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CHAPTER 1

Introduction

Michael L. Platt and Asif A. Ghazanfar

MOTIVATION FOR THE BOOK

Why do people find monkeys and apes so com

pelling to watch? One clear answer is that they
seem so similar to us, and thus perhaps provide a
window into our own minds and how they have
evolved over millennia. As Charles Darwin wrote
in his Notebook M, “He who understands
baboon would do more toward metaphysics
than Locke.” Such similarities notwithstanding,
Darwin recognized that behavior and cognition,
and the neural architecture that support them,
evolved to solve specific social and ecological
problems (Darwin, 1872).

Darwin, and later the pioneering ethologists
Konrad Lorenz, Niko Tinbergen, and Karl Von
Frisch (who shared the Nobel Prize in 1973),
argued that behavior must be understood in

terms of its proximate causes, evolutionary ori

gins, developmental sequence, and physiological
and anatomical mechanisms (Hinde, 1982).
Defining and operationalizing species typical
behaviors for neurobiological study and con

veying neurobiological results to ethologists
and psychologists are therefore fundamental to
an evolutionary understanding of brain and
behavior. Neurobiological, psychophysical, and
ethological perspectives must be integrated.
Unfortunately, behavioral scientists and neuro

biologists rarely interact, and most practitioners
remain experts in their own fields but maintain
little knowledge of the others.

The “neuroethological” approach envisioned
by Darwin, pioneered by the European etholo
gists, and finally refined by modern neurobiolo
gists and biologists like Walter Heiligenberg,

Fernando Nottebohm, Nobuo Suga, and others
has provided rich insights into the minds of a
number of different
Research into the natural behavior of bats, for
example, led scientists to discover that these
animals use the acoustic and timing differences

nonhuman animals.

between the sound of an emitted vocalization
and its subsequent echo to identify and localize
a target prey (Simmons, 1989). With this beha
vioral foundation, neuroscientists used the tem
poral and spectral attributes of echolocation
signals to reveal the specialized functional orga
nization of the bat’s auditory cortex (Suga,
1990). A similar story holds for the electric fish
(Heiligenberg, 1991). In the early 1960s, etholo
gists discovered that certain species of fish emit
electrical discharges for locating salient objects
and can adaptively shift the frequency of these
discharges so that they do not interfere with the
discharges of other fish. Once this “jamming
avoidance” behavior was characterized in more
detail, neuroscientists were able to anatomically
and physiologically map out the sensorimotor
neural circuitry underlying it. Bats and electric
fish continue to be popular model systems pri
marily because of this strong link between nat
ural behaviors and brain function.

In stark contrast, neuroscientists who investi
gate the function and structure of primate brains
often focus on more general cognitive processes
and neglect their species typical behaviors.
Psychological and neurobiological studies of pri
mates typically require them to discriminate
simple stimuli whose salience or behavioral sig
nificance is arbitrarily assigned. Observational
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studies of primates in the wild, however, demon

strate that primates (like bats, electric fish, and
numerous other species) are not ‘“‘generalized”
processors of information. Instead, specific sti

muli, such as the facial gestures or vocalizations
of others in their groups, are intrinsically salient,
attract attention, and evoke species typical
responses. Many of these behaviors are shared
by both human and nonhuman primates,
although they may vary according to social struc

ture, habitat, mating systems, and developmental
processes. Ignoring the species typical behavior
of primates leads to the potentially erroneous
idea that all primate brains are essentially
different sized versions of the same basic plan.
A more promising, and biologically realistic,
way to examine the neural bases of primate beha

vior would be to move beyond measures of brain
size or neocortex size and investigate the anatomy
and physiology of particular brain structures as
they relate to species typical behaviors. That is,
we must develop a neuroethology of primate
behavior and cognition.

The goal of this book is to do just that. Our
aim is to bridge the epistemological gap between
ethologists and neurobiologists who study pri
mates by collecting, for the first time in a single
book, both basic and cutting edge information
on primate behavior and cognition, neuro
biology, and the emerging discipline of neu
roethology. In this volume, leading scientists in
several fields review work ranging from primate
foraging behavior to the neurophysiology of
motor control, from vocal communication to
the functions of the auditory cortex. Written by
some of the foremost experts in these fields, we
hope this book will serve as an important
resource for the professional and the student
alike. The resulting synthesis of cognitive, etho
logical, and neurobiological approaches to pri
mate behavior yields a richer understanding of
our primate cousins that also sheds light on the
evolution of human behavior and cognition.

ORGANIZATION

This book brings together the latest information
on primate behavior, cognition, and neuro
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biology in chapters written by the foremost
experts in the field. The book is roughly orga

nized into three sections. The first section
reviews our current understanding of key issues
in primate taxonomy, behavior, and cognition.
The second section reviews recent advances in
our knowledge of the neural mechanisms under

lying perception, motor control, and cognition.
The final portion of the book covers work that
explicitly attempts to bring together species

typical behavior and neurobiology work that
represents a new wave of neuroethological
research on primate behavior and cognition.
Our hope is that this synthesis will set the stage
for an interdisciplinary dialogue between inves

tigators on either side of the behavior biology
divide.

The first section begins with a discussion of
current understanding of primate phylogeny by
Cartmill. His thesis is that a cladistic approach
based on genetics, supplemented by morpholo
gical and behavioral data, offers unique promise
for organizing relationships among living pri
mates as well as their pattern of descent from a
common ancestor. Understanding evolutionary
relationships within the Order Primates is a key
starting point for the comparative study of pri
mate behavior and neurobiology. This chapter is
followed by an in depth review of primate loco
motion by Schmitt, who argues that primates
(including humans) show patterns of locomo
tion and locomotor control that are different
from all other mammals. Schmitt argues that
changes in limb function associated with the
adaptive diversification of locomotor patterns
in the primate clade probably required the evo
lution of profound specializations in the neural
control of locomotion. Most of these putative
specializations remain unknown or unexplored.
This realization suggests that comparative stu
dies of the neuroethology of locomotion in pri
mates may offer unique insights into motor
control, and such insights may have implications
for fields as diverse as robotics and the clinical
treatment of paralysis with brain machine inter
face devices.

Following this discussion of primate locomo
tion, Janmaat and Zuberbiihler review recent
studies of primate foraging behavior in the



INTRODUCTION

wild. The authors suggest that the information
processing problems primates encounter in
foraging, particularly searching for ripe edible
fruits, may have provided the impetus for the
evolution of enhanced cognitive skills such as
cognitive mapping and forecasting the ripeness
of fruits based on the recent history of weather.
Next, Cheney and Seyfarth review our under
standing of vocal communication in primates.
They contend that primate communication calls
convey information about both the caller’s affec
tive state and objects and events in the world.
signaling
mechanism appears to be fundamentally social
in nature and thus crucial for the representation
of goals, intentions, and knowledge.
Synthesizing the prior chapters on foraging
and vocal communication, Stevens reviews deci

Crucially, this mixed referential

sion making behavior in primates. Evidence
from both human and nonhuman primates
demonstrates that decision makers often fail to
behave as predicted by economic principles of
rational utility maximization. Based on this evi

dence, Stevens contends that understanding
decision making and its underlying mechanisms
will be most successfully advanced by an evolu

tionarily informed framework termed “bounded
and ecological rationality,” which emphasizes
the match between decision mechanisms and
the natural environment. Central to under

standing the mechanisms underlying decision
making is defining the role of intentionality.
Rosati, Santos, and Hare review evidence that
monkeys and great apes understand the psycho

logical states of others. They conclude that some
apes, and perhaps some monkeys as well, under

stand behavior in terms of goals, intentions, and
even knowledge.

Next, Brannon, Jordan, and Jones provide
compelling evidence for a homologous cognitive
and neural system supporting numerical
approximation in lemurs, monkeys, apes, and
humans. This approximate number system
appears to form the backbone upon which sym
bolically mediated numerical computation and
mathematical operations are built in humans.
Finally, Gintis reviews contemporary models of
human behavior in various fields including eco
nomics, biology, anthropology, sociology, and

neuroscience. He argues that, although these
models are often incompatible, they can be ren
dered more coherent by incorporating core
principles that include an evolutionary perspec
tive. Together, the chapters in the first section of
the book clearly endorse the notion that under
standing the neurobiology of primate behavior
and cognition will profit from an evolutionary
and ethological approach.

The second section of the book reviews our
knowledge of the brain circuits that underlie
behavior and cognition in human and non
human primates. First, Kaas outlines the major
organizational features of the sensory and motor
systems in primates. Comparison of these sys
tems with respect to other mammals suggests
their likely organization in ancestral primates
and reveals an adaptive diversity in extant pri
mates that is unique among mammals. Hayden
builds on this comparative analysis of sensory
and motor systems with a detailed neuroanato
mical and neurophysiological account of visual
processing in the primate brain. Hayden con
tends that consideration of the natural require
ments for detecting and identifying behaviorally
meaningful stimuli such as insects, fruits, and
the facial identities and expressions of other
individuals likely played an important role in
the evolution of visual processing and, by exten
sion, the evolution of cognition in primates.
Moore and Noudoost focus on one salient
aspect of visual behavior with a review of the
neural mechanisms mediating selective visual
attention. They describe a body of evidence
that strongly implicates specific neural circuits
in controlling visual orienting behavior.

Following this discussion of vision and atten
tion, Miller and Cohen describe our under
standing of how the primate brain parses
vocalizations as auditory objects. The authors
argue that in the primate auditory system, evo
lution selected for those neural mechanisms that
bind the acoustic features of vocalizations into
behaviorally meaningful units that can be acted
upon, just like objects in the visual domain.
Hatsopoulous, Saleh, and Mattiello build on
the preceding reviews of sensory mechanisms
with a review of the neural mechanisms under
lying the production of movement. Based on
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current evidence, they contend that motor
cortex does not encode any simple physical
variable like velocity or direction but rather
encodes elementary action fragments that can
be assembled into simple behaviors. This
hypothesis is consistent with a neuroethological
approach, which predicts that neural mechan
isms will be organized to produce adaptive
behavior rather than follow arbitrary physical
principles. Groh and Pai take this discussion
one step further by looking at the neural
transformations that mediate sensory motor
integration. They suggest that the brain
transforms head centered auditory information
into a rate coded format anchored to a hybrid
reference frame that is suitable for guiding
movements of the eyes, but may also permit
extrapolation of sound location for guiding
other types of movements.

The foregoing review of sensory and motor
systems is followed by reviews of the neural
mechanisms underlying cognitive processes
including emotion, reward, memory, social
behavior, numerosity, and executive control.
First, Gothard and Hoffman examine the
neural circuits that process emotion in the pri
mate brain. They argue that two nested cortical
and subcortical circuits mediate emotional eva
luation of behaviorally meaningful stimuli.
Although these systems are shared with other
mammals, they appear to be further specialized
for social behavior in primates. Schultz builds on
this discussion by reviewing the neural mechan
isms underlying reward learning in primates. He
argues that structures involved in learning and
reward, particularly midbrain dopamine neu
rons, appear to calculate the difference between
expected and received rewards. This prediction
error signal appears to be fundamental to
learning and decision making in primates and
other mammals. Following these discussions of
emotion and reward, Naya and Suzuki review
the role of the medial temporal lobe in associa
tive memory. They argue that parallel, but dis
tinct, mechanisms mediate the formation of
long term associations between stimuli versus
associations between stimuli and action.
Synthesizing the discussions of emotion,
reward, and memory, Maestripieri reviews the
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neural mechanisms mediating species typical
social behavior. He concludes that neuromodu

latory influences on specific neural circuits,
including amygdala, orbitofrontal cortex, and
hippocampus, underlie specific patterns of
affiliation, dominance behavior, and social
tolerance in different species and among indivi

duals within a species.

The last two chapters of the second section of
the book cover aspects of primate cognition that
are often assumed to be uniquely human. First,
Nieder reviews the evidence that neurons in the
parietal cortex and prefrontal cortex selectively
encode the numerical values of objects or events
in the environment. The tuning properties of
these neurons directly parallel the psychophy
sical properties of numerical judgments.
Moreover, many of these neurons also appear
to encode spatial extent thus suggesting a
single cortical system dedicated to representing
approximate quantity derived from multiple
features of particular stimuli or events. Finally,
Wallis examines the role of prefrontal cortex in
controlling complex, flexible behavior. He con
cludes that homologous mechanisms mediate
the abstraction of rules, strategies, and task sets
in human and nonhuman primates, and argues
that this system likely evolved in concert with
increasing behavioral complexity in primates.

The final section of the book sketches an
outline of the neuroethology of primate
behavior and cognition. This portion of the
book is the most speculative, but builds upon
the firm foundations of behavioral description
and basic neurobiology described in the
preceding sections of the book. The chapter by
Preuss advocates an evolutionary approach to
understanding comparative brain anatomy in
primates. He argues that deep understanding of
the relationships between brain and behavior
requires determining how evolution modifies
specific systems of neurons and their intercon
nections, and not just relating brain size to gross
measures of cognition or behavior. Such neu
roethological studies will require active manage
ment of captive and wild populations of
primates needed for detailed comparison.

Following this charge, Graziano reviews
evidence that motor cortex in primates is not
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organized according to topographic maps
related to the body surface, but is organized
according to species typical motor behavior.
He finds that microstimulation with behavio
rally relevant time courses evokes basic move
ments such as bringing food to the mouth,
climbing, or defensive responses. He concludes
that primate motor cortex serves as an interface
functionally specialized for producing species
typical actions. Tsao, Cadieu, and Livingstone
then take a neuroethological approach to object
and face recognition. They argue that the specia
lization of the primate brain for identifying and
assigning meaning to faces a ubiquitous and
salient social stimuli may provide a roadmap
for understanding how the primate brain iden
tifies and extracts information about other types
of objects. Synthesizing what we know about
face and voice processing in the primate brain,
Romanski and Ghazanfar argue that under
standing the evolution of human communica
tion  requires  the  recognition  that
communication is fundamentally multimodal
in nature. They review behavioral, anatomical,
and neurophysiological data to support this con
tention. Shepherd and Platt review the neural
mechanisms underlying social attention in pri
mates. They suggest that the neural systems
mediating visual orienting behavior are
intrinsically sensitive to social cues in the
environment, thereby promoting the adaptive
acquisition of behaviorally relevant social
information.

