feet but the purpose of that study was not to 

explicitly link those data to selection for particular functional patterns. Such an 

approach has already been applied to other areas of the body. For example, 

Grabowski and Roseman (2015) demonstrated mathematically how natural selection influenced parts of hominin hip anatomy that are linked specifically to func-

tional roles in human bipedalism. Their analysis provides convincing evidence for 

the manner in which natural selection acted on a particular locomotor pattern in 

human evolution. Given the recent growth of analytical methods in quantitative 

genetics, and the technological advances that are continually enhancing our com-

putational power, we expect to see an increased number of studies that use similar 

approaches. The intermediate steps that would be necessary before applying such 

an approach to the foot are not easy and straightforward – much of this section has 

focused on difficulties in relating structure to function within the foot – but work in this direction would be tremendously valuable to our understandings of primate 

foot evolution. 

This is a remarkably exciting time to study the anatomy, function, and evolution 

of primate feet. New methods are rapidly expanding the ways in which we can 

examine and understand form and function in primate feet. New fossil discoveries 

are continuing to surprise us, many times uprooting what we thought we knew about 

primate foot evolution. As future scholars apply these new analytical tools and 

access new sources of data, we are excited to see the ways in which they will expand upon, or completely overturn, the existing states of knowledge that are presented in this book. We expect that pattern is likely to begin very soon. 
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Alheit Pock

Colorado, USA

vicular

vicular

Elements represented

Na

Mt1

Distal phalanges

Talus

Calcaneus

Cuboid

Na

Entocuneiform

Entocuneiform

Specimens

UW 21450

UM 75756, 80557

UM 88330; USGS 

18338, 18339, 21831; 

UW 21447, 21454

UM 77103, 81819, 

81827, 83077, 86787; 

UW 21449; USGS 

21761a, 21761b, 21762, 

21763, 25029a

UM 64757, 79658, 

81825, 85906, 86543, 

87685; USGS 5897, 

25029b, 25029c

UM 81823, 81824; 

USGS 25029e, 25029f

UM 81826, 81827, 

81831, 86543; USGS 

21761, 25029d

UM 81820

AMNH 29144

 kennai

Taxon

 Cantius 

 mc

Family

Notharctidae
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), 

)

)

)

)

)

)

)

)

), 

er 

1988

1991

1991

1991

1991

)

), Gebo 

alk

1991

1991

), Gebo 

1991

1991

1915

)

), Ciochon 

)

(continued)

1988

w (

1988

1991

and W

), Gebo (

1988

1991

2001

vert (

Gebo et al. (

Gebo et al. (

Gebo et al. (

Gebo et al. (

Co

Matthe

Gebo (

et al. (

Rose 

(1985

Gebo et al. (

Gebo et al. (

Gebo (

et al. (

et al. (

Gebo et al. (

Gebo et al. (

ullian

ullian

ullian

astachian

astachian

astachian

astachian

wer Grayb

asatchian

asatchian

asatchian

asatchian

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

lo

Early Eocene, upper 

Grayb

Early Eocene, upper 

Grayb

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

W

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

10 Mile Creek, 

Bighorn Basin, 

W

USGS locality 

D1454, southern 

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

vicular

Mesocuneiform

Mt1

Metatarsals (non-hallucal)

Phalanges

Distal phalanx 

(non-hallucal)

Talus, calcaneus, 

entocuneiform

Talus, Mt1

Talus

Calcaneus

Na

Cuboid

b

b

USGS 25029g

UM 76561; USGS 

25029h, 25029i

USGS 25029j, 25029k, 

25029l

USGS 25029m

USGS 18338, 18339

AMNH 16852

USGS 5900

UM 87114, USGS 4724, 

21783, 21832a, 21832b

UM 75028, 80737, 

87114; USGS 1287 6756, 

6766, 6769, 21765, 

21766, 21767, 21829, 

21830

UM 73318, 87973; 

USGS 4724, 21764, 

21832

USGS 4724, 21783

 Cantius 

 trigonodus

Notharctidae
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)

)

)

)

)

)

)

)

2001

1991

), Gebo 

1991

1991

1991

), Gebo 

)

1991

1991

1991

1988

), Gebo et al. 

)

1988

1991

vert (

References

Gebo et al. (

Co

(1988

(1991

Gebo et al. (

Gebo et al. (

Gebo et al. (

Ciochon et al. (

Gebo (

et al. (

Gebo et al. (

Gebo et al. (

Gebo et al. (

asatchian

asatchian

asatchian 

asatchian 

a5)

asatchian

asatchian

asatchian

asatchian

a6)

a4-W

Age

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, early 

W

Early Eocene, 

middle W

Early Eocene, 

middle W

–

Early Eocene, late 

W

–

Early Eocene, 

middle W

(W

Early Eocene, 

middle W

(W

ver 

ashakie 

yoming, 

wn)

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

Locality (if 

kno

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Southwestern 

Green Ri

(Bridger) Basin, 

W

Bitter Creek 

Station, W

Basin, W

USA

Elements represented

Mesocuneiform

Mt1

Metatarsals (non-hallucal)

Talus

Calcaneus

Calcaneus

Calcaneus

Talus

Talus

Talus

Specimens

USGS 21783

UM 81822, 87115

USGS 21783a, 21783b

USGS 16469, 16583, 

21769, 21770, 21772, 

21780, 21825

USGS 6783, 6796, 

21768, 21770, 21771, 

21774, 21775, 21825, 

21827

UM 102167

USGS 6786, 21781

UW A60308

USGS 422515

UCMP 134864

sp. 

Taxon

 Cantius abditus

 Cantius nunienus

 Cantius 

 frugivorus

 Cantius

Family

Notharctidae

Notharctidae

Notharctidae

Notharctidae
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)

)

)

)

)

)

)

)

1991

1991

1991

1991

1991

1991

), Gebo 

)

1991

1991

), Gebo 

)

(continued)

1988

1991

1988

1991

Gebo et al. (

Gebo et al. (

Gebo et al. (

Gebo et al. (

Gebo et al. (

Gebo et al. (

Gebo (

et al. (

Gebo et al. (

Gebo et al. (

Gebo (

et al. (

a7)

asatchian

asatchian 

a5)

asatchian 

asatchian 

a5)

asatchian 

a5)

a4-W

a6)

a4-W

a4-W

asatchian (W

Early Eocene, 

middle W

Early Eocene, 

middle W

(W

Early Eocene, 

middle W

(W

Early Eocene, 

middle W

(W

Early Eocene, 

middle W

(W

Early Eocene

Early Eocene

Early Eocene

Early Eocene

Early Eocene, Late 

W

ashakie 

yoming, 

ver 

ashakie 

yoming, 

ashakie 

yoming, 

ver Basin, 

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

yoming, USA

ind Ri

yoming, USA

Bighorn Basin, 

W

Bitter Creek 

Station, W

Basin, W

USA

Southwestern 

Green Ri

(Bridger) Basin, 

W

Bitter Creek 

Station, W

Basin, W

USA

Bitter Creek 

Station, W

Basin, W

USA

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Bighorn Basin, 

W

Alkali Creek, 

W

W

vicular

Calcaneus

Calcaneus

Na

Mt1

Phalanx

Talus

Calcaneus

Talus

Distal phalanges

Calcaneus

USGS 6765, 6774, 21833

USNM 425514, 425517

USNM 425516

UCMP 134854

UCMP 134855

USGS 16468

USGS 6780, 6791, 6792, 

21773, 21776, 21777, 

21778, 21779, 21826, 

21828

USGS 21782

USGS 21782a, 21782b

AMNH 117081

 ctus 

 etutus

 ovii

 “Copelemur” 

 fer

 Pelycodus 

 jarr

 Nothar

 venticolus

Notharctidae

Notharctidae

Notharctidae
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)

)

), Gebo 

), Gebo 

)

)

1920

ger et al. 

1920

1920

1920

1920

)

1988

)

1988

)

gory (

gory 

gory (

gory (

gory (

References

Gre

Gre

Gre

Gre

(1988

Gebo (

Goodenber

(2015

Gebo (

Gre

(1988

ALMA

wer Bridger beds

Age

Middle Eocene, 

lo

–

Middle Eocene, 

middle Bridgerian 

(Br2-3) N

Middle Eocene, 

Bridgerian

–

–

–

–

ver 

ver 

ood 

ver 

wn)

yoming, USA

yoming, USA

yoming, USA

Locality (if 

kno

Grizzly Buttes, 

southwestern 

Green Ri

(Bridger) Basin, 

W

–

Grizzly Buttes, 

southwestern 

Green Ri

(Bridger) Basin, 

W

Cottonw

Creek, 

southwestern 

Green Ri

(Bridger) Basin, 

W

–

–

–

–

, 





vicular

vicular



, cuboid, 

, cuboid, 

vicular

vicular

Elements represented

Calcaneus, entocuneiform

Talus, calcaneus, 

na

entocuneiform, 

mesocuneiform, 

ectocuneiform, Mt1-5, 

PP1, PP3-5, IP3-5, DP1

Talus, calcaneus, na

cuboid, entocuneiform, 

mesocuneiform, 

ectocuneiform, Mt1-5, 

PP1, PP5, IP5, DP1, DP5

Talus, na

mesocuneiform, 

ectocuneiform, portions of 

Mts, proximal, and 

intermediate phalanges

Talus, calcaneus, na

Mt1

Cuneiforms

Calcaneus, metatarsals

b

b

b

Specimens

AMNH 11466

AMNH 11474

AMNH 11478

AMNH 13024

USNM 21968

AMNH 143612, 131945

AMNH 12570

AMNH 11721

 ctus 

 osus

 ctus 

Taxon

 Nothar

 tenebr

 Nothar

 pugnax

Family

Notharctidae

Notharctidae
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)