Lee follows these sensory level discussions
with a review of the neuroethology of decision
making in primates. He argues that primates
evolved more complex decision making circuits
to deal with the increasing complexities
associated with social interactions. He reports
evidence that primates can treat interactions
with a computerized opponent strategically, a
behavior that requires the representation of cur
rent goals as well as prior rewards and prior
actions. Neurons in the prefrontal cortex, in
particular, seem to encode these variables.
Barrett and Rendall present an alternative view
to the notion that complex social behaviors in
primates require complex brain processes. They
argue that social behavior in primates may be

mediated by relatively simple rules that use the
structure of the social environment as a scaffold.
This is in opposition to the notion that social
knowledge must be explicitly represented by
specialized neural circuits. The complexity of
the social environment is, in essence, an emer

gent property of these simple rules of social
engagement.

The final two chapters of the book examine
the ability of primates to use tools. Hopkins
reviews behavioral and neurobiological data on
tool use in primates. He finds that great apes, in
particular chimpanzees, excel at tool use espe
cially generalizing principles to new tool using
tasks and contexts. He finds limited evidence
that monkeys, even highly manual species such
as capuchins, do so as readily. Hopkins argues
that this behavior is strongly associated with
neuroanatomical changes that include the
expansion of the cerebellum and interhemi
spheric connectivity. Finally, Iriki, Yamazaki,
and Sakura review neurophysiological studies
of how primates learn to extend their actions
with tools. They find that learning to use tools
modifies not only the response properties of
neurons involved in motor planning and sen
sory motor transformation, but also their ana
tomical connections. Moreover, they contend
that tool learning prepares and adapts the pri
mate brain to learn more complex combinatorial
tool use techniques. The authors speculate that
tool use learning in primates may provide the
scaffolding upon which other more complex
aspects of cognition are built.

THE WAY FORWARD

The primate brain is not a generalized informa

tion processing device, or simply a differently
scaled version of a prototypical mammalian
brain. Our hope is that the juxtaposition of
these various ideas from the ethological, cogni

tive, and neurobiological literature will lead to
the recognition that we cannot understand the
evolution of primates (and humans, in parti

cular) without understanding the sophisticated
relationships between species typical behaviors
and neural processes.
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Recognition of this relationship leads to
several ideas about the way forward. We offer a
few of these ideas here. First and foremost (and
as illustrated in our cover illustration), the Order
Primates is a very diverse taxon, comprising
numerous different species with different
habitats and social systems. Unfortunately, very
few primate species are used as subjects in
behavioral and neurobiological studies. That is,
the “comparative approach” has not been taken
to heart, and without it, we cannot accurately
construct the evolution of any particular trait or
identify what is unique to our species (Preuss,
2000).

Another omission in most discussions of the
evolution of primate brains and behaviors is
the role of development. To understand the
evolutionary origins of a phenotype, we must
understand the relationship between ontoge
netic and phylogenetic processes (Gottlieb,
1992; Gould, 1977). This relationship can
inform questions about homology and help
determine whether putative homologies reflect
the operation of the same or different mechan
isms (Schneirla, 1949). Are the developmental
processes leading to the emergence of particular
behaviors similar or different across primate
species? The answer will likely determine to
what extent homologies at the neural level
make sense. For example, the rate of neural
development in Old World monkeys and
humans differs considerably all sensorimotor
tracts are heavily myelinated by 2 to 3 months
after birth in rhesus monkeys, but not until 8 to
12 months after birth in human infants. These
differences are paralleled at the behavioral
level in the emergence of species specific
motor, socioemotional, and cognitive abilities
(Antinucci, 1989; Konner, 1991).

Between brains and the environment, there is
a body. How the body shapes brain processes
and vice versa during development and
experience with the environment is almost
completely ignored (see Schmitt, this volume,
for an exception). For example, whereas other
New World monkeys are not very dexterous and
possess a poorly developed area 5, Cebus mon
keys are the only New World primate known to
use a precision grip, and thus have an extended
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repertoire of manual behaviors. Unlike other
New World monkeys, but much like the
macaque monkey, Cebus monkeys possess a
proprioceptive cortical area 2 and a well
developed area 5, which is associated with
motor planning and the generation of internal
body coordinates necessary for visually guided
reaching, grasping, and manipulation (Padberg
et al., 2007). These types of data suggest that
parallel evolution of brain areas and behaviors
can be driven (or at least paralleled) by changes
in body morphology (Rose, 1996).

Finally, a real synthesis of the emerging ideas
from ethology and neurobiology will require
better experimental paradigms for the latter. As
it currently stands, most primate neurophysio
logical studies are carried out under conditions
of restraint while the subjects view static presen
tations of stimuli, trial after trial. This, of course,
is nothing like the real world. Future studies will
get around this artificiality (at least partially) in
two ways. First, the use of interactive paradigms
between two (albeit restrained) primates holds
great promise for understanding the neural bases
of social interactions, including dominance
interactions (Fujii et al., 2008). Related to this,
a second method of simulating dyadic interac
tions is through the use of synthetic agents,
either computer animations or robots. These
afford the experimenter the ability to control
one side of the social interaction (and thus
explore experimentally different questions in a
tightly controlled manner). Finally, telemetric
technology is getting increasingly more refined,
allowing the recording of multiple channels of
neural signals remotely with lightweight, and
long lasting, battery packs (Obeid et al., 2004).
This allows the monitoring of free ranging
primates in a limitless variety of scenarios. The
added realism of these emerging techniques
offers great promise for full realization of an
integrated, evolutionarily motivated neu
roethology of primate behavior and cognition.
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CHAPTER 2

Primate Classification and Diversity

Matt Cartmill

A TAXONOMY OF
CLASSIFICATIONS

There are basically two ways of grouping things:
by their properties or by their connections.
Descriptive groupings are defined by shared
properties of their members. An example is the
class of diamonds, which includes all and only

those objects composed mainly of carbon atoms
arranged in a cubical crystal lattice. Historical
groupings, by contrast, are defined by causal
linkages among their members for example,
the class of all the ancestors of George
Washington, from the Precambrian down to
Washington’s parents. These are different kinds
of sorting criteria. Diamonds are not connected
with each other in any way, and Washington’s
ancestors have no special properties in common
apart from those shared with other organisms.
Biologists have tried classifying organisms by
their observable properties, by their genealogical
connections, and by a mixture of both. Each
approach has both merits and defects. The
chief difficulty with a purely descriptive system
is that each descriptor defines a different set of
organisms. These sets overlap, and it is not clear
why some descriptors should have priority over
others in making sequential cuts. For example,
in the first (1735) edition of Systema Naturae,
Linnaeus classified the whales as fish because
they had glabrous skin and lacked feet; but in
the canonical 10th edition of 1758, he reclassi
fied them as mammals because they had milk
glands and bore live young. This correction
seems warranted to us, but there was no way of
justifying it in the purely descriptive framework

imposed by Linnaeus’s own creationist assump
tions. We have no reason for thinking that milk
glands take precedence over feet in the mind of
God.

The underlying justification for Linnaean
classification became apparent when historical
and causal linkages were introduced into the
system after the emergence of Darwinism in the
mid 1800s. Linnaeus’s nested sets were real enti
ties because they corresponded to successive
branching points on the phylogenetic tree. Milk
glands were relevant properties for defining the
1758 class Mammalia because they were inher
itances from a common ancestor shared by all
mammals and by no other organisms. Glabrous
skin and fins ancient vertebrate traits lost in
the ancestors of the first mammals, and subse
quently re evolved in the Cetacea as special
adaptations to life in the sea did not reflect
the geometry of evolutionary relationships, and
therefore were not relevant properties for
defining a taxon (the 1735 class Pisces).

For a century after Darwin, biological classi
fication was dominated by mixed systems that
combined phylogenetic and essentialist criteria.
In such systems, sometimes referred to as evolu
tionary systematics, taxa were defined by the
acquisition of key evolutionary novelties.
Within a taxon, subtaxa were distinguished
from each other by clusters of shared adaptive
novelties that evolved later than the key traits
defining the larger taxon. One of these subtaxa
usually constituted a basal “wastebasket taxon”
comprising early, little differentiated members
of the larger taxon, together with later forms

10
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that had remained persistently primitive. Such
wastebasket taxa included Amphibia within
Tetrapoda, Reptilia within Amniota, Prosimii
within Primates, and so on.

In these mixed systems, taxonomic practice
was constrained by phylogenetic or historical
criteria as well. Taxa were usually required to
be “monophyletic,” which meant that they
were supposed to contain only descendants of
the first species having the taxon’s defining
properties. The lower boundary of each taxon
was defined by the point of acquisition of those
properties on the lineage leading to its last
common ancestor (LCA). If the key properties
were acquired independently in two separate
lineages, the descriptive grouping that they
defined was “polyphyletic.” Such taxa were gen
erally forbidden, though some systematists
accepted low levels of polyphyly (Simpson,
1945, 1961).

During the 1950s and ’60s, the primacy of
this mixed approach was challenged by two
rivals, one of which ultimately swallowed the
other and replaced evolutionary systematics in
a classical Kuhnian paradigm shift (Cartmill,
1999). The defeated challenger was a strictly
descriptive system known as “numerical tax
onomy’ (Sokal & Sneath, 1963), which excluded
phylogeny as a classificatory criterion on the not
unreasonable grounds that it is not an obser
vable property. Numerical taxonomists began
by enumerating the species included in the clas
sification and then analyzing their properties
into characters with varying states. The resulting
character state matrix was processed to generate
taxonomic groupings that maximized the overall
sum of shared intrataxon resemblances.

The victorious challenger and currently reg
nant style in systematics, known as cladistics or
phylogenetic systematics (Hennig, 1966), groups
organisms solely on the basis of phylogenetic
relationships. The determination of those rela
tionships begins with a character state analysis
of the species in the group being classified, as in
numerical taxonomic practice. All character
states that are primitive within the group (sym
plesiomorphies) are discarded as irrelevant to the
determination of phylogeny. The remainder are
sorted out into synapomorphies (traits of
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uniquely shared derivation) and homoplasies
(parallelisms, convergences, and coincidences
that constitute noise in the phylogenetic
signal), using criteria of maximum parsimony
(minimizing the number of assumed changes
from primitive to derived states) or maximum
probability. This process generates hierarchically
arranged groupings defined by nested synapo
morphies. Each group is required to be holophy
letic, encompassing all and only the descendants
of its LCA. Such groupings are called clades.
Wastebasket taxa, which contain only the
LCA’s descendants but not all of them, are
termed paraphyletic and are not admitted to
the system. All taxa are defined exclusively by
synapomorphies, and every grouping must be
distinguished from its nearest relative its
“sister group” by at least one synapomorphy
represented in the sister by a more primitive
state of the same character. The nonintersecting
sets generated by this sort of analysis can be read
out either as hierarchical Linnaean classifica
tions or as atemporal branching tree diagrams
known as cladograms. The classification is iso
morphic with the cladogram.

SOME PROBLEMS WITH
CLADISTICS

The theoretical rigor and fascinating technical
intricacies of the cladistic approach have helped
to give it a position of unchallenged dominance
in modern systematic practice. Apart from its
esthetic appeal, cladistics has contributed to
biology by bringing the logic of phylogenetic
reconstruction into sharper focus. But a strictly
phylogenetic ~ systematics encounters pro
blems in theory, in systematic practice, and in
practical utilization.

The deepest theoretical problem is that some

organisms are in fact wholly primitive relative to
others, and thus lack defining apomorphies
(nonprimitive traits). Therefore, they cannot be
classified. For example, all character states in an
ancestral species are by definition primitive rela
tive to other states of the same characters in its
descendants. This problem is particularly irk
some for paleontologists, who occasionally dis
cover extinct organisms that left recognizable



12

descendants. Cladistic systematists tend to deal
with this difficulty by seeking unique apomor
phies in apparently primitive organisms that
exclude them from an ancestral status, or by
sneaking wastebasket taxa back into the system
in various ways erecting unranked taxa called
“plesions,” referring to primitive extinct forms
informally as “stem groups,” or using old was
tebasket taxon names like “reptile” inside quo
tation marks to show that they are being
naughty.

Another deep problem involves the identifi
cation of morphological characters and char
acter states. The words we use to describe
morphology are not objectively determined by
nature. Choosing such words involves what can
only be called an act of poetic imagination; and
different terminologies with similar information
content can yield different cladograms when
they are fed through the machineries of cladistic
analysis (Cartmill, 1982, 1994a). In primate sys
tematics, a simple example of this sort of pro
blem is provided by the postorbital septum, a
bony partition separating the orbital contents
from the chewing muscles in monkeys and apes
(Anthropoidea). The small carnivorous Asian
primates called tarsiers have a septum with a
gap in it. Other primates lack the septum
(Fig. 2.1). Not having a septum is primitive. If
we score the septum as “present” versus
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“absent,” it counts as a synapomorphy linking
anthropoids to tarsiers (Cartmill, 1980;
Cartmill & Kay, 1978). But if we score it as
“complete” versus “‘incomplete” (Beard &
MacPhee, 1994), the septum counts as a unique
synapomorphy of the anthropoids that distin
guishes them from tarsiers, thereby skewing the
analysis in the opposite direction. Neither
dichotomization seems obviously preferable.
Analyzing the character into multiple states
arrayed in a linear or branching transformation
series involves arbitrary choices of other sorts.
The weighting of morphological characters
also raises serious questions for cladistic prac
tice. Most cladistic methodologies apply equal
weighting to all characters, so that the difference
between (say) “tail long” and “tail short” counts
as much in judging phyletic affinities as that
between “six cervical vertebrae” and “seven cer
vical vertebrae.” But variation in some charac
ters is known to be far more significant than in
others. Among mammals, the number of caudal
vertebrae is highly variable, but the number of
cervical vertebrae is virtually invariant and
appears to be controlled by regulatory genes
acting at a much deeper level early in the process
of segmentation. Interspecies differences in the
number of neck vertebrae should therefore
count much more heavily in assessing group
affinities than differences in the number of tail

Figure 2.1 The inside of the right orbit in three primates: semidiagrammatic front views. In the primitive
condition (Galago, A), the frontal, zygomatic, and maxillary bones (f, z, m) form a postorbital bar. In the
anthropoid arrangement (Saimiri, C), outgrowths from the alisphenoid (a) and zygomatic combine with
flanges of the maxillary and frontal bones to form a complete bony postorbital septum separating the orbital
contents from the temporal fossa. The condition in Tarsius (B) is intermediate. L, lateral orbital fissure.
From Cartmill, M., & Smith, F. H. (2009). The human lineage. New York: Wiley Blackwell. Used with

permission.
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vertebrae. But how much more? We can feel
certain that the arbitrary imposition of equal
weighting here is a mistake that introduces
error into the reconstruction, but alternative
weightings seem equally arbitrary. When the
unknown errors due to arbitrary weighting are
multiplied across the hundreds of characters
commonly tallied up in morphological char
acter state matrices, it is hard to have much
confidence in the details of the resulting
cladogram.

WHALES AND HIPPOS AND
COWS, OH MY

Many of these problems can be obviated by
giving up on morphology and going directly to
the genome. Although identifying homologous
parts of different genomes is not a simple matter,
the conceptual basis of homology is clearer for
DNA data than it is for morphological data
(Cartmill, 1994b), and the boundaries of char

acters (nucleotide positions in a homologous
sequence) and character states (the four nucleo

tides) are unambiguous. Over the course of the
past two decades, DNA data have increasingly
supplanted phenotypic data in reconstructing
the phylogenetic relationships of living organ
isms. For the most part, phylogenies inferred
from the genome have corroborated those
inferred from the phenotype; but some intract
able disputes of long standing have been decisi
vely resolved, and there have been surprises.
The use of SINEs (“Short Interspersed
Nuclear Elements”) as lineage markers has
enhanced the consistency and reliability of mole
cular phylogenetic analyses (Cook & Tristem,
1997; Shedlock et al., 2004). A SINE can be
thought of as a transfer RNA molecule that has
become parasitic by introducing a retrotran
scribed DNA copy of itself into the nuclear
DNA. The introduced sequence is capable of
making new RNA copies, which then reproduce
themselves at new target loci. SINE insertions are
particularly reliable markers of lineage relation
ships for three reasons: (1) the primitive state at
the parasitized locus is always “SINE absent”;
(2) the template DNA copy is not excised during
replication, so that it remains indefinitely at the
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parasitized locus as a permanent marker of a
unique character state change; and (3) parallel
mutations to the derived character state and
reversions to the primitive character state are
vastly less likely than they are in the case of
single nucleotide mutations.

Molecular analyses of mammalian phylogeny
have revealed some highly corroborated clades
that had gone undetected by morphologists
(Fig. 2.2). Primitive eutherian (placental) mam
mals first appear in the Lower Cretaceous of Asia
around 125 million years ago (Mya), and were
present in both Asia and North America by 110
Mya (Ji et al., 2002). Molecular clock analyses
suggest that the divergence of the extant
eutherian orders dates back to about this time
(Eizirik et al., 2001; Kumar & Hedges, 1998;
Murphy et al., 2001). The initial split seems to
have been between the South American eden
tates (Xenarthra) and all other eutherians, fol
lowed by the divergence of an Africa based
supraordinal clade (Afrotheria) comprising the
elephants, sea cows, hyraxes, tenrecs, and some
other originally African groups. The remaining
eutherian orders form a clade (Boreotheria) with
two major subdivisions: (1) primates and related
groups plus the rodents and rabbits
(Euarchontoglires), and (2) everybody else
(Laurasiatheria, including carnivores, ungulates,
whales, shrews, hedgehogs, and bats).

Parts of some of these clusters had been
glimpsed by morphologists and paleontolo
gists for example, the primate treeshrew
colugo group (Archonta: Gregory, 1910) and
the elephant seacow hyrax group (Paenungu
lata: Simpson, 1945) but even in these cases
the affiliations of the tenrecs and the rodent
rabbit group (Glires) were unexpected. Perhaps
the biggest surprise was the deeply imbedded
position of the whales and dolphins (Cetacea)
within the even toed hoofed mammals or Artio
dactyla, where they fall out as the sister group of
hippopotamuses and as successively more dis
tant relatives of ruminants plus pigs and camels.
The molecular identification of the cetaceans as
artiodactyls (Arnason et al., 2000; O’Leary &
Gatesy, 2007) has since been corroborated by
the discovery of early fossil whales that retained
hindlimb bones with distinctively artiodactyl
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Figure 2.2 Phylogenetic relationships of major clades of extant eutherian mammals, as inferred from
retroposon insertions and other molecular data. Based on Kriegs, J., Churakov, G., Kiefmann, M.,
Jordan, U., Brosius, J., & Schmitz, J. (2006). Retroposed elements as archives for the evolutionary history
of placental mammals. PLoS Biology, 4(4), e91. (Cetartiodactyl branching details added from
O’Leary, M. A., & Gatesy, J. [2007]. Impact of increased character sampling on the phylogeny of
Cetartiodactyla (Mammalia): Combined analysis including fossils. Cladistics, 23, 1 46.)

morphology (Gingerich et al., 2001; Thewissen
et al., 2001).

These revelations bring into focus some ques
tions about the utility of classifications that are
based solely on genealogical connections.
Phylogenetic relationships are usually correlated
with the distribution of phenotypic properties,
but not always. Whales, cows, pigs, and camels
are all artiodactyls in a cladistic sense, but there
is virtually nothing that they have in common
apart from some shared DNA sequences. A killer
whale and a sheep are as different in anatomy,
ecology, and way of life as it is possible for two
placental mammals to be. Classifying them
together as “cetartiodactyls” encodes no useful
information about their biology. It is not entirely
clear why this is supposed to be a desirable out
come of biological systematics. In a mixed or
evolutionary system of classification, this sort
of situation would be handled by drawing an
ordinal boundary across the artiodactyl lineage
leading to the ancestral whales and treating

Artiodactyla and Cetacea as cognate orders, with
Artiodactyla being retained as a paraphyletic but
adaptively coherent grouping ancestral to the
Cetacea. But in a cladistic classification, we are
obliged to erect a sequence of nested taxa of con

tinually diminishing biological import to express
the successive furcations of the cladogram:
Superorder  hippos and whales, Hyperorder
hippos whales and cows, Grandorder hippos

whales cows and camels, and The
resulting groupings are not very useful for talking
about anything except genealogy.

The foregoing exposition on systematics is
offered by way of an apology for what fol
lows namely, an annotated partial classifica
tion of the order Primates (Table 2.1) that is
neither entirely descriptive nor entirely genealo
gical. The classification includes extinct primate

SO on.

groups, but I have given them short shrift, for
two reasons. First, their phylogenetic relation
ships are often unclear and inferable only from
morphological data, with all the inherent defects



Table 2.1 A Partial Classification of the Order Primates

SUBORDER STREPSIRRHINI

Infraorder tAdapiformes
Superfamily {Adapoidea
Family tAdapidae (TAdapis, TAdapoides, Cryptadapis, tLeptadapis, TPalaeolemur, etc.)
Family fNotharctidae (7 Notharctus, TCantius, TCercamonius, T Periconodon, etc.)
Family fSivaladapidae (fSivaladapis, t Guangxilemur, tIndraloris, Sinoadapis, etc.)

Infraorder Lemuriformes

Superfamily Lemuroidea
Family Daubentoniidae (Daubentonia)
Family Indriidae (Indri, Avahi, Propithecus, etc.)
Family Lepilemuridae (Lepilemur)
Family Lemuridae (Lemur, Eulemur, Hapalemur, Varecia, TPachylemur)
Family Cheirogaleidae (Cheirogaleus, Microcebus, Mirza, Allocebus)
Family tMegaladapidae (TMegaladapis)
Family fPaleopropithecidae (fPaleopropithecus, T Mesopropithecus, tBabakotia, etc.)
Family tArchaeolemuridae (tArchaeolemur, THadropithecus)

Superfamily Lorisoidea
Family Lorisidae (Loris, Nycticebus, Perodicticus, Arctocebus, TKaranisia, etc.)
Family Galagidae (Galago, Galagoides, Euoticus, Otolemur, TSaharagalago, etc.)

SUBORDER HAPLORHINI

Infraorder Tarsiiiformes
Superfamily TOmomyoidea
Family fOmomyidae (fOmomys, T Tetonius, TNecrolemur, etc.)
Superfamily Tarsioidea
Family Tarsiidae (Tarsius)

Infraorder Anthropoidea
SECTION PLATYRRHINI
Superfamily Ceboidea
Family Callitrichidae (Callithrix, Cebuella, Callimico, Saguinus, Leontopithecus)
Family Cebidae (Cebus, Saimiri)
Family Aotidae (Aotus, T Tremacebus)
Family Atelidae (Ateles, Lagothrix, Brachyteles, Alouatta, T Protopithecus)
Family Pitheciidae (Pithecia, Cacajao, Chiropotes, Callicebus, T Homunculus, etc.)
SECTION CATARRHINI
Superfamily tPropliopithecoidea (TPropliopithecus, TAegyptopithecus, TMoeripithecus)
Superfamily fPliopithecoidea (fPliopithecus, TEpipliopithecus, tCrouzelia, etc.)
Superfamily TProconsuloidea
Family fProconsulidae (fProconsul, TAfropithecus, TKenyapithecus, etc.)
Family fSugrivapithecidae (fSivapithecus, TAnkarapithecus, TGigantopithecus, etc.)
Family tDendropithecidae ( TDendropithecus, TMicropithecus, tSimiolus, etc.)
Superfamily Hominoidea
Family {Dryopithecidae (fDryopithecus, T Pierolapithecus, TOreopithecus, etc.)
Family Hylobatidae (Hylobates)
Family Pongidae (Pongo, TKhoratpithecus?)
Family Hominidae (Homo, TAustralopithecus, Pan, Gorilla)
Superfamily Cercopithecoidea
Family fVictoriapithecidae (T Victoriapithecus, TProhylobates)

(continued)
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Table 2.1 (Continued)

PRIMATE NEUROETHOLOGY

Family Cercopithecidae (Cercopithecus, Chlorocebus, Macaca, Papio, etc.)
Family Colobidae (Colobus, Presbytis, Trachypithecus, Nasalis, etc.)

Anthropoidea incertae sedis:

Families TProteopithecidae, TOligopithecidae, fParapithecidae

HAPLORHINI INCERTAE SEDIS:
Family tEosimiidae

PRIMATES INCERTAE SEDIS:

Families Plesiopithecidae, tAmphipithecidae.

Extinct groups (including paraphyletic stem groups) are indicated by daggers.

of such data magnified by the scrappy nature of
the fossil record. Second, they are of secondary
interest in the context of the present volume.
Recent reviews of the systematics, diversity, and
evolution of extinct primates can be found in
Hartwig (2002) and Cartmill and Smith (2009).
The following classification is generally con
servative and utilizes taxon names that are com
should be widely
understood. It follows phylogenetic relation
ships where it seems convenient and biologically
useful to do so, but employs paraphyletic group
ings where phylogeny is unclear or where deeply
imbedded groups seem sufficiently distinct

monly employed and

adaptively to warrant distinction by elevating
their rank (e.g., Callitrichidae). However,
I have followed cladistic principles and current
fashion in sinking gorillas and chimpanzees into
the human family (Hominidae) rather than
adopting the now quaint seeming practice of
using the orangutan family (Pongidae) as a taxo
nomic wastebasket for the great apes. What
seems to me to be the most probable pattern of
phyletic relationships among the extant pri
mates, as judged from molecular evidence, is
presented in Figures 2.3 and 2.4.

ORDER PRIMATES

The primates are a moderately diverse order of
mainly arboreal eutherians known as fossils
from the earliest Eocene onward in both the
New and Old Worlds. Almost all extant primates
inhabit tropical and subtropical forests and

woodlands, though humans and some Old
World monkeys range into drier and colder
habitats. Distinctive morphological synapomor
phies of the crown group (living primates and
extinct descendants of their LCA) include large,
forward facing eyes set in complete bony rings;
elaboration of the visual apparatus and visual
parts of the brain; a tympanic bulla formed by
an extension of the bone (petrosal) surrounding
the membranous labyrinth; and grasping hind
feet with a divergent hallux bearing a flat nail.
The claws of the other digits are also modified
into flattened nails in most primates, which is
probably another crown group synapomorphy.
Grasping specializations of the hand have
evolved secondarily in several primate lineages.
Molecular data show that primates are particu
larly close relatives of treeshrews and “flying
lemurs” or colugos (Fig. 2.2). Most paleontolo
gists regard the Plesiadapiformes, an extinct
(Cretaceous late Eocene) group of primarily
arboreal, vaguely rodent like mammals, as
stem group primates (that is, the extinct sister
of the crown group). However, plesiadapiforms
lack the primate cranial synapomorphies listed
previously, and share apomorphies of their own
that exclude them from the direct ancestry of the
crown group primates (Bloch et al., 2007). In
what follows, the term “primate” will be
restricted to members of the crown group.

For most practical purposes, primates can be
divided into a wastebasket “prosimian” group
(Prosimii) of so called “lower” primates com
prising early and persistently primitive forms,
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Figure 2.3 Phylogenetic relationships of major clades of extant strepsirrhine primates (lorises and
lemurs), as inferred from molecular data. After Roos, C., Schmitz, J., & Zischler, H. (2004). Primate

jumping genes elucidate strepsirrhine phylogeny.

Proceedings of the National Academy of Sciences, 101,

10650 10654, with compatible addenda from Horvath, J., Weisrock, D., Embry, S., Fiorentino, I., Balhoft, J.,
Kappeler, P., et al. (2008). Development and application of a phylogenomic toolkit: Resolving the
evolutionary history of Madagascar’s lemurs. Genome Research, 18, 489 499.

and a holophyletic clade of “higher” primates
(Anthropoidea) comprising monkeys, apes, and
humans. One prosimian group, the tarsiers
(Tarsiidae), is linked to the anthropoids by var
ious morphological synapomorphies (Fig. 2.1:
Cartmill & Kay, 1978; Kay et al., 1997, 2004)
and by molecular apomorphies including pat
terns of SINE insertion (Schmitz & Zischler,
2004). A subordinal cut between Haplorhini
(tarsiers plus anthropoids) and Strepsirrhini
(nontarsier prosimians), rather than a cut
between Prosimii and Anthropoidea, is adopted
here on cladistic grounds.