)

whorn 

), 

2009

ald 

1988

)

)

)

)

(continued)

2000

1988

1988

)

1988

1988

oenigsw

), Gebo (

Gebo (

Gebo (

Szalay and Dra

(1980

Gebo (

Gebo (

Franzen (

Franzen et al. (

von K

(1979

–

–

–

–

–

Early middle 

Eocene, early 

Geiseltalian, MP11 

(~47 mya)

Early middle 

Eocene, early 

Geiseltalian, MP11 

(~47 mya)

ver 

ver 

ver 

y

y

yoming, USA

yoming, USA

yoming, USA

–

–

Southwestern 

Green Ri

(Bridger) Basin, 

W

Southwestern 

Green Ri

(Bridger) Basin, 

W

Southwestern 

Green Ri

(Bridger) Basin, 

W

Grube Messel, 

German

Grube Messel, 

German

, cuboid, 

, cuboid, 

, cuboid, 

vicular

vicular

vicular

Partial foot

Talus, calcaneus

Talus, calcaneus

Talus, calcaneus, 

na

entocuneiform, 

mesocuneiform, 

ectocuneiform, Mt1-5, 

PP1, DP1

Talus, calcaneus, 

cuneiforms

Talus, calcaneus, 

na

entocuneiform, 

mesocuneiform, 

ectocuneiform, Mt1-5, 

PP1-5, IP2-5, DP1-5

Talus, calcaneus, 

na

entocuneiform, 

mesocuneiform, 

ectocuneiform, Mt1-5, 

PP1-5, IP2-5, DP1-5

b

A), 

b

AMNH 13030; USNM 

13-46

YPM 39818

AMNH 91663

USNM 25686

AMNH 11484

PMO 214.214 (Plate 

WDC-MG-210 (Plate B)

HLMD-Me 7430 (Messel 

primate)

sp. 

 ctus

 opolemur 

 acilis

 Nothar

 Smilodectes 

 gr

 Darwinius 

 masillae

 Eur

 kelleri

Notharctidae

Notharctidae

Cercamoniinae

Cercamoniinae
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)

y 

), 

)

ald 

), 

2016

2009

2009

1993

)

oenigsw

)

), Thalmann 

)

), Marigó et al. 

)

yá-Solá and 

yà-Solà et al. 

ohler (

References

Franzen and Fre

(1993

von K

(1985

Thalmann et al. 

(1989

(1994

Mo

K

Marigó et al. (

Roig et al. (

Mo

(2012

(2016

Roig et al. (

ga 

ga 

ga 

Age

Early middle 

Eocene, early 

Geiseltalian, MP11 

(~47 mya)

Early middle 

Eocene, early 

Geiseltalian, MP11 

(~47 mya)

Middle Eocene, 

middle Geiseltalian, 

MP12

Middle Eocene, 

Robiacian (MP14-

15) European Land 

Mammal Me

Zone

Middle Eocene, 

Robiacian (MP14-

15) European Land 

Mammal Me

Zone

Middle Eocene, 

Robiacian (MP15-

16) European Land 

Mammal Me

Zone

y

y

y

ya-3C, 

ya-3C, 

wn)

Locality (if 

kno

Grube Messel, 

German

Grube Messel, 

German

Tagebau 

Geiselrohlitz, Site 

L, Geiseltal, 

German

Sant Jaume de 

Frontan

Barcelona, Spain

Sant Jaume de 

Frontan

Barcelona, Spain

Caenes, Duero 

Basin, Salamanca, 

Spain

ut , b

ely

Elements represented

Talus, calcaneus, Mt1-5, 

PP1-5, IP2-3, DP2

–

Calcaneus, PP1, DP1 

(more elements lik

undescribed and obscured 

in situ)

Talus

Calcaneus

Calcaneus

b

Specimens

SMNK-Me1125

SMNK III 1641

GMH L-2

IPS 7712, 7713, 7750, 

7796

IPS 7745, 7748, 7749, 

7751, 7798, 7799, 7801, 

7984, 7986, 7987

IPS 7769

sp. 

 us) 

 opolemur 

 opolemur

 onycticeb

 homomys 

 glectus

 ontanyensis

Taxon

 Eur

 koenigswaldi

 Eur

 Godinotia 

 (Pr

 ne

 Anc

 fr

Family

Cercamoniinae

Cercamoniinae

Cercamoniinae

 Incertae sedis
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)

)

)

)

)

2013

2020

yà-Solà 

)

2015

2015

2010

al. (

(continued)

1993

)

yá-Solá and 

fert et al. (

fert et al. (

vaux et 

öhler (

yer et al. (

Marigó et al. (

Roig and Mo

(2011

Mo

K

Seif

Seif

Bo

Mari

ga 

ga 

ga 

Middle Eocene, 

Robiacian (MP14-

15) European Land 

Mammal Me

Zone

Middle Eocene, 

Robiacian (MP14-

15) European Land 

Mammal Me

Zone

Middle Eocene, 

Robiacian (MP14-

15) European Land 

Mammal Me

Zone

Middle Eocene, 

Lutetian, MP13b 

(~43 mya)

Middle Eocene, 

Lutetian, MP13b 

(~43 mya)

Late Eocene, early 

Priabonian 

(~37 mya)

Late Early to Early 

Middle Eocene 

(~50 mya)

ayum 

gion, 

ya-3C, 

ya-3C, 

ya-3C, 

et Qarun 

unisia

Sant Jaume de 

Frontan

Barcelona, Spain

Sant Jaume de 

Frontan

Barcelona, Spain

Sant Jaume de 

Frontan

Barcelona, Spain

Egerkingen fissure 

fillings, Canton 

Solothurn, 

Switzerland

Egerkingen fissure 

fillings, Canton 

Solothurn, 

Switzerland

Birk

Locality 2, F

Depression, Egypt

Chambi locus 1, 

Djebel Chambi, 

Kasserine re

T

vicular

viculars, cuneiforms, 

Na

Mt1

Na

metatarsals, phalanges

Talus

Calcaneus

Talus

Talus

IPS 7700, 7705, 7709, 

46392, 46393, 46394, 

46395, 46396

unnumbered specimen

unnumbered specimens

NMB En.270

NMB Eh 719, En.268, 

En.269

DPC 21445C

CBI-1-545

sp. 

 oides

 homomys

 adapis 

 Anc

 Caenopithecus 

 lemur

 Afr

 longicristatus

 Djebelemur 

 martinezi

 Incertae sedis

Caenopithecinae

Caenopithecinae

Djebelemuridae
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)

)

), 

)

)

)

)

2011

2011

)

)

2001

)

whorn 

whorn 

1988

al. (

al. (

1999

2015

2007

2007

2007

1920

vaux et 

vaux et 

), Dagosto 

)

), Dagosto 

), Gebo (

gory (

References

Mari

Mari

Gebo et al. (

Gebo et al. (

Beard et al. (

Beard et al. (

Ciochon et al. (

Beard et al. (

Gre

Szalay and Dra

(1980

(1983

Szalay and Dra

(1980

(1983

Age

Late Early to Early 

Middle Eocene

Late Early to Early 

Middle Eocene

Late Middle Eocene

Late Middle Eocene

Late Middle Eocene

Late Middle Eocene

Late Middle Eocene, 

late Bartonian 

(~37.2 mya)

Late Eocene

–

–

, 

, 

, 

vince, 

vince, 

, Myanmar

, Myanmar

y fissure 

wn)

uanqu Basin, 

uanqu Basin, 

yitchang, Bahin, 

Locality (if 

kno

HGL-50 locality

Gour Lazib, 

Algeria

HGL-50 locality

Gour Lazib, 

Algeria

Y

Shanxi Pro

China

Y

Shanxi Pro

China

Thamingyauk 

locality

Thamingyauk 

locality

Sabapondaung 

K

Myanmar

Escamps locality

Querc

fillings, France

Montauban

–

Elements represented

Talus

Talus

Mt1

Lateral distal phalanx

Calcaneus

Talus, calcaneus

Calcaneus

Talus, Mt1-2, Mt4, 

proximal phalanx

Talus

Calcaneus

b

Specimens

UM/HGL50-466

UM/HGL50-467

IVPP V11845

IVPP V12797

NMMP 58

NMMP 59

NMMP 20

AMNH 10016

Montauban unnumbered

NMB QE 564, 644, 753, 

762, 796, 942; Munich 

BSFP 1879 XV 656; 

Montauban unnumbered

sp.  n. 

 erki

 haungia 

ge-bodied 

 . Azibius 

 yitc

valadapid

Taxon

 Azibius tr

 cf

 Hoanghonius 

 stehlini

 K

 takaii

Lar

si

 Adapis 

 parisiensis

valadapidae

valadapidae

valadapidae

Family

Azibiidae

Azibiidae

Si

Si

Si

Adapidae
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), 

ger 

, 

, 

), 

1988

)

)

)

)

)

)

)

2008

2008

1983

ger et al. 