SUBORDER STREPSIRRHINI

Extant strepsirrhine primates can be described as
looking rather like monkeys with the heads of
dogs (Fig. 2.5). Most of the traits in which they
differ systematically from other primates are pri

mitive  (plesiomorphic) states of various

characters of the central nervous system and the
visual and nasal apparatus. Strepsirrhine symple
siomorphies include the comma shaped nostrils
and wet dog like rhinarium that give the taxon its
name. However, the living strepsirrhines are
bound together as a clade by a few apparent
synapomorphies, the most obvious being the
modification of the lower incisors and canines
into a “toothcomb” (Fig. 2.6) used for grooming
the fur (and for specialized feeding activities in
some species). Strepsirrhines also differ from
other primates in having an epitheliochorial
rather than a hemochorial placenta. This is
counted as a synapomorphy by some and a sym
plesiomorphy by others (Wildman et al., 2006).

1 Infraorder Adapiformes

This extinct group of lemur like primates includes
most of the larger and more herbivorous primates
known as fossils from the Eocene. Adapiforms lack
the toothcomb, and it is not certain that they are
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more closely related to lemurs than they are to
monkeys (Gebo, 2002; Rasmussen, 1986). If they
are not, then Strepsirrhini as defined here is a
wastebasket taxon.

Adapiforms constitute a single superfamily,
Adapoidea, divisible into three families. The
Adapidae comprise several genera of medium
sized, primarily folivorous primates, including

some heavily built, slow moving forms that may
have resembled sloths their ecology.
Notharctidae were more active, lemur like, run
ning and leaping animals. The Sivaladapidae
were an Asian radiation of adapiforms that cul
minated in some largish (ca. 7 kg), deep jawed,

in

monkey convergent prosimians known from the
Miocene of Southeast Asia.
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Figure 2.5 The face of a strepsirrhine primate (Varecia juvenile). From Cartmill, M., & Smith, F. H.
(2009). The human lineage. New York: Wiley Blackwell. Used with permission.

Figure 2.6 Dentition of the cheirogaleid lemuroid Cheirogaleus medius, showing the toothcomb (T).
From Cartmill, M., & Smith, F. H. (2009). The human lineage. New York: Wiley Blackwell, after
James, W. (1960). The jaws and teeth of primates. London: Pitman Medical Publishing. Used with

permission.

Infraorder Lemuriformes

This grouping comprises the toothcomb pri
mates, divided into the lemurs of Madagascar
(Lemuroidea) and the lorises and galagos or
bushbabies (Lorisoidea) of Africa and Asia.
The two groups differ systematically in a
number of anatomical details, particularly of

the cheek teeth and the middle ear. Lorisoids
are known from late Eocene deposits in the
Fayum Depression of Egypt (Seiffert et al.,
2003) and from the Miocene of Africa and
southern Asia. There is essentially no fossil
record of lemuroid evolution; the oldest
extinct lemuroids are Holocene species that
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overlapped in time with the early human
colonists of Madagascar.

Superfamily Lemuroidea

The Malagasy primates constitute a holophyletic
clade of considerable antiquity. Recent mole
cular clock estimates date the first divergence
within the lemuroids (between Daubentonia
and the others) to around the time of the K T
boundary (Horvath et al., 2008). The available
data point to a late Cretaceous or early Tertiary
colonization of Madagascar by a single ancestral
lemuroid species, presumably derived from the
same undocumented proto lemuriform radia
tion in Africa that gave rise to the ancestral
lorisoids (Yoder et al., 1996). Like other small,
isolated land masses, Madagascar has a taxono
mically impoverished fauna whose endemic
groups have radiated to fill ecological spaces
preempted by other taxa on the major conti
nents. Most of the extant lemuroids occupy
niches broadly similar to those filled by primates
in other tropical forests, but Daubentonia and
some of the large extinct lemurs developed unu
sual specializations.

Family Daubentoniidae The aye aye Dau

bentonia madagascariensis is the sole primate
representative of a foraging guild that has been
labeled “mammalian woodpeckers” (Beck,
2009) or “woodpecker avatars” (Cartmill,
1974). The extant members of this guild the
aye aye and the Australasian marsupials of the
genus Dactylopsila inhabit areas devoid of
birds that feed on wood boring insect larvae.
They have developed similar convergent adapta

tions for exploiting this resource, including
enlarged incisors for cutting into infested wood
and an elongated, clawed finger used for probing
exposed tunnels and snagging the grubs. The
aye aye’s complex foraging habits (Erickson,
1994) are probably related to the large size of
its brain, which is as big relative to body size as
those of some monkeys (Stephan, 1972;
Stephan & Andy, 1969). The aberrant morpho

logical specializations of the aye aye (including
inguinal nipples, claws on all digits except the
hallux, and permanently growing incisor teeth
like those of rodents) and the antiquity of its
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estimated divergence from the other Malagasy
primates lead some systematists to assign it to a
separate infraorder of its own, Chiromyiformes.

Family Indriidae The indriid genera Indri,
Propithecus, and Avahi comprise several species
of lemurs specialized for a diet of leaves and a
“vertical clinging and leaping” pattern of posi
tional behavior. They have long, powerful hin
dlimbs capable of propelling them from tree to
tree in 10 meter leaps, and their long hands and
feet have robust, widely divergent first digits
adapted to grasping large vertical supports. The
indriids include the largest extant strepsirrhine,
Propithecus diadema (>7 kg), as well as one of
the smallest folivorous primates, Avahi laniger
(~1 kg). Avahi is nocturnal in its activity, but
Propithecus and Indri are mainly diurnal ani
mals, and some species have strikingly patterned
and colored pelage, presumably correlated with
color vision.

Family Lepilemuridae Seven or more species
of Lepilemur are distinguished by taxonomists,
mainly on the basis of pelage variants. All are
small (500 to 1,000 g), long tailed, nocturnal,
arboreal folivores with a moderate degree of
specialization for leaping locomotion. Despite
its adaptive convergence with Avahi, Lepilemur
shows no special morphological similarity to the
indriids, and recent molecular data (Horvath
et al., 2008) position it as the phyletic sister of
the mouse and dwarf lemur family
Cheirogaleidae (Fig. 2.3).

Family Lemuridae Of the four genera of
extant lemurids, three (Lemur, Eulemur, and
Varecia) are rather similar looking medium
sized animals with long foxy muzzles, generally
fruit centered dietary preferences, and daily
activity cycles ranging from semi nocturnal
(Eulemur mongoz) to strictly diurnal (Lemur).
Lemur catta, the sole species in its genus, has a
more terrestrial activity pattern and larger group
sizes (up to 20+ animals) than other living
lemuroids. Its phyletic sister Hapalemur is
another small folivore (700 to 2,400 g), with a
suite of anatomical, behavioral, and biochemical
specializations for feeding on bamboo. Although
the Lemuridae as a whole lack obvious
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morphological synapomorphies, SINE inser
tions (Roos et al., 2004) identify them as a holo
phyletic clade and the sister group of the indriids
(Fig. 2.3).

Family Cheirogaleidae This family com
prises five genera of small nocturnal primates
ranging in size from ~300 g (Mirza coquereli)
to 30 g (Microcebus myoxinus, the smallest living
primate). All feed on high energy foods fruit,
nectar, gums, and animal prey and some spe
cies of Microcebus and Cheirogaleus conserve
energy during lean seasons of the year by esti
vating or by metabolizing fat stored in the tail.
Many experts have pointed to Microcebus as a
plausible living model for the last common
ancestor of the crown group primates. Cheiro
galeids share certain potentially apomorphous
anatomical traits with galagos, including elonga
tion of the tarsal bones and peculiar specializa
tions of the carotid arterial circulation. Some
systematists have accordingly suggested that
they may be more closely related to the lorisoids
than to the other Malagasy lemurs (Cartmill,
1975; Schwartz, 1986; Szalay & Katz, 1973).
However, molecular data consign the
cheirogaleids to a deeply imbedded position
within the lemuroid clade (Fig. 2.3: Goodman
et al., 1998; Horvath et al., 2008; Roos et al,,
2004; Yoder et al, 1996). Any features they
share with galagos must therefore be conver
gences, or symplesiomorphies retained from
the lemuriform LCA.

Three families of large bodied lemuroids
became extinct around the time of the initial
human colonization of Madagascar some 2,000
years ago. Paleopropithecidae (Paleopropithecus,
Mesopropithecus, Babakotia) were suspensory
arboreal leaf eaters convergent in their ecology
and locomotor anatomy with the tree sloths of the
New World. The largest of them, Archaeoindris, is
known mainly from a single skull, which was as big
as that of a male gorilla. This gigantic “sloth lemur”
may have been a terrestrial form resembling a
ground sloth. Another huge extinct lemur,
Megaladapis (family Megaladapidae), appears to
have been a slow moving (but not suspensory),
great ape sized (40 to 80 kg) folivore. It is
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sometimes likened to a giant koala. The
Archaeolemuridae (Archaeolemur, Hadropithecus)
include the most terrestrial offshoots of the
lemuroid radiation, convergent in various respects
with certain ground feeding Old World monkeys.

Superfamily Lorisoidea

Although far less diverse than the primates of
Madagascar, the continental lemuriforms are
nevertheless divided into two sharply differen

tiated subgroups. Both molecular and fossil data
point to a late Eocene divergence of the two. The
family Lorisidae (lorises) comprises four genera
of African (Perodicticus, Arctocebus) and Asian
(Loris, Nycticebus) prosimians that range in
size from 1,200 g (N. coucang) to around 200 g
(A. aureus). All four lorisid genera share noc

turnal habits, diets featuring animal prey, and a
suite of striking apomorphies of locomotor
anatomy and behavior vestigial tails, vise like
hands and feet, and cautious, often weirdly slow
patterns of locomotion in which at least one hand
or foot remains in contact with the support at all
times, even during running (Schmitt et al., 2006).
The members of the other lorisoid family, the
Galagidae  (Galago, Otolemur,  Galagoides,
Euoticus), are also nocturnal animals with mixed
diets, but their locomotor specializations are just
the opposite: galagos are adapted to leaping and
have correspondingly long tails, long and
powerful hindlimbs, and elongated tarsal bones
that add leverage and speed at takeoff. Ranging in
size from Otolemur (~1,100 g) to the diminutive
Galagoides (=60 g), galagos are limited in distri

bution to Africa.

SUBORDER HAPLORHINI

Although tarsiers and anthropoids are united by
a substantial list of shared derived features of
morphology, many systematists continue to
resist their assimilation into a common suborder
Haplorhini (Shoshani et al., 1996.) There are
three main reasons for this resistance: (1) some
of the candidate haplorhine synapomorphies
(e.g., the hemochorial placenta) may in fact be
symplesiomorphies, (2) most of the candidate
synapomorphies are either unknown or lacking
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in the fossil prosimians often regarded as pos
sible tarsier relatives, and (3) some molecular
data suggest that tarsiers have closer ties to
lemurs and lorises than to anthropoids (Eizirik
et al., 2004). However, the bulk of the molecular
data, including SINE insertions, confirm the
monophyly of the extant Haplorhini
(Schmitz & Zischler, 2004).

Infraorder Tarsiiformes

The only animals universally admitted to this
infraorder are the five to eight species in the
extant genus Tarsius (tarsiers), which inhabit
several islands of the Malay Archipelago
including Sumatra, Borneo, Sulawesi, and the
Philippines. The affinities of tarsiers are
obscured by their grotesque specializations,
which collectively justify their German name of
“goblin lemurs” (Koboldmaki). Visual predators
par excellence, these small animals (<100 g)
have enormous eyeballs each as large as the
brain, in some species. Their retinas lack cones
but have foveas (Wolin & Massopust, 1970),
suggesting descent from a diurnal ancestor with
smaller eyes. Tarsiers are the only exclusively
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faunivorous primates, and their antemolar den

tition is uniquely specialized for seizing and
holding prey, with stabbing, dagger like incisors
supplementing the canines and a battery of
pointed premolars (Fig. 2.7). The tarsier post

cranium is highly specialized for vertical clinging
and leaping, with long hindlimbs; elongated
tarsal bones (which give tarsiers their name);
highly stabilized, hinge like hip and ankle
joints; and long stiff tails that serve as props in
clinging to vertical supports. Tarsiers’ bulging
eyes, elongated legs and feet, and long fingers
and toes tipped with expanded pads give them a
vaguely froggy appearance despite their long
tails and big, galago like ears.

Living tarsiers are here placed in a
Superfamily Tarsioidea of their own, distin
guished from a Superfamily tOmomyoidea
containing an array of extinct Paleogene prosi
mians often regarded as tarsiiforms. Omo
myoids comprise most of the nonadapoid
primates known from the Eocene. Most of
them are small animals known exclusively from
teeth and jaws, which evince a spectrum of
dietary adaptations ranging from insectivory to
frugivory. A few of the larger omomyoids may

Figure 2.7 Antemolar dentition of Tarsius. I, upper central incisor (Il); C, lower canine. From Cartmill,
M., & Smith, F. H. (2009). The human lineage. New York: Wiley Blackwell. Used with permission.
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have been folivores. Known skulls and postcra

nial remains variously resemble those of cheir

ogaleids and galagos, with varying degrees of
limb specializations for leaping and generally
large eye sockets that suggest nocturnal habits.
Several omomyoid genera exhibit apomorphies
peculiar to tarsiers among living primates, but
these are scattered in distribution and are not
hierarchically nested in a way that would imply
ordinated degrees of phyletic relationship to
Tarsius.

The first omomyoids known, from the early
Eocene, are very similar in molar morphology to
the earliest adapoids (Ni et al., 2004; Rose &
Bown, 1991), intimating that these fossils may
be sampling the initial stages in the divergence of
haplorhines from strepsirrhines. However, this
inference conflicts with molecular clock esti
mates that date the haplo strepsirrhine split to
some 80 Mya, well back in the Mesozoic
(Horvath et al., 2008; Martin, 1993). Some tiny
but strikingly tarsier like molars and a fragmen
tary maxilla from the middle Eocene of China
have been attributed to the genus Tarsius (Beard
et al., 1994; Rossie et al., 2006). If Tarsius itself
was already present in the Eocene, then most of
the isolated tarsier like features found among
omomyoids must be convergences or paralle
lisms. At present, the haplorhine affinities of
these extinct “tarsiiforms” remain uncertain
(Beard, 1988).

Infraorder Anthropoidea

Living anthropoids are distinguished from tar
siers and other prosimians by a host of synapo
morphies, including a complete postorbital
septum, fusion of the two halves of the lower
jaw, vertically implanted spatulate incisors, a
foveate retina with a cone rich area centralis,
enlargement of the brain and elaboration of the
visual centers, and numerous details of the cheek
teeth, ear region, and postcranium. Molecular
phylogenetic studies uniformly confirm the
holophyly of the anthropoid clade. The earliest
fossils universally acknowledged as anthropoids
come from Eocene deposits of the Egyptian
Fayum (Seiffert et al., 2005; Simons &
Rasmussen, 1994). The known specimens show
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or imply that these stem group anthropoids
(Families TOligopithecidae, Proteopithecidae,
and fParapithecidae) had distinctively anthro
poid teeth, ear regions, and orbits, but lacked
some of the synapomorphies of the crown group
(e.g., big brains and fused mandibular sym
physes). Other candidate Eocene anthropoids
include two groups from eastern Asia, the
tAmphipithecidae and fEosimiidae, which are
dismissed by some authorities as anthropoid
convergent adapoids and omomyoids, respec
tively (Beard, 2002; Beard et al, 2005;
Ciochon & Gunnell, 2004; Ciochon et al., 2001;
Gunnell & Miller, 2001; Rasmussen, 2002).

Section Platyrrhini = Superfamily Ceboidea

Living anthropoids are divided into two groups:
the monkeys of the New World tropics
(Platyrrhini) and the monkeys, apes, and
humans of the Old World (Catarrhini). The
platyrrhines are almost wholly plesiomorphous
relative to the crown group catarrhines, lacking
such distinctive catarrhine synapomorphies as a
tubular extension of the bony ring (ectotym
panic) around the eardrum and the loss of the
anterior premolar. Nevertheless, there are a few
candidate synapomorphies of the New World
monkeys, mainly in details of the dentition,
and they consistently sort out as a clade in ana
lyses based on molecular data.

The origins of the New World monkeys are
mysterious. They first appear in Oligocene
deposits of South America, at a time when
South America was separated from other con
tinental land masses by oceanic gaps of hundreds
of kilometers. Some systematists who think that
anthropoids originated in Asia postulate an
entrance into South America via Beringea and
North America, but the general consensus is that
they probably descend from some African basal
anthropoid that somehow managed to get across
the South Atlantic. Floating rafts of coastal vege
tation torn loose by a tropical storm are a pop
ular fantasy vehicle for this sea crossing
(Chiarelli & Ciochon, 1980). Origin by vicar
iance (continental rifting yielding a cladistic
split in the attached fauna) is unlikely,
because estimated molecular dates for the
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platyrrhine catarrhine divergence (32 36 Mya)
postdate the Cretaceous zoogeographic isolation
of South America from the other continents by
at least 30 million years (Bocxlaer et al., 2006;
Glazko & Nei, 2003).

Morphological and molecular data concur in
segregating the platyrrhines into five clusters (Fig.
2.4). The marmosets and tamarins (Family
Callitrichidae) are the smallest living anthropoids,
ranging in size from 500 g (Callimico) down to
~110 g (Cebuella). Their small size correlates with
a dietary preference for insects, plant gums, and
other high energy foods. All their digits except the
first toe are furnished with sharp claws, which
facilitate clinging to thick tree trunks in feeding
on exudates. The callitrichids’ small size is also
correlated with uniquely high reproductive rates
for anthropoids up to four offspring annually
per female. This high birth rate is made possible by
consistent twinning and by a cooperative breeding
system in which males and juveniles carry and
tend infants, handing them over at intervals to
the group’s reproductive female to nurse.
Callimico, which lacks the twinning pattern and
the reduced dental formula seen in the rest of the
callitrichids, looks like it ought to represent a
primitive outgroup of the others but the mole
cular data belie this interpretation (Fig. 2.4).

At the opposite end of the platyrrhine size
spectrum, the Atelidae are a family of
medium sized (=5 to 10 kg) arboreal plant
eaters, including the New World’s only pri
marily folivorous monkey, Alouatta. The pla
tyrrhine stock has not given rise to a radiation
of arboreal leaf eaters like those that evolved
among the lemurs of Madagascar and the Old
World anthropoids, perhaps because that
niche was preempted in South America by
the tree sloths. All the atelids have prehensile
tails, and all but Alouatta spend a significant
amount of time hanging and swinging under
neath branches, suspended by their tails and
hands. As adaptations to this sort of arm
swinging locomotion, they have evolved some
convergently ape like apomorphies of the
limbs and trunk (Erikson, 1963). Some extinct
Pleistocene atelids (Caipora, Protopithecus)
approached the great apes in body size, with
weights of up to 25 kg.
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Of special interest to neurobiologists, the
night or owl monkey Aotus is the only nocturnal
anthropoid. Its eyes are enlarged for purposes of
light gathering under scotopic conditions, and
its retinas are afoveate and devoid of cones. This
small monkey (/1 kg) is sometimes classed in
the family Cebidae, along with Cebus (capuchin
monkeys) and Saimiri (squirrel monkeys), but is
here assigned to its own family (Aotidae)
because of its markedly divergent specializa
tions. Aotus has an average sized brain for a
New World monkey, whereas Cebus and
Saimiri are the most highly encephalized of the
living platyrrhines. This may be a synapo
morphy linking the two. However, brain
growth follows different ontogenetic trajectories
in the two genera, occurring mainly before birth
in Saimiri and mainly after birth in Cebus
(Hartwig, 1999). The large brain of Cebus corre
lates with some “advanced” behavioral apomor
phies, including tool use in both captivity and
the wild (Fragaszy et al., 2004).

The remaining platyrrhine genera (Pithecia,
Chiropotes, Cacajao, Callicebus) constitute a fifth
family of New World anthropoids, the Pithe
cidae, distinguished by several synapomorphies
including specializations of the anterior teeth for
feeding on hard, unripe fruit. Some systematists
regard Aotus as part of the pithecid clade, but
this assignment is not supported by the mole
cular data (Fig. 2.4).

Section Catarrhini

The earliest fossil anthropoids from the Old
World are no more clearly related to modern
catarrhines than they are to platyrrhines. The
oldest taxon widely accepted as a catarrhine
stem group is the early Oligocene family
tPropliopithecidae ~ from  the  Fayum.
Propliopithecids have the reduced dental for
mula characteristic of later Old World anthro
poids (2.1.2.3/2.1.2.3) and share some other
catarrhine dental synapomorphies (e.g., loss of
the paraconid cusp on the lower molars).
Otherwise, they appear to have been persistently
primitive anthropoids, with relatively small
brains, ring shaped ectoympanics, and general
ized arboreal quadruped postcranial anatomy.
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Modern catarrhines fall into two holophyletic
superfamilies: apes plus humans (Hominoidea)
and Old World monkeys (Cercopithecoidea),
distinguished from each other by conspicuous
synapomorphies peculiar to each group. The
oldest known cercopithecoids occur as fossils in
the early Miocene, whereas the first fossil apes
known to exhibit the distinctive shared peculia
rities of the living hominoids are Dryopithecus
and related genera (family fDryopithecidae)
from the late Miocene of Europe. The remaining
Miocene catarrhines are sometimes described as
“dental apes” because they had ape like denti
tions but monkey like limb and trunk skeletons,
adapted to quadrupedal locomotion rather than
arm swinging. They are assigned here to two
extinct  superfamilies:  the  paraphyletic
TProconsuloidea (which have a complete tub
ular ectotympanic) and the probably holophy
letic {Pliopithecoidea (which do not, and
presumably branched off at an earlier point
from a stem catarrhine resembling the proplio
pithecids). Both cercopithecoids and hominoids
probably  originated from  proconsuloid
ancestors.

From the Miocene onward, catarrhines have
exhibited two evolutionary tendencies not evi
dent in other primates: (1) a tendency to evolve
mating systems involving high levels of male
male competition and marked = sexual
dimorphism and (2) a tendency to occupy ter
restrial niches. The two tendencies are probably
adaptively correlated with each other. Substantial
radiations of terrestrially adapted forms have
appeared in all three of the post Oligocene catar
rhine superfamilies in the large bodied, thick
enameled proconsuloids here classified as the
family fSugrivapithecidae, in the cercopithecids
among the Cercopithecoidea, and in the homi
nids among the Hominoidea.

Superfamily Hominoidea

The living apes and humans are distinguished
by a suite of postcranial synapomorphies
thought to have originated as adaptations to
an arm swinging form of suspensory locomo

tion. Hominoids have long, limber forelimbs
with modifications of the joints that maximize
flexibility and permit the arm to be held over
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the head with the elbow fully extended. The
thorax is transversely broadened and the cla

vicle elongated (Fig. 2.8), redirecting the gle

noid socket of the shoulder joint to face more
laterally and thereby facilitating swinging and
hanging from supports above and behind the
head. Because flexion and extension of the back
no longer contribute to locomotion as they do
in a galloping quadruped, the lumbar part of
the hominoid vertebral column is reduced in
length and its epaxial extensor muscles are
reduced in volume and cross sectional area,
resulting in characteristic changes in the mor

phology of the lumbar vertebrae.

Extant hominoids are here divided into
three families. The lesser apes or gibbons
(Hylobatidae) are medium sized (5 to 12 kg),
strictly arboreal inhabitants of tropical forests in
Southeast Asia and Indonesia. Hylobatids are
swift, ricochetal arm swingers that often hurl
themselves in acrobatic, arm propelled leaps
across gaps of several meters between trees. They
seldom descend to the ground, and walk bipedally
with their hands in the air on the rare occasions
when they do so.

The remaining apes are considerably larger
animals and correspondingly more cautious in
their arboreal locomotion. Orangutans
(Pongidae) are the largest strictly arboreal pri
mates, with body weights ranging from ~36 kg
in females up to around 80 kg in big males.
Their evolutionary history is disputed. The
Miocene sugrivapithecid Sivapithecus had a
strikingly orangutan like facial skeleton, and
most authorities regard it as an early represen
tative of the Pongidae. However, known post
cranials of Sivapithecus seem to have been
generally monkey like, lacking key hominoid
apomorphies of the hand and shoulder
(Pilbeam, 2002). Either the orangutan like cra
nial features of Sivapithecus are convergences or
else most of the hominoid postcranial apomor
phies evolved separately three times in the
ancestors of gibbons, of orangutans, and of
the African apes and humans. The jury is still
out on this issue.

The final hominoid family, the Hominidae,
comprises humans (Homo) and their
Plio Pleistocene relatives (TAustralopithecus),
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Figure 2.8 Cranial views of the thorax and right shoulder girdle of a cercopithecoid (Papio, A) and
hominoid (Homo, B), showing the elongated clavicle, transversely broad thorax, and reoriented shoulder
socket (arrows) characteristic of the crown group Hominoidea. From Cartmill, M., & Smith, F. H. (2009).
The human lineage. New York: Wiley Blackwell, after Schultz, A. (1969). The life of primates. London:

Weidenfeld and Nicholson. Used with permission.

chimpanzees (Pan), and gorillas (Gorilla).
Chimpanzees and gorillas exhibit a so called
“knuckle walking” pattern of quadrupedal loco
motion, in which the weight of the upper body is
borne on the backs of the middle phalanges, and
they share some functionally related weight
bearing specializations of the hand and wrist
not seen in humans. Despite these apparent
synapomorphies, molecular data strongly indi
cate that chimpanzees are more closely related to
humans than to gorillas, and all three genera are
now conventionally lumped into the human
family on cladistic grounds.

Superfamily Cercopithecoidea

Molecular clock studies suggest a date of 23 25
Mya for the divergence of Old World monkeys
from the “dental ape” of the
Hominoidea. Cercopithecoids first appear in the
late early Miocene of North and East Africa and

ancestors

spread into Asia around the end of the Miocene.
The first cercopithecoids (fVictoriapithecidae)
are already distinguished from hominoids by sev

eral characteristic cercopithecoid synapomor

phies, including a “bilophodont” molar pattern
(in which the four main cusps of the molar teeth
are joined together by transverse crests) and var

ious postcranial traits that appear to be function

ally related to an increase in the amount of time
spent on the ground (Benefit & McCrossin, 2002;
McCrossin et al., 1998).

The extant cercopithecoids are divisible into
two differently adapted families. The Colobidae
or leaf monkeys are primarily folivores, with
correspondingly specialized teeth and saccu
lated, somewhat ruminant like stomachs. Most
extant colobids are largely or exclusively
arboreal. The Cercopithecidae are
diversely adapted, omnivorous animals that

more

manifest a wider range of life habits and body
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sizes, from the small arboreal form Miopithecus
(1,200 g) up to the large bodied, mainly ter

restrial quadrupeds Papio and Mandrillus (over
30 kg in big males). Colobids find their greatest
diversity in Asia, with one genus (Colobus)
native to Africa; conversely, cercopithecids con

stitute a largely African radiation that has given
rise to a single cosmopolitan genus (Macaca)
extending beyond Africa eastward across
southern Asia into Indonesia. Perhaps the most
successful and speciose of living primate
families, the cercopithecids comprise a bewil

dering variety of variously adapted arboreal
and terrestrial forms, including some 20 recog

nized species in each of the genera Macaca and
Cercopithecus.
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CHAPTER 3

Primate Locomotor Evolution:
Biomechanical Studies of Primate Locomotion
and Their Implications for Understanding

Primate Neuroethology

Daniel Schmitt

Primate locomotor diversity is extraordinary
when compared to most other vertebrate
groups with at least three forms of locomotion
not seen among any other mammals alive today.
One of those unique forms of locomotion is our
own upright striding bipedal gait. The 65 mil
lion year story of how our lineage departed
from a tiny mammalian ancestor and evolved
the locomotor variation we see today involves a
series of profound shifts in the way primates use
their limbs. These dramatic changes in limb
function reflect major adaptive shifts and loco
motor innovations during primate and human
evolution. These changes in limb function may
also reflect profound differences in the neural
control of locomotion between primates and
almost all other animals.