(continued)

atel et al. 

1983

1983

1983

1983

atel et al. 

1988

), Gebo (

)

), P

), Goodenber

2015

1988

)

), P

)

Gebo (

Dagosto (

Szalay and Dagosto 

(1988

Goodenber

(2015

Szalay and Dagosto 

(1988

(2012

et al. (

Dagosto (

Dagosto (

Dagosto (

Dagosto (

Gebo (

Gebo et al. (

2012b

Gebo et al. (

2012b

(2012

–

Late Eocene

–

–

–

–

–

–

Middle Eocene 

(~45 mya)

Middle Eocene 

(~45 mya)

y fissure 

–

Querc

fillings, France

–

–

–

–

–

–

Shanghuang 

fissure fillings, 

Shanghuang, 

China

Shanghuang 

fissure fillings, 

Shanghuang, 

China

Metatarsals

Mt1

Mt1

Mt2

Mt3

Mt4

Mt5

Phalanges

Talus

Mt1









U 

U 568, 

b

NMB QG 14, QL 356, 

416, 457, 481, 580, 606, 

638, 668, QI 645, Q

933, Q? 118, 647; Munich

BSFP 1879 XV 654

NMB QE 646, QL 418; 

Montauban unnumbered

AMNH 140719

NMB QW 357

NMB QL 340

NMB QF 481

NMB QL 468

NMB QL 338, 643, Q

953; Montauban 

specimen

IVPP V13016

IVPP V13015

 oglodytes

 Adapoides 

 tr

 Adapidae
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)

)

)

)

)

), Gebo 

)

)

)

1991

1991

1991

1991

1983

1983

1983

1988

)

1988

References

Godinot (

Godinot (

Godinot (

Godinot (

Gebo (

Dagosto (

Dagosto (

(1988

Dagosto (

Gebo (

Age

Late Eocene

Late Eocene

Late Eocene

Late Eocene

–

–

–

–

–

, 

, 

y 

y 

y fissure 

y fissure 

, Querc

, Querc

wn)

Locality (if 

kno

Escamps locality

Querc

fillings, France

Escamps locality

Querc

fillings, France

Rosieres 2 

locality

fissure fillings, 

France

Rosieres 2 

locality

fissure fillings, 

France

–

–

–

–

–

Elements represented

Talus

Calcaneus

Talus

Calcaneus

Talus, calcaneus, cuboid

Talus

Calcaneus

Cuboid

Metatarsals

VI-Esc 

VI-Ros 

VI-Esc 948

VI-Ros 326

U 462, 491, 536, 

OS 2-90, 2-108, 

OS 2-76, 2-77, 2-78, 

Specimens

ECA 1377, 1379, 

936

ECA 1362, 1374, 1376, 

VI-Esc 273, 

R

106

R

2-92, 2-93, 2-109, 2-110, 

VI-Ros 112, 

Munich BSFP 1898 IV 2

NMB QF 496

NMB Q

565, 685, 888

Munich BSFP 

unnumbered

NMB QF 802, QL 86, 

197, 299, 453, 624, 659, 

988, QM 173, Q? ?66; 

Munich BSFP XV 648, 

1898 IV 3

 . 

 . 

 gnus

Taxon

 Adapis cf

 betillei

 Adapis cf

 parisiensis

 Leptadapis 

 ma

Family

Adapidae

Adapidae

Adapidae
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1 

, 



w 

atel 

)

)

 UW

Ne

), Gebo 

), P

)

)

)

)

locus 

versity

ertebrate 

), 

), Dagosto 

2001

2001

V

1983

1988

ger et al. 

1983

1983

1983

1983

Museum, 

), Szalay and 

2012

)

1988

)

Chambi 

Gujarat Uni

 CBI

versity of California 

ashington, DC; 

Dagosto (

(1988

Dagosto (

et al. (

Goodenber

(2015

Dagosto (

Dagosto (

Dagosto (

Dagosto (

Gebo (

(1983

Gebo et al. (
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Microchoeridae

Microchoeridae

Microchoeridae

Microchoeridae

 AMNH

Gujarat Uni

and P

Berk

This list is f

Indicates the specimen includes other non-pedal material

a

b
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, 

, 

)

, 

, 

2001

2001

2000

2000

2000

)

)

)

)

)

, 2012b

References

Gebo et al. (

2012b

Gebo et al. (

2012b

Gebo et al. (

Gebo et al. (

2001

Gebo et al. 

(2012b

Gebo et al. (

2001

Age

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

vince, 

vince, 

vince, 

vince, 

vince, 

vince, 

wn)

uanqu Basin, 

Locality (if 

kno

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Locality 1, 

Y

Shanxi Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Elements 

represented

Talus

Calcaneus

Talus

Talus

Talus

Calcaneus

a

ossil Material

11854

oot F

Specimens

IVPP V 

IVPP V11856, V12277, V12278, 

V12279, V12885, V12887, V12310, 

V12311, V12320, V13024

IVPP V11846

IVPP V11849, V11855, V12301, 

V12302, V12303, V12304, V12312

IVPP V12318, V12324, V13010, 

V13011

IVPP V11848, V11851, V11852, 

V12280, V12281, V12282, V12283, 

V12284, V12285, V12286, V12313, 

V12314, V12316, V12317, V12322, 

V12883, V12884, V12886, V18826, 

V12313, V12314, V12315, V13012, 

V13013, V13023, V13025

Taxon

Tarsiidae

 Eosimias 

 centennicus

Eosimiidae

A.4. Early Haplorhine F

ppendix  A

Family

Tarsiidae

Eosimiidae

Eosimiidae
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)

)

, 

, 

, 

, 

, 

)

2002

2015

2001

2001

2001

)

2001

2008

, 2017a

)

)

, 2012b

)

)

References

Gebo et al. (

Gebo et al. 

(2012b

Gebo et al. (

Gebo et al. (

2012b

Gebo et al. (

2012b

Gebo et al. (

2008

Gebo et al. (

2012b

Gebo et al. (

2012b

Age

Late Middle 

Eocene

Middle 

Eocene 

(~45 mya)

Late Middle 

Eocene

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

Middle 

Eocene 

(~45 mya)

vince, 

vince, 

vince, 

vince, 

vince, 

vince, 

vince, 

wn)

uanqu Basin, 

Locality (if 

kno

Paukkang 

Locality PK-2, 

Myanmar

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Y

Shanxi Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Shanghuang 

fissure fillings, 

Jiangsu Pro

China

Elements 

represented

Calcaneus

Cuboid

Hallucial distal 

phalanx

Talus

Calcaneus

Talus

Calcaneus

Mt1

Specimens

NMMP 23

IVPP V12319

IVPP V12798

IVPP V12305, V12306

IVPP V12287, V12288, V12289, 

V12290, V12291, V12292, V12293, 

V12294, V12295, V12296

IVPP V11857, V12297, V12298, 

V12299, V12300, V12323, V13034, 

V13035

IVPP V11847, V11853, V12275, 

V12276

IVPP V13018

e 

anced” 

Taxon

Protoanthropoids/ 

“adv

anthropoids

Omomyid-lik

“unnamed” 

haplorhines

Unallocated material

Family

 Incertae sedis

 Incertae sedis

 Incertae sedis
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)

)

)

2015

2015

vaux 

)

), 

2001

)

(continued)

), Mari

2010

2010

vaux et al. 

), Dagosto 

vaux et al. 

)

)

fert and 

Gebo et al. (

Gebo et al. (

Gebo et al. 

(2017b

Dagosto et al. 

(2010

et al. (

Mari

(2003

et al. (

Mari

(2010

Seif

Simons (

Gladman et al. 

(2013

Late Middle 

Eocene

Late Middle 

Eocene

Late Middle 

Eocene

Late Middle 

Eocene

Late Middle 

Eocene

Late Eocene, 

late 

Priabonian 

(~35 mya)

Late Eocene, 

late 

Priabonian 

(~35 mya)

vince, 

vince, 

vince, 

aung, 

aung, 

et Qarun, 

et Qarun, 

uanqu Basin, 

uanqu Basin, 

uanqu Basin, 

yitchaung, 

gyauk 

yitchaung, 

Y

Shanxi Pro

China

Y

Shanxi Pro

China

Y

Shanxi Pro

China

Thandaung 

K

Mog

Myanmar

Se

K

Mog

Myanmar

Quarry L-41, 

Birk

Fayum 

Depression, 

Egypt

Quarry L-41, 

Birk

Fayum 

Depression, 

Egypt

Distal phalanx 

(pedal ray 2)

Distal 

phalanges 

(lateral rays)

Proximal and 

intermediate 

phalanges

Talus

Talus

Talus

Calcaneus

IVPP V12783.3

IVPP V12782.4, V12783.4, V12783.5, 

V12783.6

–

NMMP 82

NMMP 39

DPC 15417

DPC 24776

sp. 

 ensis

 gaung

 oteopithecus 

 Pondaungia

 Amphipithecus 

 mo

 Pr

 sylviae

Amphipithecidae

Amphipithecidae

Proteopithecidae
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)

)

)

), 

)

2001

), 

yer and 

2012

fert 

2012

2001

2013

1976

atel et al. 