In the past 50 years primate models have
played an important role in studies of brain
and spinal cord injury and pathology (i.e.,
Courtine et al., 2005a,b, and Xiang et al., 2007,
for some of the most recent work, and
Capitanio and Emborg, 2008, for a review of
the history of this research). Beginning with the
pioneering work of Harvard neurobiologist
Derek Denny Brown, studies of locomotor pat
terns in healthy primates and those with spinal
and brain lesions have led to significant insight
into the neural control of human locomotion
(see Gilman, 1982, and Vilensky et al., 1994a,

1996 for a review of this work). Primates are
critical models for human clinical research not
only because they are our closest relatives, but
also because primates (including humans)
show patterns of locomotion and locomotor
control that are different from all other mam
mals. For example, the important (albeit con
troversial) theory that primates as a group lack
central pattern generators and rely more on
supraspinal control of motion compared to
other mammals has stimulated research that
has led to a deeper understanding and treat
ment of spinal injury (see Duysens & van de
Crommert, 2007; Grillner and Wallen 1985;
Vilensky & Larson, 1989; Vilensky &
O’Connor, 1997, 1998).

In addition to the profound clinical and
basic science insights, biomechanical studies
that compare primates to other mammals
have allowed us to better understand and
reconstruct the evolution of locomotor beha
vior in our Order and the underlying
adaptive foundations of patterns of primate
gait. Table 3.1 provides a summary of biome
chanical studies of primate locomotion that
may be a resource for those neuroethologists
interested in the underlying differences
both within primates and across orders. This
chapter describes the extreme locomotor
diversity found within primates and describes
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Table 3.1 A Representative* List of Experimental Studies of Primate Locomotion

Source Taxa Data Movement(s)

Cartmill et al., 2002, 2007a,b All T TQ, AQ

Hildebrand, 1967 All T TQ

Larson, 1998; Larson et al. 1999, 2001 All K TQ, AQ

Lemelin & Schmitt, 1998 All K TQ, AQ

Reynolds, 1985 All T, FP TQ

Reynolds, 1987 All T, K TQ, TB

Vilensky, 1987, 1989; Vilensky & Gehlsen, 1984; All T, K, EMG TQ
Vilensky & Larson, 1989

Aerts et al., 2000 Hom T TQ, TB

Chang et al., 1997, 2000; Bertram & Chang, 2001 Hom FP AS

D’Aott et al., 2002 Hom T, K TQ, TB

Elftman, 1944; Elftman & Manter, 1935 Hom KT TB

Jenkins, 1972 Hom K TB

Kimura, 1990, 1991, 1996 Hom T, En TQ

Larson & Stern, 1986, 1987 Hom EMG TQ, AQ,R

Larson et al., 1991 Hom EMG AS, TQ, R

Larson, 1988, 1989 Hom EMG AS

Okada & Kondo, 1982; Okada, 1985 Hom EMG TB

Prost, 1967, 1980 Hom KT TQ, TB, VC

Shapiro et al., 1997 Hom EMG, T TQ

Stern & Larson, 2001 Hom EMG TQ, AS

Stern & Susman, 1981 Hom EMG TQ, TB, VC

Susman, 1983 Hom K TQ, TB

Swartz et al., 1989 Hom BS AS

Tardieu et al., 1993 Hom K TB

Tuttle & Basmajian, 1974a,b,c, Hom EMG TQ, TB, AS
1977, 1978a,b; Tuttle et al., 1983, 1992

Vereecke et al., 2003, 2006 Hom FP TQ

Wunderlich & Jungers, 2009; Hom Pr TQ, AQ
Wunderlich & Ford, 2000

Yamazaki & Ishida, 1984 Hom KT TB, VC

Jenkins et al., 1978 NWM K, C, AS

Prost & Sussman, 1969 NWM KT 1Q

Schmitt, 2003a NWM FP, K, T AQ, TQ

Turnquist et al., 1999 NWM K AS

Vilensky & Patrick, 1985 NWM T, K TQ

Vilensky et al., 1994 NWM T, K 1Q

Fleagle et al., 1981 NWM, Hom EMG, BS VC, TQ, TB

Ishida et al., 1985 NWM, Hom EMG TQ, TB

Jungers & Stern, 1980, 1981, 1984 NWM, Hom EMG AS

Stern et al., 1977, 1980 NWM, Hom EMG AQ, VC

Taylor & Rowntree, 1973 NWM, Hom En

Hirasaki et al., 1993, 1995, 2000 NWM, OWM T, K, FP, EMG VC

Prost, 1965, 1969 NWM, OWM T TQ

Kimura et al., 1979; Kimura, 1985, 1992 NWM, OWM, Hom FP TQ

Kimura et al., 1983 NWM, OWM, Hom T TQ, TB

Schmitt & Larson, 1995 NWM, OWM, Hom K TQ, AQ

Vangor & Wells, 1983 NWM, OWM, Hom EMG TQ, TB, VC
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Table 3.1 (Continued)

Source Taxa Data Movement(s)
Wunderlich & Schmitt, 2000 NWM, OWM, Hom K TQ, AQ
Demes et al., 1994 OWM BS TQ
Larson & Stern, 1989; 1992 OWM EMG TQ
Meldrum, 1991 OWM KT AQ, TQ
Polk, 2002 OWM T, FP, K TQ
Rollinson & Martin, 1981 OWM T AQ, TQ
Schmitt et al., 1994 OWM EMG TQ
Shapiro & Raichlen, 2005 OWM K TQ
Wells & Wood, 1975 OWM K TQ, L
Schmitt, 1994, 1998, 1999, 2003b OWM K, FP TQ, AQ
Vilensky, 1980, 1983, 1988; Vilensky & OWM KT TQ
Gankiewicz, 1986, 1990, Vilensky et al., 1986,
1990, 1991
Whitehead & Larson, 1994 OWM K, C, EMG TQ
Alexander & Maloiy, 1984 OWM, Hom T TQ
Shapiro & Jungers, 1988, 1994 OWM, Hom EMG, T TQ, TB, VC
Anapol & Jungers, 1987 Pro EMG, T TQ,L
Carlson et al., 2005 Pro FP TQ, AQ
Demes et al., 1990 Pro T AQ
Demes et al., 1998, 2001 Pro FP L
Franz et al., 2005 Pro K, FP TQ, AQ
Gunther, 1991 Pro FP, EMG L
Ishida et al., 1990 Pro T, FP AQ
Jouffroy, 1983; Jouffroy & Gasc, 1974; Pro K, C AQ
Jouffroy et al., 1974
Jouffroy & Petter, 1990 Pro T, K, AQ
Jouffroy & Stern, 1990 Pro EMG AQ
Jungers & Anapol, 1985 Pro T, EMG TQ
Schmidt & Fischer, 2000 Pro K, C AQ
Schmitt & Lemelin, 2002 Pro FP TQ, AQ
Shapiro et al., 2001 Pro K AQ
Stevens, 2001; Stevens et al. 2001 Pro KT AQ, IAQ

Taxa: All, representative species from all of the taxa; Hom, hominoid; NWM, New World monkey; OWM, Old World
monkey; Pro, prosimian.

Data: BS, bone strain; C, cineradiography; EMG, electromyography; En, energetics; FP, force plate; K, kinematics;
Pr, pressure; T, temporal characters.

Movements: AQ, arboreal quadrupedalism; AS, arm swinging; IAQ, inclined quadrupedalism (pole); IQ, inclined
quadrupedalism (flat substrate); L, leaping; R, reaching; TB, terrestrial bipedalism; TQ, terrestrial quadrupedalism.

*This is not an exhaustive list of all studies on primate locomotion. I have included those studies that focus specifically on
primate locomotor mechanics primarily in a laboratory setting. I apologize to anyone who was excluded. A review of
many experimental studies can be found in Fleagle (1979), Jouftroy (1989), Churchill and Schmitt (2003), and Lemelin
and Schmitt (2007). The above table does not include studies by anthropologists that focus solely on human bipedalism
like those of Li and colleagues (1996), Schmitt and colleagues (1996, 1999), or Crompton and colleagues (1998).

laboratory and field studies that have illumi significance of fundamental changes in the role
nated significant differences between primates of the forelimb associated with the origin of
and other animals. These two aspects of pri primates, the evolution of suspensory beha

mate locomotion diversity and difference vior, and the evolution of upright, striding

are brought together to interpret the adaptive bipedalism.
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PRIMATE LOCOMOTOR
DIVERSITY

Classifying the locomotion of any animal is dif
ficult. Primates are especially difficult. Stern and
Oxnard (1973) argued that a system of classifi
cation must be an aid to thinking and commu
nication. But with primates this is an almost
impossible goal. There are many primates that

can effectively walk, run, leap, climb, and swing
through the trees. What name can we give to that
repertoire? What category would such an animal
fit into?

The Order Primates contains between 100
and 400 (see Chapter 2 for a review) recognized
species (Table 3.2). Figure 3.1 shows a small
sample of this diversity. Our Order includes
many primates that walk and run in a manner
that is superficially similar to dogs and cats. But
there are also many that leap large distances
between horizontal or vertical supports. There

PRIMATE NEUROETHOLOGY

are some primates that swing like pendulums
through the trees and others that walk on their
fingers, their fists, or even their knuckles. Finally,
a select group of primates walks on two legs
exclusively. This wide is made more complex
by the reality that many primate species can
use several of those different modes equally
adroitly. That flexibility was the key to the suc
cessful radiation of our Order.

At its core, the Order Primates is an arboreal
radiation. Although several species in Africa and
Asia spend most of their time on the ground
(Table 3.1), the vast majority of primates,
including all those in South America, restrict
their movements to the trees, and all primates
move into the tress to sleep and escape predators.
The physical characteristics that we use to
define primates
with nails instead of claws and forward facing
have long been associated

grasping, prehensile hands

eyes (Figure 3.2)

Table 3.2 List of Primates and Their Most Commonly Used Substrates and Locomotor Modes

Substrate
Common Name Species Name Used Locomotor Mode
SUBORDER STREPSIRRHINI
INFRAORDER LEMURIFORMES
Superfamily Lemuroidea
Family Cheirogaleidae
Fat tailed dwarf lemur Cheirogaleus medius Arboreal Quadruped/leaper
Greater dwarf lemur Cheirogaleus major Arboreal Quadruped/leaper
Lesser mouse lemur Microcebus murinus Arboreal Quadruped/leaper
Coquerel’s mouse lemur Mirza coquereli Arboreal Quadruped/leaper
Hairy eared dwarf lemur Allocebus trichotis Arboreal Quadruped/leaper
Fork crowned lemur Phaner furcifer Arboreal Quadruped/clinger
Family Lemuridae
Ring tailed lemur Lemur catta Terrestrial/ Quadruped/leaper
arboreal
Black lemur Eulemur macaco Arboreal Quadruped/leaper
Brown lemur Eulemur fulvus Arboreal Quadruped/leaper
Mongoose lemur Eulemur mongoz Arboreal Quadruped/leaper
Crowned lemur Eulemur coronatus Arboreal Quadruped/leaper
Red bellied lemur Eulemur rubriventer Arboreal Quadruped/leaper
Gray gentle lemur Hapalemur griseus Arboreal Quadruped/leaper
Golden gentle lemur Hapalemur aureus Arboreal Quadruped/leaper
Broad nosed gentle lemur Hapalemur simus Arboreal Quadruped/leaper
Ruffed lemur Varecia variegata Arboreal Quadruped

(continued)



Table 3.2 (Continued)

Substrate
Common Name Species Name Used Locomotor Mode
Family Lepilemruidae
Weasel sportive lemur Lepilemur mustelinus Arboreal Vertical clinger & leaper
Family Indriidae
Indri Indri indri Arboreal Vertical clinger & leaper
Eastern woolly lemur Avahi laniger Arboreal Vertical clinger & leaper
Western woolly lemur Avahi occidentalis Arboreal Vertical clinger & leaper
Diademed sifaka Propithecus diadema Arboreal Vertical clinger & leaper
Verreaux’s sifaka Propithecus verreauxi Arboreal Vertical clinger & leaper
Family Daubentoniidae
Aye aye Daubentonia Arboreal Quadruped
madagascariensis
Superfamily Lorisoidea
Family Loridae
Golden potto Arctocebus aureus Arboreal Quadruped
potto Perodicticus potto Arboreal Quadruped
Slender loris Loris tardigradus Arboreal Quadruped
Slow loris Nycticebus coucang Arboreal Quadruped
Lesser slow loris Nycticebus pygmaeus Arboreal Quadruped
Family Galagidae
Greater galago Otolemur crassicaudatus Arboreal Quadruped/leaper
Garnett’s galago Otolemur garnettii Arboreal Quadruped/leaper
Southern needle clawed Euoticus elegantulus Arboreal Quadruped/leaper
galago
Lesser galago Galago senegalensis Arboreal Quadruped/leaper
Southern lesser galago Galago moholi Arboreal Quadruped/leaper
Allen’s galago Galago alleni Arboreal Quadruped/leaper
Demidoff’s galago Galago demidoff Arboreal Quadruped/leaper
SUBORDER HAPLORHINI
INFRAORDER TARSLLFORMES
Family Tarsiidae
Philippine tarsier Tarsius syrichta Arboreal Vertical clinger & leaper
Horsfield’s tarsier Tarsius bancanus Arboreal Vertical clinger & leaper
Spectral tarsier Tarsius spectrum Arboreal Vertical clinger & leaper
INFRAORDER PLATYRHINI
Superfamily Ceboidea
Family Cebidae
Dusky titi Callicebus moloch Arboreal Quadruped
Northern owl monkey Aotus trivirgatus Arboreal Quadruped
White faced saki Pithecia pithecia Arboreal Quadruped
Monk saki Pithecia monachus Arboreal Quadruped
White nosed saki Chiropotes albinasus Arboreal Quadruped
Black headed uakari Cacajao melanocephalus Arboreal Quadruped
Red uakari Cacajao calvus Arboreal Quadruped
White throated capuchin Cebus capucinus Arboreal Quadruped
White fronted capuchin Cebus albifrons Arboreal Quadruped