), Bo

), Seif

)

y (

), P

)

)

fert and 

yer et al. 

fert (

References

Seif

Simons (

Bo

(2010

Seif

Patel et al. (

Gebo and Simons 

(1987

and Simons (

Gebo and Simons 

(1987

Patel et al. (

Conro

Gebo and Simons 

(1987

(2012

Gebo and Simons 

(1987

Age

Late Eocene, 

late 

Priabonian 

(~35 mya)

Late Eocene, 

late 

Priabonian 

(~35 mya)

Early 

Oligocene 

(29.5–

30.2 Ma)

Early 

Oligocene 

(29.5–

30.2 Ma)

Early 

Oligocene 

(29.5–

30.2 Ma)

Early 

Oligocene

Early 

Oligocene

et 

et 

et 

et 

et 

ayum 

ayum 

ayum 

ayum 

ayum 

et Qarun, 

et Qarun, 

wn)

Locality (if 

kno

Quarry L-41, 

Birk

Fayum 

Depression, 

Egypt

Quarry L-41, 

Birk

Fayum 

Depression, 

Egypt

Quarry M, Birk

Qarun, F

Depression, 

Egypt

Quarry M, Birk

Qarun, F

Depression, 

Egypt

Quarry M, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Elements 

represented

Talus

Mt1

Talus

Calcaneus

Mt1

Mt1

Mt2

YPM 25935

Specimens

DPC 10037, DPC 22844, DLC 24776

DPC 20939

DPC 1301, DPC 3052, DPC 16934

DPC 3051, DPC 3074

DPC 13318

YPM 25806

DPC 3096, 

 owni

 gyptopithecus 

Taxon

 Catopithecus br

 Ae

 zeuxis

Family

Oligopithecidae

Propliopithecidae
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), 

1982

(continued)

)

)

)

)

)

)

)

Gebo and Simons 

(1987

Gebo and Simons 

(1987

Hamrick et al. 

(1995

Fleagle and 

Simons (

Gebo and Simons 

(1987

Gebo and Simons 

(1987

Gebo and Simons 

(1987

Gebo and Simons 

(1987

Early 

Oligocene 

(29.5–

30.2 Ma)

Early 

Oligocene 

(29.5–

30.2 Ma)

Early 

Oligocene

Early 

Oligocene

Early 

Oligocene

Early 

Oligocene

Early 

Oligocene

et 

et 

et 

et 

et 

ayum 

ayum 

ayum 

ayum 

ayum 

et Qarun, 

et Qarun, 

Quarry M, Birk

Qarun, F

Depression, 

Egypt

Quarry M, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Quarries I and M, 

Birk

Fayum 

Depression, 

Egypt

Quarries I and M, 

Birk

Fayum 

Depression, 

Egypt

b

vicular

Mt4

Phalanges

PP4

Calcaneus

Talus, 

calcaneus, 

na

Talus

Calcaneus

YPM 23886

25801, YPM 

YPM 18015, 

25969

YPM 25804

YPM 23866, 

25800, YPM 

DPC 3371

DPC 1004, DPC 1005, DPC 1944

YPM 25805

DPC 1002, 

DPC 1303

DPC 1084, DPC 3050, DPC 3054, DPC 

3105, DPC 3833, DPC 5413, DPC 

5416, YPM 

25802, YPM 

DPC 3050, DPC 5416, 

YPM 25803, 

 obates

 opliopithecus Pr chir

 Apidium phiomense

Propliopithecidae

Parapithecidae
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)

)

References

Gebo and Simons 

(1987

Hamrick et al. 

(1995

Gebo and Simons 

(1987

National Museum 

 NMMP

Age

Early 

Oligocene

Early 

Oligocene

Early 

Oligocene

et 

et 

, Beijing, China; 

ayum 

ayum 

wn)

Locality (if 

kno

Quarry I, Birk

Qarun, F

Depression, 

Egypt

Quarry I, Birk

Qarun, F

Depression, 

Egypt

–

aleoanthropology

ven, CT

Elements 

represented

Cuboid

PP4

Calcaneus

w Ha

aleontology and P

ertebrate PV

ale Peabody Museum, Ne

ve

Y

Institute of 

 YPM

xhausti

 IVPP

Specimens

DPC 1084

DPC 80-272

Cairo 84-731

ut certainly not e

, Durham, NC; 

angon, Myanmar; Y ve, b

 eri

 apithecus 

 ang

Taxon

 Par

 gr

ossil Primate Center

airly comprehensi

e F

Duk

Family

Parapithecidae

 DPC

of Myanmar Primate collection, 

This list is f

Indicates the specimen includes other non-pedal material

a

b
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. 

(continued)

, All 3 

metatarsal 

artial calcaneus, 

vicular

, IP

ysis

Notes

Left: Cuboid, all cuneiforms, 

all Mts, PP2-5, IP5

Right: P

talus, Int. cun., cuboid, Mt 

1-2, PP2-5, IP 4-5, DP

Unsided: PP1, IP 3, DP (x3), 

hallucial sesamoid, os 

peroneum

Talus, na

cuneiforms, Mt1, Mt2

Mt 1,2,4; Mt 3 head; PP 1, 

2,4; IP 2

All tarsals and bases of all 

metatarsals

Forefoot. All 

heads, all proximal 

phalanges, IP4, IP5, DP5

Talus, PP

Mt 1-3; PP1 assumed to be 

associated based on shared 

accession number

Mt 4 & 5, calcaneal 

apoph

)

), 

see White 

)

), 

2012

)

)

1995

)

2006

)

2009

)

1982

1982

), Zipfel et al. 

2013e (

2011

) for catalog numbers 

Tobias (

2003

2003

y et al. (

2009

vidual elements and 

ation

ged et al. (

e and 

), Clark

vejo

Reference

Lo

et al. (

of indi

preserv

Clark

Deloison (

Haile-Selassie et al. (

Alemse

Latimer et al. (

Johanson et al. (

Deloison (

(2010

Zipfel et al. (

Age 

(Ma)

4.4

3.67? 

3.4

3.3

3.2

3.18

2.0–

2.6

1.98

, Ethiopia

, Ethiopia

Location

Aramis, Ethiopia

Sterkfontein 

Member 2, South 

Africa

Burtele, Ethiopia

Dikika, Ethiopia

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Malapa, South 

Africa

ossils

wn

 ensis

 ensis

 ensis

 ometheus

oot F

 amidus

Species

 A. r

 A. pr

Unkno

 A. afar

 A. afar

 A. afar

 A. africanus? 

 A. sediba

. 

T-VP-2/73

Catalogue number

ARA-VP-6/500

StW 573

BR

DIK-1-1f

A.L. 333-115

A.L. 288-1

StW 595

MH 1 (U.W

88-16,22,113)

a

ppendix B. Early Hominin F

eleton

 A

Element

Partial foot 

sk
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ely 

A.L. 333-47

? 

Notes

Talus, calcaneus, Mt 5 base

Talus, DP1

Undescribed

 Homo

Not hominin calcaneus

Not hominin. Lik

cercopithecoid

Articulates with 

)

)

)

)

)

2006

)

)

)

)

1947

1982

1982

1982

)

artz (

), Grausz et al. 

2013

1982

)

)

)

2011

)

2012

2003

1976

2003

2003

2003

2013e (

)

ard et al. (

Reference

Zipfel et al. (

Le Gros Clark (

Latimer et al. (

Latimer et al. (

Latimer et al. (

Deloison (

Clark

Gebo and Schw

Day et al. (

(1988

Skinner et al. (

Latimer et al. (

W

Deloison (

Deloison (

Deloison (

Age 

(Ma)

1.98

1.6–

1.8

3.2

3.2

3.2

2.0–

2.6

2.0–

2.6

2.36

1.89

1.6–

1.8

3.2

3.2

2.0–

2.6

2.0–

2.6

2.0–

2.6

ora, 

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

ya

oobi F

en

Location

Malapa, South 

Africa

Kromdraai

Hadar

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Omo, Ethiopia

K

K

Kromdraai, South 

Africa

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

? 

? 

? 

 ustus

 ensis

 ensis

 ensis

 ustus? 

 ensis

 ensis

 ob

 ob

Species

 A. sediba

 A. r

 A. afar

 A. afar

 A. afar

 A. africanus

 A. africanus? 

 A. aethiopicus/

 boisei? 

 A. boisei

 A. r

 A. afar

 A. afar

 A. africanus

 A. africanus

 A. africanus

. 

Catalogue number

MH 2 (U.W

88-98,99; 33)

TM 1517

A.L. 333-8

A.L. 333-55

A.L. 333-37

StW 352

StW 643

Omo-33-74-896

KNM-ER 1500 t

KB 3297

A.L. 333-75

A.L. 333-147

StW 88

StW 102

StW 347

Element

Calcaneus

Talus
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(continued)

A.L. 333-28

A.L. 333-75

ely 

A.L. 333-36

WHS written 

? 

Small portion of calcaneus 

associated

Articulates with 

Articulates with 

Undescribed

Unaccessioned? 

Undescribed

Not hominin. Lik

cercopithecoid

 Homo

Articulates with 

Not hominin medial 

cuneiform (see 

notes in Ditsong Museum)

)

1984

)

)

)

)

)

)

)

)

)

)

2009

2017

1982

1982

2013

1982

)

)

)

2003

2003

1976

1976

1989

y et al. (

2013

g and Latimer (

2013

e (

e (

ering et al. (

vejo

Deloison (

Deloison (

Day et al. (

Day et al. (

Lo

Latimer et al. (

Latimer et al. (

Clark

Gomber

Clark

Skinner et al. (

Pick

Latimer et al. (

Susman (

2.0–

2.6

2.0–

2.6

1.88

1.7

4.4

3.2

3.2

2.0–

2.6

3.2

2.0–

2.6

1.6–

1.8

1.0

3.2

1.0

ora, 

ora, 

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

ya

ya

artkrans M3, 

artkrans M3, 

oobi F

en

oobi F

en

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

K

K

K

K

Aramis, Ethiopia

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Hadar

Sterkfontein M4, 

South Africa

Kromdraai, South 

Africa

Sw

South Africa

Hadar

Sw

South Africa

? 

? 

? 

 ensis

 ensis

 ensis

 ustus? 

 ustus? 

 ensis

 ustus

 amidus

 ob

 ob

 ob

 A. africanus

 A. africanus

 A. boisei

 A. boisei

 A. r

 A. afar

 A. afar

 A. africanus? 

 A. afar

 A. africanus? 

 A. r

 A. r

 A. afar

 A. r

StW 363

StW 486

KNM-ER 1476

KNM-ER 1464

ARA-VP-6/503

A.L. 333-36

A.L. 333-47

StW 623

A.L. 333-? 

StW 638

KB 3133

SKX 31899

A.L. 333-28

SKX 31117

vicular

Na

Cuboid

Medial cuneiform
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with 

A.L. 333-133

ant

Notes

Articulates with 

Inf

Undescribed. Articulates 

A.L. 333-79

et al. 

)

)

2004

a et al. 

)

), White 

)

)

)

)

)

1988

)

1982

2009

1982

1982

), Zipfel et al. 

2009

1982

), DeSilv

)

2009

)

2006

2003

2003

2003

2013

y et al. (

)

)

y et al. (

)

vejo

ernon (

vejo

Reference

Latimer et al. (

Lo

(2009

Latimer et al. (

Latimer et al. (

Hillenbrand (

Deloison (

(2010

Susman and Brain (

Susman and de Ruiter (

V

Lo

White et al. (

Latimer et al. (

Deloison (

(2012

Deloison (

Age 

(Ma)

3.2

4.4

3.2

3.2

3.2

2.0–

2.6

1.8–

2.0

1.1–

2.0

1.4–

2.0

4.4

4.1–

4.2

3.2

3.2

2.0–

2.6

2.0–

2.6

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

artkrans M1, 

artkrans, 

Location

Hadar

Aramis, Ethiopia

Hadar

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sw

South Africa

Sw

South Africa

Drimolen

Aramis, Ethiopia

Asa Issie, 

Ethiopia

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

 ensis

 ensis

 ensis

 ensis

 ustus

 ustus

 ustus

 ensis

 ensis

 amidus

 ob

 ob

 ob

 amidus

Species

 A. afar

 A. r

 A. afar

 A. afar

 A. afar

 A. africanus? 

 A. r

 A. r

 A. r

 A. r

 A. anamensis

 A. afar

 A. afar

 A. africanus? 

 A. africanus? 

Catalogue number

A.L. 333-79

ARA-VP-1/1700

A.L. 333-21

A.L. 333-54

A.L. 333-174

StW 562

SKX 5017

SK 1813

DNH 115

ARA-VP-6/1000

ASI-VP-2/1

A.L. 333-72

A.L. 333-133

StW 89

StW 377

Element

Lateral cuneiform

First metatarsal

Metatarsal 2
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with 

(continued)

Undescribed. Articulates 

A.L. 333-79

Associated with StW 431? 

)

)

1985

)

)

er (

2009

)

)

)

)

)

)

), Grausz et al. 

2018

alk

2012

W

2003

2003

2003

2003

2003

2003

1976

y et al. (

)

ey and 

ver et al. (

vejo

ard et al. (

Da

Lo

W

Deloison (

Deloison (

Deloison (

Deloison (

Deloison (

Deloison (

Day et al. (

(1988

Leak

2.12

4.4

3.2

3.2

2.0–

2.6

2.0–

2.6

2.0–

2.6

2.0–

2.6

2.0–

2.6

2.0–

2.6

1.89

1.85

ora, 

ora, 

, Ethiopia

, Ethiopia

ya

ya

oobi F

en

oobi F

en

Omo, Ethiopia

Aramis, Ethiopia

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

K

K

K

K

 ensis

 ensis

 amidus

 A. boisei? 

 A. r

 A. afar

 A. afar

 A. africanus? 

 A. africanus? 

 A. africanus? 

 A. africanus? 

 A. africanus? 

 A. africanus? 

 A. boisei? 

 A. boisei? 

Omo 

323-1976-2117

ARA-VP-6/505

A.L. 333-133

A.L. 333-157

StW 238

StW 387

StW 388

StW 435

StW 477

StW 496

KNM-ER 1500

KNM-ER 997

Metatarsal 3
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ver et al. 

)

? 

)

2001

reated as Mt2 in Da

Notes

 Homo

T

(2018

Listed as Mt2 in Susman 

et al. (

Undescribed

et al. 

)

), White 

)

)

)

)

)

2001

)

)

)

2009

1982

1982

), Zipfel et al. 

2011

)

)

1975

1976

1989

2003

2003

)

2003

2013

1973

1973

y et al. (

)

)

e (

ard et al. (

vejo

Reference

Day (

Coppens (

Day et al. (

Susman et al. (

Susman (

W

Deloison (

Deloison (

Day (

Lo

(2009

Latimer et al. (

Latimer et al. (

Deloison (

(2009

Clark

Age 

(Ma)

1.8

1.7

1.7

1.8–

2.0

1.1–

1.7

3.2

2.0–

2.6

2.0–

2.6

1.8

4.4

3.2

3.2

2.0–

2.6

2.0–

2.6

ora, 

ai FLK 

anzania

, Ethiopia

ai FLK 

anzania

, Ethiopia

, Ethiopia

ya

artkrans M1, 

artkrans M2, 

oobi F

en

Location

Olduv

NN3, T

Omo, Ethiopia

K

K

Sw

South Africa

Sw

South Africa

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Olduv

NN3, T

Aramis, Ethiopia

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

 ustus? 

 ustus? 

 ensis

 ensis

 ensis

 ob

 ob

 amidus

Species

 A. boisei? 

 A. boisei? 

 A. boisei? 

 A. r

 A. r

 A. afar

 A. africanus? 

 A. africanus? 

 A. boisei? 

 A. r

 A. afar

 A. afar

 A. africanus? 

 A. africanus? 

.511-16

Catalogue number

OH 43

Omo F

KNM-ER 1823

SKX 38529

SKX 247

A.L. 333-160

StW 485

StW 596

OH 43

ARA-VP-6/960

A.L. 333-13

A.L. 333-78

StW 114/115

StW 634

Element

Metatarsal 4

Metatarsal 5
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(continued)

? 

 Homo

Manual? 

et al. 

et al. 

et al. 

et al. 

), White 

)

)

)

), White 

)

), White 

), White 

)

)

)

)

2009

2009

2009

1982

)

)

)

2009

2001

2009

2009

2012

2012

2012

1989

2003

2003

1989

y et al. (

)

y et al. (

y et al. (

y et al. (

)

y et al. (

)

y et al. (

)

vejo

vejo

vejo

ard et al. (

ard et al. (

vejo

ard et al. (

vejo

vejo

Susman (

Lo

(2009

Lo

Lo

Latimer et al. (

Deloison (

Deloison (

Susman (

W

W

Lo

(2009

Haile-Selassie (

W

Lo

(2009

Lo

(2009

1.0

4.4

4.4

4.4

3.2

2.0–

2.6

2.0–

2.6

1.8–

2.0

3.2

3.2

4.4

4.4

3.2

4.4

4.4

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

artkrans M3, 

artkrans M1, 

Sw

South Africa

Aramis, Ethiopia

Aramis, Ethiopia

Aramis, Ethiopia

Hadar

Sterkfontein 

Member 4, South 

Africa

Sterkfontein 

Member 4, South 

Africa

Sw

South Africa

Hadar

Hadar

Aramis, Ethiopia

Aramis, Ethiopia

Hadar

Aramis, Ethiopia

Aramis, Ethiopia

? 

? 

 ustus

 ensis

 ustus

 ensis

 ensis

 ensis

 ob

 ob

 amidus

 amidus

 amidus

 A. r

 A. afar

 A. africanus? 

 A. africanus? 

 A. r

 A. afar

 A. afar

 A. r

 A. kadabba

 A. afar

 A. r

 A. r

SKX 33380

ARA-VP-1/702

ARA-VP-6/504

ARA-VP-11/7

A.L. 333-158

StW 470

StW 478

SKX 45690

A.L. 333-145

A.L. 333-167

ARA-VP-6/1006

AME-VP-1/71

A.L. 333-154

ARA-VP-6/1005

ARA-VP-1/2677

Fragmentary 

metatarsal shafts

Hallucial proximal 

phalanx

Proximal phalanx 2

Proximal phalanx 3

Proximal phalanx 4

Proximal phalanx 5

Proximal phalanx 

undetermined 

position
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Digit 2 or 4

Digit 3

et al. 

et al. 