(continued)
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Table 3.2 (Continued)

Substrate
Common Name Species Name Used Locomotor Mode
Weeper capuchin Cebus olivaceus Arboreal Quadruped
Black capped capuchin Cebus apella Arboreal Quadruped
Common squirrel monkey Saimiri sciureus Arboreal Quadruped/leaper
Family Atelidae Mantled Alouatta palliata Arboreal Quadruped
howler monkey
Red howler monkey Alouatta seniculus Arboreal Quadruped
Brown howler monkey Alouatta fusca Arboreal Quadruped
Black howler monkey Alouatta caraya Arboreal Quadruped
Black spider monkey Ateles paniscus Arboreal Arm swinger/quadruped
Long haired spider monkey Ateles belzebuth Arboreal Arm swinger/quadruped
Brown headed spider Ateles fusciceps Arboreal Arm swinger/quadruped
monkey
Black handed spider Ateles geoffroyi Arboreal Arm swinger/quadruped
monkey
Woolly spider monkey Brachyteles arachnoides Arboreal Quadruped/arm swinger
Humboldt’s woolly monkey Lagothrix lagotricha Arboreal Quadruped/arm swinger
Yellow tailed woolly Lagothrix flavicauda Arboreal Quadruped/arm swinger
monkey
Family Callitrichidae
Goeldi’s marmoset Callimico goeldii Arboreal Vertical clinger & leaper
Common marmoset Callithrix jacchus Arboreal Vertical clinger & leaper
Geoffroy’s tufted ear Callithrix geoffroyi Arboreal Vertical clinger & leaper
marmoset
Buffy headed Marmoset Callithrix flaviceps Arboreal Vertical clinger & leaper
Silvery marmoset Callithrix argentata Arboreal Vertical clinger & leaper
Pygmy marmoset Cebuella pygmaea Arboreal Vertical clinger & leaper
Golden lion tamarin Leontopithecus rosalia Arboreal Vertical clinger & leaper
Golden headed lion tamarin Leontopithecus Arboreal Vertical clinger & leaper
chrysomelas
Midas tamarin Saguinus midas Arboreal Vertical clinger & leaper
Black mantled tamarin Saguinus nigricollis Arboreal Vertical clinger & leaper
Saddle back tamarin Saguinus fuscicollis Arboreal Vertical clinger & leaper
Black chested moustached Saguinus mystax Arboreal Vertical clinger & leaper
tamarin
Red bellied tamarin Saguinus labiatus Arboreal Vertical clinger & leaper
Emperor tamarin Saguinus imperator Arboreal Vertical clinger & leaper
Pied tamarin Saguinus bicolor Arboreal Vertical clinger & leaper
Cotton top tamarin Saguinus oedipus Arboreal Vertical clinger & leaper
INFRAORDER CATARRHINI
Superfamily Cercopithecoidea
Family Cercopithecidae
Subfamily
Cercopithecinae
Allen’s swamp monkey Allenopithecus Terrestrial Quadruped
nigroviridis
Talapoin monkey Miopithecus talapoin Arboreal Quadruped
Patas monkey Erythrocebus patas Terrestrial Quadruped

36

(continued)



Table 3.2 (Continued)

Substrate
Common Name Species Name Used Locomotor Mode

Vervet monkey Cercopithecus aethiops Terrestrial/ Quadruped
arboreal

Diana monkey Cercopithecus diana Arboreal Quadruped

Greater white nosed Cercopithecus nictitans Arboreal Quadruped

monkey

Blue monkey Cercopithecus mitis Arboreal Quadruped

Mona monkey Cercopithecus mona Arboreal Quadruped

Campbell’s monkey Cercopithecus campbelli Arboreal Quadruped

Crowned guenon Cercopithecus pogonias Arboreal Quadruped

Wolf's monkey Cercopithecus wolfi Arboreal Quadruped

Lesser white nosed monkey Cercopithecus petaurista Arboreal Quadruped

Redtail monkey Cercopithecus ascanius Arboreal Quadruped

L’hoest’s monkey Cercopithecus lhoesti Terrestrial/ Quadruped
arboreal

Preuss’s monkey Cercopithecus preussi Arboreal Quadruped

DeBrazza’s monkey Cercopithecus neglectus Terrestrial/ Quadruped
arboreal

Barbary macaque Macaca sylvanus Terrestrial Quadruped

Lion tailed macaque Macaca silenus Terrestrial/ Quadruped
arboreal

Pigtailed macaque Macaca nemestrina Terrestrial Quadruped

Tonkean macaque Macaca tonkeana Terrestrial Quadruped

Celebes macaque Macaca nigra Terrestrial Quadruped

Crab eating macaque Macaca fascicularis Arboreal Quadruped

Stumptailed macaque Macaca arctoides Terrestrial/ Quadruped
arboreal

Rhesus macaque Macaca mulatta Terrestrial/ Quadruped
arboreal

Japanese macaque Macaca fuscata Terrestrial/ Quadruped
arboreal

Bonnet macaque Macaca radiata Terrestrial/ Quadruped
arboreal

Gray cheeked mangabey Lophocebus albigena Arboreal Quadruped

Black mangabey Lophocebus aterrimus Arboreal Quadruped

Hamadryas baboon Papio hamadryas Terrestrial Quadruped

Guinea baboon Papio papio Terrestrial Quadruped

Olive baboon Papio anubis Terrestrial Quadruped

Yellow baboon Papio cynocephalus Terrestrial Quadruped

Chacma baboon Papio ursinus Terrestrial Quadruped

Gelada baboon Theropithecus gelada Terrestrial Quadruped

Sooty mangabey Cercocebus atys Terrestrial/ Quadruped
Arboreal

White collared mangabey Cercocebus torquatus Terrestrial/ Quadruped
Arboreal

Agile mangabey Cercocebus agilis Terrestrial/ Quadruped
Arboreal

Tana river mangabey Cercocebus galeritus Arboreal Quadruped

(continued)
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Table 3.2 (Continued)

Substrate
Common Name Species Name Used Locomotor Mode
Mandrill Mandrillus sphinx Arboreal/ Quadruped
Terrestrial
Drill Mandrillus leucophaeus Terrestrial/ Quadruped
arboreal
Subfamily Colobinae
Black colobus monkey Colobus satanas Arboreal Quadruped
Angolan black and white Colobus angolensis Arboreal Quadruped
colobus
Western black and white Colobus polykomos Arboreal Quadruped
colobus
Abyssinian black and white Colobus guereza Arboreal Quadruped
colobus
Western red colobus Procolobus badius Arboreal Quadruped
monkey
Olive colobus monkey Procolobus verus Arboreal Quadruped
Hanuman langur Semnopithecus entellus Terrestrial/ Quadruped
arboreal
Purple faced langur Trachypithecus vetulus Arboreal Quadruped
Silvered leaf monkey Trachypithecus cristatus Arboreal Quadruped
Tenasserim langur Trachypithecus barbei Arboreal Quadruped
Dusky leaf monkey Trachypithecus obscurus Arboreal Quadruped
Delacour’s langur Trachypithecus delacouri Arboreal Quadruped
Mitered leaf monkey Presbytis melalophos Arboreal Quadruped
Douc langur Pygathrix nemaeus Arboreal Quadruped
Snub nosed langur Pygathrix roxellana Arboreal Quadruped
Proboscis monkey Nasalis larvatus Arboreal Quadruped
Superfamily Hominoidea
Family Hylobatidae
White handed gibbon Hylobates lar Arboreal Brachiator
Siamang Hylobates syndactylus Arboreal Bbrachiator
Family Hominidae
Orangutan Pongo pygmaeus Arboreal Quadrumanous/
arm swinger
Gorilla Gorilla gorilla Terrestrial Knuckle walker
Pygmy chimpanzee Pan paniscus Arboreal/ Knuckle walker/
(bonobo) terrestrial arm swinger
Common chimpanzee Pan troglodytes Terrestrial/ Kknuckle walker/
arboreal arm swinger
Human Homo sapiens Terrestrial Biped

This list of primates is derived from a review of animals listed by Fleagle (1999), Szalay and Delson (1979), and
Rowe (1996). This is not meant as a definitive or inarguable phylogenetic arrangement of primates (see Cartmill,
this volume for a critical review of primate phylogeny). This list is serve as a basis for describing the variation in
locomotor behavior in an organized list. I have chosen to list a subset of the nearly 400 species that one might be
included in a comprehensive list. For example, the many identified species of night monkey are not listed because
their locomotion does not differ. The locomotor classification is based on Rose (1973), Oxnard et al. (1990), and

Fleagle (1999).
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Figure 3.1 This painting (“Darwin and Friends,” Stephen Nash, 1985) illustrates the remarkable locomotor
diversity in the order. A terrestrial quadrupedal lemur and monkey are shown on the ground to the left, the
knuckle walking apes are on the ground to the right, arboreal quadrupeds are on the middle and high branches,
an arm swinging monkey and ape are hanging in the center, and the vertical clingers and leapers are shown on
the primary trunk. Finally, our own bipedalism is represented on the right. Used with permission.

Figure 3.2 This figure
highlights two pieces of a larger
suite of features that define
primates. (A) Forward facing
eyes in the primate (right) allow
detailed stereoscopic vision and
depth perception. (B) Grasping
hands with nails in primates
(right) allow effective gripping of
branches as well as single
handed, prehensile capture and
manipulation of objects.
Modified from Cartmill, M.
(1992). New views on primate
origins. Evolution and
Anthropology, 1, 105 111. Used
with permission.

B

with arboreal habits. Smith (1912) and Jones suggested that grasping hands and stereoscopic
(1916) were among the first to relate some of  vision met the critical need to leap great distances
the unique anatomical and behavioral character and land safely. Their views were further pro
istics of primates to living in the trees. They = moted in writings of LeGros Clark (1959) but
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later challenged and refined by Cartmill (1970,
1972, 1974a,b, 1992), who suggested that the for
ward facing eyes and grasping extremities of pri
mates should be interpreted not as adaptations
for leaping, but rather as adaptations to cautious,
nocturnal foraging for insect prey on thin, flexible
branches. Recent morphological and laboratory
based data support the latter argument (Cartmill
et al, 2002; Hamrick, 1998; Lemelin, 1999;
Schmitt, 1999; Schmitt & Lemelin, 2002).
Others have suggested that primates evolved
their unusual physical characteristics in associa
tion with foraging for fruits rather than insects
(Sussman, 1991). Exactly which aspects of arbore
ality influenced the development of primate
anatomy remains a subject of continued debate
(Cartmill, 1992; Cartmill et al. 2002, 2007a,b;
Lemelin & Schmitt, 2007; Raichlen & Shapiro,
2006; Schmitt & Lemelin, 2002; Sussman, 1991;
Szalay & Dagosto, 1988; Szalay et al., 1987). But
the fact remains that the challenges of moving
and foraging in a thin, flexible, terminal branch
milieu appear to be at the core of the anatomical,

PRIMATE NEUROETHOLOGY

behavioral, and neurological qualities that define
primates. As Jenkins (1974: 112) noted concisely,
“The adaptive innovation of ancestral primates
was therefore not the invasion of the arboreal
habitat, but their successful restriction to it.” So
it is reansonable to begin this exercise of classi
fying primate locomotion by saying that the
underlying primate bauplan reflects a history of
arboreal quadrupedal locomotion on relatively
thin supports.

Another broad statement that can be made
is that most primates rely primarily on a quad
rupedal mode of locomotion (Fig. 3.3). Of the
149 living species of primates listed in Table 3.2,
at least 107 them rely heavily on quadrupedal
locomotion (Rose, 1973). However, as has been
recognized by many authors, the term “quad
ruped” masks a remarkable diversity(Rose
1973,Hunt et al.1996). Quadrupedal primates
can be broken down, as Fleagle and Mittermier
(1980) did, into “quadrupedal runners” and
“quadrupedal leapers.” This difference is subtle
but has important implications for anatomy and

Figure 3.3 Quadrupedalism is the most common mode of locomotion among primates (Rose, 1973;
Table3.2). Quadrupedalism is found in strepsirrhines, New and Old World monkeys, and apes as is
illustrated here moving counter clockwise from left by this ring tailed lemur, yellow tailed woolly
monkey, diana monkey, and gorilla. Quadrupedalism is found in terrestrial and arboreal primates and in
primates as small as 50 grams and as large as 500 kg. Drawings by Stephen Nash; courtesy of Conservation

International.
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ecology. This was made clear in a seminal study
in which Fleagle (1977a,b) was able to show that
two closely related species of Asian colobines
that we readily classify as arboreal quadru
peds the dusky leaf monkey and the banded
leaf monkey use different amounts of leaping
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between horizontal supports and show signifi
cant differences in the detailed anatomy of
muscle markings and joint shape in their lower
limb (Fig. 3.4).

The primates that we label as quadrupeds
show greater diversity than simple variation in
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Figure 3.4 The banded leaf monkey (Presbytis melalophos) (left) and dusky leaf monkey (Trachypithecus
obscura) (right) are sympatric and closely related but they exhibit dramatic differences in the percentage of
time spent leaping relative to the amount of time spent walking quadrupedally (A). These differences in the
functional role of the hindlimbs are reflected in joint surface shape and area (B) as well as limb length and
back muscle weight (C). Modified from Fleagle, J. G. (1999). Primate adaptation and evolution. New York:

Academic. Used with permission.
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the amount of leaping. For example, Byron and
Covert (2004) have recently reported that,
despite having upper and lower limbs of nearly
equal length, the rare red shanked douc langur
(Fig. 3.5a) can swing by its arms as elegantly as
dedicated arm swingers like the spider monkey
of South America (Fig. 3.5a) and the gibbon of
Southeast Asia (Fig. 3.5b). Even the more pro

saic quadrupedal monkeys of the South
American and African rainforest show distinct
differences in which parts of the canopy they
occupy (Fleagle & Mittermeir, 1980; Gebo &
Chapman, 1995; McGraw, 1996, 1998a,b,c) and
anatomical differences associated with those
choices. Oxnard and colleagues (1990) and
Dagosto (1995) have shown great variation in
the nature of quadrupedalism in Madagascar
lemurs. To try to make sense out of all this,
Hunt and colleagues (1996) identified a wide
variety of locomotor modes among quadrupedal
monkeys. Though they have standardized the
descriptions of these categories, their lengthy
list of types of movement can be difficult to
penetrate. That fact alone reveals how complex
primate locomotion is.