)

)

)

)

)

)

)

)

), White 

), White 

)

)

)

)

)

)

2005

1982

1982

1982

1982

1982

1982

1982

)

2009

2009

1982

1982

1982

2006

1999

2012

)

2003

2013

y et al. (

y et al. (

w et al. (

)

)

ard et al. (

ard et al. (

ernon (

vejo

vejo

Reference

Sema

White et al. (

W

Latimer et al. (

Latimer et al. (

Latimer et al. (

Latimer et al. (

Latimer et al. (

W

Latimer et al. (

Latimer et al. (

Deloison (

V

Lo

(2009

Lo

(2009

Latimer et al. (

Latimer et al. (

Latimer et al. (

Age 

(Ma)

4.3–

4.5

4.1–

4.2

3.5

3.2

3.2

3.2

3.2

3.2

3.2

3.2

3.2

2.0–

2.6

1.4–

2.0

4.4

4.4

3.2

3.2

3.2

urkwel, 

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

, Ethiopia

yaen

Location

Gona, Ethiopia

Asa Issie, 

Ethiopia

South T

K

Hadar

Hadar

Hadar

Hadar

Hadar

Hadar

Hadar

Hadar

Sterkfontein 

Member 4, South 

Africa

Drimolen, South 

Africa

Aramis, Ethiopia

Aramis, Ethiopia

Hadar

Hadar

Hadar



 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 ensis

 alopithecus

 ustus

 amidus

 ob

 amidus

 amidus

 ustr

Species

 A. r

 A. anamensis

 A

sp. 

 A. afar

 A. afar

 A. afar

 A. afar

 A. afar

 A. afar

 A. afar

 A. afar

 A. africanus? 

 A. r

 A. r

 A. r

 A. afar

 A. afar

 A. afar

Catalogue number

GWM1/P37

ASI-VP-2/215

KNM-ST 22944

A.L. 333-22

A.L. 333-26

A.L. 333-60

A.L. 333-71

A.L. 333-102

A.L. 333-168

A.L. 333w-25

A.L. 333w-51

StW 355

DNH 117

ARA-VP-6/1004

ARA-VP-6/1002

A.L. 333-w34

A.L. 333x-21a

A.L. 333x-21b

Element

Middle phalanx
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? 

? 

 Homo

 Homo

Manual? 

et al. 

et al. 

), White 

), White 

)

)

)

2009

2009

)

2011

1989

1989

2013

y et al. (

y et al. (

e (

)

)

vejo

vejo

Susman (

Susman (

Clark

Lo

(2009

Lo

(2009

Zipfel et al. (

1.1–

1.7

1.1–

1.7

2.0–

2.6

4.4

4.4

1.98

o additional foot bones

artkrans M2, 

artkrans M2, 

Sw

South Africa

Sw

South Africa

Sterkfontein 

Member 4, South 

Africa

Aramis, Ethiopia

Aramis, Ethiopia

Malapa, South 

Africa

 ustus? 

 ustus? 

 ob

 ob

 amidus

 amidus

 A. r

 A. r

 A. africanus? 

 A. r

 A. r

 A. sediba

eleton, or with at least tw

. 88-111

SKX 344

SKX 1261

StW 617

ARA-VP-6/1008

ARA-VP-6/1009

U.W

Distal hallucial 

phalanx

Distal phalanx

Defined as being associated with a partial ska
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, all three cuneiforms, 

, lateral and

, lateral and intermediate

, one proximal phalanx, V

vicular

vicular

o intermediate phalanges, 

vicular

Notes

Calcaneus, talus, cuboid, 

na

metatarsals I–V

Metatarsals I (D2671) and IV 

(D2669), hallucal distal 

phalanx (D2670)

Medial cuneiform (D4111), 

metatarsal I (D3442)

Left: talus (D4110), metatarsal 

V (D4058). Right: metatarsals 

III (D2021) and IV (D4165). 

Un-sided: distal phalanx 

(D3877)

Calcaneus, talus, cuboid, 

na

intermediate cuneiforms, hallucal

metatarsal, proximal hallucal

phalanx, metatarsal fragments

Talus, partial metatarsals III 

and 

tw

one distal phalanx. 

Calcaneus, talus, cuboid, 

na

cuneiforms, metatarsals 1-5, 

proximal and distal hallucal

phalanges, sesamoid

), 

), 

), 

)

2007

2007

2007

)

2015

), Day 

)

)

)

)

)
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1964

2010

2010
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2015

ey (
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ey et al. (

a

References

Leak

and Napier (

Lordkipanidze et al. (

Pontzer et al. (

Lordkipanidze et al. (

Pontzer et al. (

Lordkipanidze et al. (

Pontzer et al. (

Jungers et al. (

Day and Leak

Harcourt-Smith et al. (
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Age

1.8 Ma

1.8 Ma

1.8 Ma

1.8 Ma

1.86–

1.82 Ma

1.5 Ma

335–

236 ka

ya

gia

gia

gia

en

ge, 

yaen

ora, K

ai Gor

oobi F

uted to the Genus 

Location

Olduv

Tanzania

Dmanisi, Geor

Dmanisi, Geor

Dmanisi, Geor

Ileret, K

K

Gauteng, South 

Africa

Attrib

ossils 

 ectus

 ectus

 ectus

spp. ident. 

 ectus

Species

 H. habilis? 

 H. er

 H. er

 H. er

 Homo

 H. er

 H. naledi

eletal F

ge adult 

edal Sk

vidual)

vidual)

vidual)

Catalogue number

OH8

N/A (Subadult 

indi

N/A (Small adult 

indi

N/A (Lar
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KNM-ER 803
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o 

, 

, 

vicular

(continued)

vicular

, proximal 

vicular

Subadult. Calcaneus, talus, 

na

Calcaneus, talus, na

lateral cuneiform, metatarsal I 

(some associations 

questionable)

Talus, cuboid, na

medial and intermediate 

cuneiforms, metatarsals I–III, 

proximal hallucal phalanx, tw

proximal phalanges, middle 

phalanx, distal phalanx (some 

associations questionable)

Subadult. Calcaneus, talus, 

cuboid, intermediate 

cuneiform, metatarsal I base, 

metatarsals II–IV

hallucal phalanx, middle 

phalanx (some associations 

questionable)

)

)

)

)

2015

2015

2015

2015

Harcourt-Smith et al. (

Harcourt-Smith et al. (

Harcourt-Smith et al. (

Harcourt-Smith et al. (

335–

236 ka

335–

236 ka

335–

236 ka

335–

236 ka

Gauteng, South 

Africa

Gauteng, South 

Africa

Gauteng, South 

Africa

Gauteng, South 

Africa

 H. naledi

 H. naledi

 H. naledi

 H. naledi

Foot 2

Foot 3

Foot 4

Foot 5
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, 

, 

vicular

, proximal 

o proximal 

, cuboid, lateral 

, all three cuneiforms, 

, all three cuneiforms, 

vicular

, distal phalanx of digit I

vicular

vicular

Notes

Left: calcaneus, talus, cuboid, 

medial cuneiform, lateral 

cuneiform, metatarsals I and 

II, hallucal proximal and distal 

phalanges, three proximal 

phalanges, three intermediate 

phalanges, distal phalanx. 

Right: Calcaneus, talus, 

na

cuneiform, hallucal distal 

phalanx, tw

phalanges, middle phalanx

Talus, cuboid, na

medial cuneiform, metatarsal 

I, fragmentary metatarsals II–

IV

Left: Calcaneus, talus, 

na

metatarsal I and fragmentary 

metatarsal II or III. Right: 

Calcaneus, talus, cuboid, 

na

metatarsals I–V

phalanges of digits I–IV

middle and distal phalanges of 

digit II

)

)

)

)

2008

2011

1991

1983a

rinkaus (

References

Lu et al. (

Day et al. (

Pearson et al. (

T

Age

260–

200 ka

195 ka
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50 ka
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vince, China

un Ca

Location

Jinniushan, Liaoning 
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Ethiopia

Tab

Carmel, Israel
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Species

 H. heidelber

 H. sapiens

 H. neanderthalensis

un C1

Catalogue number
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Omo I

Tab
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, 

, 

e 

, all 

vicular

(continued)

, proximal and 

, proximal 

, hallucal 

, all fiv

vicular

, all three cuneiforms, 

, all three cuneiforms, 

e proximal 

, distal phalanx of digit 

vicular

vicular

, all fiv

Left: calcaneus, talus, cuboid, 

na

metatarsals I–V

middle phalanges of digits II 

and IV

II. Right: calcaneus, talus, 

medial cuneiform, 

intermediate cuneiform, 

metatarsals I–V

phalanges of digits I, II and IV

middle phalanx of digit III

Calcaneus, talus, na

cuboid, all three cuneiforms, 

metatarsals I–V

proximal and distal phalanges, 

proximal and middle 

phalanges of digits II–V

Left: calcaneus, talus, cuboid, 

na

metatarsals I–V

proximal phalanges, hallucal 

sesamoids. Right: calcaneus, 

talus, cuboid, na

three cuneiforms, metatarsals 

I–V

phalanges, hallucal sesamoids. 

Un-sided: six middle 

phalanges, nine distal 

phalanges

), 

), 

1976

1972

)

)

)

2008

), Heim (

), Heim (

1983b

1983b

1921

1921

rinkaus (

rinkaus (

rinkaus et al. (

Boule (

T

Boule (

T

T

74–

68 ka

74–

68 ka

~71 ka

oba, Ukraine

La Ferrasie, France

La Ferrasie, France

Kiik-K

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

oba 1

La Ferrasie 1

La Ferrasie 2

Kiik-K
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. Right: 

V

o proximal 

, metatarsals 

, tw

, and 

vicular

, medial cuneiform, 

, all three cuneiforms, 

, all three cuneiforms, 

, medial cuneiform, 

, hallucal proximal 

o proximal phalanges, one 

vicular

vicular

vicular

vicular

Notes

Left: calcaneus, talus, hallucal 

proximal and distal phalanges, 

tw

middle phalanx, three distal 

phalanges. Right: Calcaneus, 

talus, na

III–V

phalanx, proximal phalanx, 

middle phalanx, distal phalanx

Left: calcaneus, talus, 

na

intermediate cuneiform, 

metatarsals I, II, and IV

calcaneus, talus, cuboid, 

na

metatarsals I–V

Left: calcaneus, talus, cuboid, 

na

metatarsals I–IV

phalanges, medial and lateral 

hallucal sesamoids. Right: 

calcaneus, talus, cuboid, 

na

intermediate cuneiform, 

metatarsals I, IV

)

)

), Maureille 

1963

)

1983a

1983a

2015

veteau (

rinkaus (

rinkaus (

References

Pi

et al. (

T

T

Age

70 ka

65–

35 ka

65–

35 ka

, Iraq

, Iraq

gourdou, France

Location

Re

Shanidar

Shanidar

Species

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

gourdou 1

Catalogue number

Re

Shanidar 1

Shanidar 3
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, 

, 

, 

V

, 

, proximal V

(continued)

V

, middle phalanges V

, intermediate 

, medial hallucal 

, distal phalanx of digit 

, proximal phalanx of 

V

vicular

Left: calcaneus, talus, 

intermediate cuneiform, lateral 

cuneiform, metatarsals II–V

proximal phalanges of digits 

I–III and 

of digits II and III, distal 

phalanges of digits I and II, 

medial hallucal sesamoid. 

Right: calcaneus, talus, 

na

cuneiform, lateral cuneiform, 

metatarsals IV and 

phalanges of digits I–V

middle phalanges of digits 

III–V

II. Un-sided: fragmentary 

metatarsals II/III, distal 

phalanges of digits III–V

Left: cuboid, intermediate 

cuneiform, metatarsals II and 

III. Right: talus, metatarsals II 

and IV

digit I, distal phalanx of digit I

Left: metatarsals I, IV and 

proximal phalanx of digit 

III. Right: intermediate 

cuneiform, metatarsals III–V

proximal phalanges of digits I, 

II and 

sesamoid. Un-sided: middle 

phalanx of digit 

)

)

)

1983a

1983a

1983a

rinkaus (

rinkaus (

rinkaus (

T

T

T

65–

35 ka

65–

35 ka

65–

35 ka

, Iraq

, Iraq

, Iraq

Shanidar

Shanidar

Shanidar

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

Shanidar 4

Shanidar 6

Shanidar 8

506

Appendices

, 

o 

vicular

e 

o distal 

o proximal 

. Right: cuboid, 

. Un-sided: six 

, lateral cuneiform, 

, proximal phalanges V

vicular (SD-1057), lateral 

vicular

o proximal phalanges, one 

Notes

Left: calcaneus, talus. Right: 

fragmentary metatarsals I–III 

and 

from digits II–V

Talus, cuboid (SD-1033), 

na

cuneiform (SD-1080), 

metatarsals III–V 

(SD-613/1097a, SD-1043, 

SDR-127)

Calcaneus, talus, fiv

metatarsals, tw

phalanges of digit I

Left: talus, cuboid, na

all three cuneiforms, 

metatarsals I–V

na

metatarsals I–V

proximal phalanges, tw

middle phalanges, tw

phalanges

Tw

middle phalanx

)

)

)

)

)

)

)

1988

2009a

2009b

), Gebo and 

)

2017

2012

1985

1978

1986

2006

artz (

včić et al. (

rinkaus (

rinkaus (
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T

Rosas et al. (

T

Jungers et al. (

Jungers et al. (

Deloison (

Schw

Pablos et al. (

Rado

Age

60 ka

43 ka

36 ka

19–

17 ka

19–

16 ka

2.36 Ma

900 ka

130 ka

Spain

y, Belgium

Location

La Chapelle-aux-

Saints, France

El Sidrón, Spain

Sp

Flores, Indonesia

Flores, Indonesia

Omo, Ethiopia

Gran Dolina, Sierra 

de Atapuerca, 

Krapina, Croatia

 esiensis

 esiensis

spp. ident. 

Species

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

 H. flor

 H. flor

 Homo

 H. antecessor

 H. neanderthalensis

y 2

TD6-117

Catalogue number

La Chapelle-aux-

Saints 1

SD-1049 

(catalogue number 

of talus)

Sp

LB1

LB6

Omo 33-74-896

A

1) Krapina 240

2) Krapina 240.1

3) Krapina 240.2

4) Krapina 240.3
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Calcanei
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)

)

)
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)

2015
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)

)
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1985

2015

er (

a (

)

artz (

1988

2013

)

)

ood (

alk

)

2012

W

W
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y et al. (
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ey and 

ey and 

včić et al. (

yle and DeSilv

Merse

Schmitt (

Gebo and Schw

Leak

Leak

Leak

Bo

Gilbert (

Pablos et al. (

Harcourt-Smith et al. (

Rado

120 ka

70 ka

2.2 Ma

1.9 Ma

1.8 Ma

1.6 Ma

1 Ma

900 ka

335–

236 ka

130 ka

ya

ya

ya

y, 

en

en

en

Spain

Guerc

ora, K

ora, K

ora, K

gourdou, France

oobi F

oobi F

oobi F

Moula-

France

Re

Omo, Ethiopia

K

K

K

Bouri, Ethiopia

Gran Dolina, Sierra 

de Atapuerca, 

Gauteng, South 

Africa

Krapina, Croatia

spp. ident. 

spp. ident. 

spp. ident. 

spp. ident. 

 ectus

 . boisei?)

 H. neanderthalensis

 H. neanderthalensis

 Homo

 Homo

 (P

 Homo

 Homo

 H. er

 H. antecessor

 H. naledi

 H. neanderthalensis

. 101-080

. 

. 101-1215

gourdou 2

TD6-95

1) M-E1-206

2) M-D2-582

Re

Omo 323-76-898

KNM-ER 1476

KNM-ER 813

KNM-ER 5428

BOU-VP-2/95

A

1) U.W

2) U.W

101-148/149

3) U.W

1) Krapina 235

2) Krapina 236

3) Krapina 237

4) Krapina 238.1

5) Krapina 

238.2/238.7

6) Krapina 238.3

7) Krapina 238.4

8) Krapina 238.5

9) Krapina 238.6

10) Krapina 239.1

11) Krapina 239.2

12) Krapina 239.3

Tali
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)

)

)

)

)

2015

)

)

2015

2015

2015

2015

)

)

)

)

)

1988

1988

2013

2013

2013

2013

2017

y et al. (

včić et al. (

y et al. (

včić et al. (

y et al. (

y et al. (

References

Merse

Rosas et al. (

Harcourt-Smith et al. (

Rado

Merse

Rado

Merse

Harcourt-Smith et al. (

Merse

Harcourt-Smith et al. (

Harcourt-Smith et al. (

Harcourt-Smith et al. (

Age

120 ka

43 ka

335–

236 ka

130 ka

120 ka

130 ka

120 ka

335–

236 ka

120 ka

335–

236 ka

335–

236 ka

335–

236 ka

y, 

y, 

y, 

y, 

Guerc

Guerc

Guerc

Guerc

Location

Moula-

France

El Sidrón, Spain

Gauteng, South 

Africa

Krapina, Croatia

Moula-

France

Krapina, Croatia

Moula-

France

Gauteng, South 

Africa

Moula-

France

Gauteng, South 

Africa

Gauteng, South 

Africa

Gauteng, South 

Africa

Species

 H. neanderthalensis

 H. neanderthalensis

 H. naledi

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

 H. neanderthalensis

 H. naledi

 H. neanderthalensis

 H. naledi

 H. naledi

 H. naledi

. 101-623

. 101-997

. 101-1062

. 101-1535

. 101-1534

. 101-1682

. 101-1695

. 101-244

. 101-1530

. 101-1734

Catalogue number

M-D2-566

1) SD-440b

2) SD-1229

3) SD-1713

4) SD-2193

1) U.W

2) U.W

1) Krapina 241

2) Krapina 242

1) M-S-18

2) M-G2-464

1) Krapina 243

2) Krapina 244

M-E1-222

1) U.W

2) U.W

M-I2-8

1) U.W

2) U.W

3) U.W

U.W

1) U.W

2) U.W

vicular

Element

Na

Cuboid

Medial 

cuneiform

Intermediate 

cuneiform

Lateral 

cuneiform

Metatarsal I
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)

), 

)

)

2015

2015

)

)

2007

)

)

)

)

)

)

1988

)

1999

1988

1988

2013

2010

)

2013

2019

)

2012

1983b

1972

1982

včić et al. (

včić et al. (

y et al. (

ey (

včić et al. (

y et al. (

rinkaus (

Rado

T

Lorenzo et al. (

Lamy (

Harcourt-Smith et al. (

Rado

Merse

Lordkipanidze et al. (

Pontzer et al. (

Leak

Harcourt-Smith et al. (

Rado

Merse

Détroit et al. (

Pablos et al. (

130 ka

36 ka

900 ka

400 ka

335–

236 ka

130 ka

120 ka

1.8 Ma

1.8 Ma

335–

236 ka

130 ka

120 ka

67–

50 ka

900 ka

ya

y, 

gia

en

y, 

Spain

ora, K

de Atapuerca, 

Guerc

Guerc

y, Belgium

oobi F

Krapina, Croatia

Sp

Gran Dolina site, 

Sierra 

Spain

Arago, France

Gauteng, South 

Africa

Krapina, Croatia

Moula-

Ardèche, France

Dmanisi, Geor

K

Gauteng, South 

Africa

Krapina, Croatia

Moula-

Ardèche, France

Northern Luzon, the 

Philippines

Gran Dolina, Sierra 

de Atapuerca, 

 gensis

 ectus

spp. ident. 

 H. neanderthalensis

 H. neanderthalensis

 H. antecessor

 H. heidelber

 H. naledi

 H. neanderthalensis

 H. neanderthalensis

 H. er

 Homo

 H. naledi

 H. neanderthalensis

 H. neanderthalensis

 H. luzonensis

 H. antecessor

y 25B

y 25C

y 25D

. 101-459/461

. 101-552

TD6-70+107

TD6-124

1) Krapina 245

2) Krapina 246

1) Sp

2) Sp

3) Sp

A

Arago XLIII

U.W

1) Krapina 246.1

2) Krapina 247.2

M-D2-587

D3479

KNM-ER 997

U.W

1) Krapina 247.1

2) Krapina 247.3

3) Krapina 247.4

M-G1-147

CCH1

A

Metatarsal II

Metatarsal III

Metatarsal IV
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enile mammal

ut could belong to 

Notes

Could be proximal half of 

MT1, b

another juv

Could be base of a left MT2 or 

MT3

)

)

)

)

2015

)

2015

)

2015

1993

)

)

1988

1988

ey (

1999

2009b

včić et al. (

včić et al. (

er and Leak

alk

References

Harcourt-Smith et al. (

Rado

Harcourt-Smith et al. (

Rado

W

Lorenzo et al. (

Harcourt-Smith et al. (

Jungers et al. (

Age

335–

236 ka

130 ka

335–

236 ka

130 ka

1.5 Ma

900 ka

335–

236 ka

74 ka

urkana, 

de Atapuerca, 

ya

est T

en

Location

Gauteng, South 

Africa

Krapina, Croatia

Gauteng, South 

Africa

Krapina, Croatia

W

K

Gran Dolina site, 

Sierra 

Spain

Gauteng, South 

Africa

Flores, Indonesia

 esiensis

 ectus

Species

 H. naledi

 H. neanderthalensis

 H. naledi

 H. neanderthalensis

 H. er

 H. antecessor

 H. naledi

 H. flor

. 101-248

. 101-269

. 101-518

. 101-1412

. 101-497

. 101-750

. 101-1437

. 101-1444

. 101-1513

. 101-1559

. 101-1585

TD6-25

Catalogue number

1) U.W

2) U.W

1) Krapina 248.1

2) Krapina 248.2

3) Krapina 248.3

4) Krapina 248.4

1) U.W

2) U.W

1) Krapina 249.1

2) Krapina 249.2

3) Krapina 249.3

4) Krapina 249.4

5) Krapina 249.5

6) Krapina 249.6

7) Krapina 249.7

KNM-WT 15000

A

1) U.W

2) U.W

3) U.W

4) U.W

5) U.W

6) U.W

7) U.W

LB11/1

Element

Metatarsal V

Fragmentary 

metatarsal 

shafts
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(continued)

)

)

)

2015

2015

2015

)

)

)

)

1999

1988

2009b

1999

včić et al. (

Harcourt-Smith et al. (

Lorenzo et al. (

Harcourt-Smith et al. (

Rado

Jungers et al. (

Lorenzo et al. (

Harcourt-Smith et al. (

335–

236 ka

900 ka

335–

236 ka

130 ka

74 ka

900 ka

335–

236 ka

de Atapuerca, 

de Atapuerca, 

Gauteng, South 

Africa

Gran Dolina site, 

Sierra 

Spain

Gauteng, South 

Africa

Krapina, Croatia

Flores, Indonesia

Gran Dolina site, 

Sierra 

Spain

Gauteng, South 

Africa

 esiensis

 H. naledi

 H. antecessor

 H. naledi

 H. neanderthalensis

 H. flor

 H. antecessor

 H. naledi

. 101-801

. 101-869

. 101-082

. 101-1442

. 101-1452

. 101-504

. 101-725

. 101-976

. 101-1148

. 101-1395

. 101-1441

. 101-1557

. 101-1657

TD6-30

TD6-31

TD6-32

1) U.W

2) U.W

1) A

2) A

1) U.W

2) U.W

3) U.W

1) Krapina 250.1

2) Krapina 250.2

3) Krapina 250.3

4) Krapina 250.4

5) Krapina 250.5

6) Krapina 253.3

LB10

A

1) U.W

2) U.W

3) U.W

4) U.W

5) U.W

6) U.W

7) U.W

8) U.W





Fragmentary 

metatarsal 

heads

Hallucial 

proximal 

phalanx

Proximal

phalanx, other/

un-determined

position
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)

)

)

)

1988

2013

2019

1999

včić et al. (

y et al. (

References

Rado

Merse

Détroit et al. (

Lorenzo et al. (

Age

130 ka

120 ka

67–

50 ka

900 ka

y, 

Guerc

de Atapuerca, 

Location

Krapina, Croatia

Moula-

Ardèche, France

Northern Luzon, the 

Philippines

Gran Dolina site, 

Sierra 

Spain

Species

 H. neanderthalensis

 H. neanderthalensis

 H. luzonensis

 H. antecessor

TD6-33

TD6-34

TD6-35

Catalogue number

1) Krapina 251.1

2) Krapina 251.3

3) Krapina 253.1

4) Krapina 253.2

5) Krapina 253.3

6) Krapina 253.4

7) Krapina 253.5

8) Krapina 253.6

9) Krapina 253.7

10) Krapina 253.8

11) Krapina 253.9

12) Krapina 

253.10

13) Krapina 253.11

14) Krapina 253.12

15) Krapina 253.13

16) Krapina 253.14

17) Krapina 253.15

18) Krapina 253.16

19) Krapina 253.17

20) Krapina 253.18

M-K2/3-FNN3

CCH4

1) A

2) A

3) A

Element

Middle 

phalanx
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(continued)

)

2015

)

)

)

)

)

1988

1988

2013

2019

1999

včić et al. (

y et al. (

včić et al. (

Harcourt-Smith et al. (

Rado

Merse

Détroit et al. (

Rado

Lorenzo et al. (

335–

236 ka

130 ka

120 ka

67–

50 ka

130 ka

900 ka

y, 

Guerc

de Atapuerca, 

Gauteng, South 

Africa

Krapina, Croatia

Moula-

Ardèche, France

Northern Luzon, the 

Philippines

Krapina, Croatia

Gran Dolina site, 

Sierra 

Spain

 H. naledi

 H. neanderthalensis

 H. neanderthalensis

 H. luzonensis

 H. neanderthalensis

 H. antecessor

. 101-550

. 101-661

. 101-988

. 101-1399

. 101-1438

. 101-1549

. 101-1575

. 101-1587

. 101-1591

. 

. 

TD6-36

TD6-68

1) U.W

2) U.W

3) U.W

4) U.W

5) U.W

6) U.W

7) U.W

8) U.W

9) U.W

10) U.W

101-1594

11) U.W

101-1625

1) Krapina 254.1

2) Krapina 254.3

3) Krapina 254.5

4) Krapina 254.6

M-D3-760

CCH3

1) Krapina 252.1

2) Krapina 252.2

3) Krapina 252.3

4) Krapina 252.4

1) A

2) A

Hallucial 

distal phalanx

Distal 

phalanx, 

other/un-

determined 

position
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)

)

2015

)

2015

)

 H. sapiens

1988

2013

uted to 

včić et al. (

y et al. (

References

Harcourt-Smith et al. (

Rado

Merse

Harcourt-Smith et al. (

Age

335–

236 ka

130 ka

120 ka

335–

236 ka

y, 

Guerc

ut not include those specimens attrib b

Location

Gauteng, South 

Africa

Krapina, Croatia

Moula-

Ardèche, France

Gauteng, South 

Africa

 Homo

uted to the genus 

o associated pedal elements

Species

 H. naledi

 H. neanderthalensis

 H. neanderthalensis

 H. naledi

. 101-988

. 101-1526

. 101-1550

. 101-1576

. 101-884

. 101-1118

. 101-1589

. 101-1592

. 101-1595

. 101-1598

wn pedal fossils attrib

Catalogue number

1) U.W

2) U.W

3) U.W

4) U.W

1) Krapina 251.2

2) Krapina 254.2

M-D2-603

1) U.W

2) U.W

3) U.W

4) U.W

5) U.W

6) U.W

eleton defined here as at least tw

Element

Phalangeal 

fragments

This table includes kno

Partial foot sk

a

b
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