PRIMATE NEUROETHOLOGY

There are of course some primates that are
dedicated to specialized locomotor modes. I will
simplify this down to four groups: (1) vertical
clinging and leaping (VCL), (2) arm swinging/
brachiation, (3) knuckle and fist walking,
and (4) bipedalism. The first two categories
represent opposites on the spectrum of fore
limb dominated versus hindlimb dominated
locomotion (Fig. 3.6). The second two categories
represent solutions to the problem of using fore
limbs highly modified for the demands of
arboreal movement during terrestrial locomo
tion (Fig. 3.7).

Vertical clinging and leaping behavior is
found among at least five living strepsirrhine
genera and in three living haplorhine genera
(the tarsier, marmosets, and tamarins). In this
remarkable locomotor mode, animals cling to a
vertical support and launch themselves
with powerful extension of the lower limb
(Fig. 3.6a). In the case of small leapers like
galagos, the leap is driven primarily by extension
at the ankle, whereas in larger leapers the exten
sion is primarily at the hip Demes and Gunther,
1995; (Jouffroy & Lessertisseur, 1979). Small

Figure 3.5 The douc langur (A) arm swinging through trees (from Byron, C. D. and Covert H. H.
(2004). Unexpected locomotor behaviour: brachiation by an Old World monkey (Pygathrix nemaeus)
from Vietnam. Journal of Zoology, 263, pp. 101 106) in a manner similar to that of gibbons or spider
monkeys (B) (from Turnquist, J. E., Schmitt, D., Rose, M.D., & Cant, J. G. [1999]. Pendular motion in
the brachiation of captive Lagothrix and Ateles. American Journal of Primatology, 48,263 281). Used with

permission.
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Figure 3.6 Primate locomotion exhibits extremes in a continuum of “hindlimb dominated” to
“forelimb dominated” modes of locomotion. Sifaka (A) exhibit powerful leaps using long muscular legs.
Gibbons (B) exhibit acrobatic brachiation with their relative long forelimbs. Drawings by Stephen Nash;

courtesy of Conservation International.

Figure 3.7 Differences in digit form and hand posture during terrestrial locomotion in the baboon (A) and
the chimpanzee (B). The baboon has short, thick fingers and adopts a digitigrade posture. The chimpanzee
has long, curved fingers and adopts knuckle walking hand postures when walking quadrupedally (Images
modified from Fleagle, J. G. (1999). Primate adapation and evolution. New York: Academic). Used with

permission.

leapers, in contrast, have extended tarsal bones,
whereas large leapers have exceptionally long
femora (Demes and Gunther, 1995; Jouffroy &
Lessertisseur, 1979). During the leap the animals
rotate and land on the next vertical support,
gripping it with their feet (Dunbar, 1988;
Napier & Walker, 1967).

In contrast, arm swinging locomotion is driven
entirely by hand over hand motion of the forelimb.

Though the distinction between arm swinging and
brachiation is imprecise, it is generally argued that
brachiation involves whole body rotation (Cant,
1987a,b; Larson, 1988). Arm swinging is seen
among South American primates like the spider
monkey (Fig. 3.5b) and wooly spider monkey, the
douc langur, and orangutans. Brachiation is seen in
gibbons and chimpanzees. Ricochetal brachiation,
in which there is a whole body aerial phase, is found
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in gibbons (Fig. 3.6b) and sometimes chimpanzees.
In all cases, the limbs are used in tension and are
generally long and gracile. When such highly spe
cialized animals walk on branches or the ground,
they bear very little weight on their forelimbs com
pared to their hindlimbs (Kimura et al, 1979;
Reynolds, 1985; Schmitt, 1994) or even none at all
in the case of the bipedal gibbon.

Digit morphology is one of the aspects of pri
mate anatomy most sensitive to locomotor
demands. The feet and hands are in direct contact
with the substrate and thus strongly reflect the
complex interaction between locomotor behavior
and the environment. The relationship between
forces produced by the animal and substrate reac
tion forces is strongly influenced by the position
and design of the hand. There is a strong need to
balance bone length, which increases leverage and
distance, against bone strength, which increases
safety but also mass and cost. Animals that swing
by their arms develop long and curved phalanges
(Richmond et al., 2002) that are relatively gracile.
Terrestrial quadrupeds like the baboon shorten
and thicken their finger bones and bear weight
directly at the base of the fingers and heads of
metacarpal bones (Fig. 3.7a). That option is una
vailable to arm swinging primates. When they
come to the ground or large supports, animals
like the orangutan ball up their fists and bear
weight on the outer edge of the metacarpals and
phalanges. In contrast, chimpanzees choose to
walk on the dorsal surface of the middle phalanx
(See Richmond et al. 2002 for a review) (Fig. 3.7b).

Finally, we have our own characteristic
form of locomotion: upright, striding biped
alism. Rather than bear weight on gracile
limbs, our earliest ancestors removed their
forelimbs completely from a weight bearing
role during locomotion and walked around
on two legs. The exact nature of bipedalism
in our early ancestors is a matter of serious
debate (see Latimer et al., 1987; Schmitt,
2003a,b; Stern, 2000; Susman et al., 1984;
and Ward, 2002 for a balanced set of argu
ments), but the fact that they did so and the
adaptive pathway that primates followed to
get there is really the key to understanding
the underlying neural mechanisms of loco
motion in primates.

PRIMATE NEUROETHOLOGY

DIFFERENCES BETWEEN
PRIMATE AND NONPRIMATE
LOCOMOTOR BEHAVIOR

The fact that we are unique among primates in
using a striding, bipedal form of locomotion
begs a number of critical questions, most of
which are debated in detail elsewhere (see
Schmitt, 2003¢; Stern 2000; and Ward, 2002 for
areview), not directly relevant to neuroethology,
and well beyond the scope of this chapter. These
questions include the following: Which apes are
our immediate ancestors? In what environment
did bipedalism first evolve? Why did humans
become bipedal?

Embedded in these questions are additional
questions that this chapter will address: What
are the fundamental differences between the

locomotion of primates compared to other ani

mals? Did these differences, which probably
accrued early in the evolution of the primate
lineage, facilitate the evolution of this startling
array of specialized locomotor behaviors,
including our own, that we see today?

If we start with the model that the basic pri
mate bauplan is that of an arboreal quadruped,
we can ask what aspects of locomotion have
changed over time to yield vertical clingers and
leapers, brachiators, and bipeds. From this per
spective, it becomes clear that primate locomotor
evolution is characterized by dramatic changes in
the functional role of the forelimbs. Rather than
have a near equal division of labor between fore
limbs and hindlimbs as in almost all other legged
vertebrates, there has been a change such that we
might describe primates as “hindlimb domi
nated,” relying heavily on the hindlimbs to
power locomotion (Kimura et al., 1979; but see
Demes et al., 1994 for a revision of the concept of
“hindlimb drive”). The forelimbs of primates, in
contrast, may be described as “free” to provide
stability and guidance (“steering”) as well as
grasping and manipulation. This changed func
tional relationship between the forelimb and hin
dlimb is highlighted in the many ways in which
the walking gaits of primates differ from those of
other mammals. In every case described later this
division of labor between forelimbs and hin
dlimbs appears to relate to the biomechanical
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challenges of arboreal locomotion and reflects a
forelimb used less in compressive weight support
and more in complex movement of guidance and
manipulation.

Figure 3.8 illustrates the ways in which most
primates differ from most other mammalian
quadrupeds (see Demes et al. 1994; Larson,
1998; Lemelin Schmitt, 1999, 2003a,b,c; Schmitt
and Lemelin, 2002; Vilensky, 1989; and Vilensky
and Larson, 1989 for additional review). The
quadrupedal walking gaits of most primates can
be distinguished from most other mammals by
the presence of:

Diagonal sequence footfall patterns

High degrees of limb protraction

Relatively low peak forelimb forces
Relatively low forelimb spring stiffness

The lack of a running trot and the use of an

MRS

ambling gait instead
6. Reduced oscillations of the center of mass.

All of these aspects of primate gait have, at one
time or another, been argued to be part of a basal
adaptation to locomotion on thin flexible branches
(see Cartmill et al., 2002; Larson, 1998; Larson et
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al,, 1999; 2001; Lemelin et al., 2003; Rollinson &
Martin, 1981; Schmitt 1999, 2003a,b; Schmitt &
Lemelin, 2002). These unusual gait choices
appear to provide smooth movement, flex
ibility, and security for an animal with no
claws walking on relatively thin arboreal sub
strates. These ecological/behavioral factors
become critical targets for neural control
because of their presumed adaptive value. By
examining these one at a time, a picture
develops of the functional role of each unusual
aspect of primate locomotion.

Footfall Pattern

Diagonal sequence (DS) walks are symmetrical gaits
in which the contact of each hindfoot is followed by
that of the contralateral forefoot (Fig. 3.8a). During
a DS walk the right hindfoot (RH) contact is fol

lowed by that that of the left forefoot (LF) so that a
DS gait can be summarized as follows: RH, LF, LH,
RF in series. Most primates consistently use DS
walking gaits, although they can and do use lateral
sequence (LS = RH, RF, LH, LF) gaits on occasion.

Most other mammals exclusively use LS

LH (3) >< (2) LF
RH (1) (4) RF

f t

F hind Ffore

Figure 3.8 Summary of the commonly accepted differences that are believed to distinguish the walking
gaits of most primates from those of most nonprimate mammals. Nonprimates generally use (A) lateral
sequence walking gaits, (B) have a humerus that at ground contact is retracted relative to a horizontal axis
passing through the shoulder, and (C) have greater peak vertical forces on their forelimbs than they do on
their hindlimbs. Primates show the opposite pattern. From Schmitt, D., & Lemelin, P. (2002). The origins of
primate locomotion: Gait mechanics of the woolly opossum. American Journal of Physical Anthropology, 118,

231 238. Used with permission.
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gaits (Cartmill et al., 2002, 2007a,b; De La Croix,
1936; Dunbar & Badam, 2000; Hildebrand, 1967;
Lemelin et al, 2003, 2008; Muybridge, 1887;
Schmitt & Lemelin, 2002; Vilensky & Larson,
1989; White, 1990). This pattern has been recog
nized since Muybridge (1887) first filmed locomo
tion of the baboon and described what Magna De La
Croix (1936) would later call the “pithecoid gait.”
Since then many arguments have been advanced to
explain the preference for DS gaits among primates
(Gray, 1959; Meldrum, 1991; Rollinson & Martin,
1981; Vilensky & Larson, 1989). The recent finding
by Schmitt and Lemelin (2002) and Lemelin and
colleagues  (2003) that the woolly opossum
(Caluromys philander), a dedicated fine branch
arborealist, uses DS gaits almost exclusively sup
ports a link between fine branch arboreality and
footfall sequence. The closely related terrestrial mar
supial, the short tailed opossum (Monodelphis
domestica), exclusively uses LS gaits (Lemelin et al.,
2003). Based on these data on primates and marsu
pials, Cartmill and colleagues (2002, 2004, 2007a,b)
articulated a model that suggested that DS walks
were adopted by primates to ensure that a grasping
hindfoot is placed on a tested support when the
contralateral forefoot touches down on an untested
support. Although there has been a small amount of
debate on this subject (Shapiro & Raichlen, 2005,
2007), the recent findings of DS gaits in a highly
arboreal carnivore (the kinkajou) and the increased
prevalence of DS gaits on arboreal supports in
capuchin monkeys (Wallace & Demes, 2008)
further supports the association of this footfall pat
tern with locomotion and foraging on thin
branches. Thus, the current explanation places a
“testing” role for the forelimb and a “safety” role
for the hindlimb.

Vilensky and Larson (1989) have argued pre
viously that the presence of DS gaits reflects a
fundamental change in the neural control ofloco
motion. They argued that other animals are
restricted by central pattern generators to adopt
only LS gaits. Primates, in contrast, are given
credit for greater supraspinal control, as evi
denced by the inability of decerebrate primates
to initiate stepping patterns (Vilensky & Larson,
1989; Vilensky & Oconnor, 1997, 1998). It is
argued that this greater control allows primates
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to select both DS and LS gaits. In this model
primates choose to use DS gaits possibly for one
of the advantages described previously. Other
animals do not have that choice. This argument
is intuitively appealing and corresponds with
important well documented differences in pri
mate locomotor control that have implications
for treatment of spinal cord injuries. But the pre
sence of DS gaits in arboreal opossums (Lemelin
et al., 2003; Pridmore, 1994), kinkajous (Lemelin
etal., 2008; McClearn, 1992), and even, about half
the time, the Virginia opossum (White, 1990)
calls this model into question.

(2) Limb position at touchdown:

A second character believed to be typical of pri

mate gaits an arm (humerus) that is protracted
much further than 90 degrees relative to a hor

izontal axis at touchdown of the forelimb
(Fig. 3.8b) has also been related to arboreal
quadrupedalism (Larson, 1998; Larson et al.,
1999, 2001; Lemelin and Schmitt, 2007; Schmitt,
1998, 1999, 2003a,d). It has been argued that early
primates, having first evolved flattened nails,
required long limbs with large excursions to
reach above their head or around a trunk during
climbing and to use long smooth, strides that
would not oscillate thin branches (Demes et al.,
1990; Larson, 1998; Larson et al., 1999, 2001;
Schmitt, 1995, 1998, 1999). Lemelin and
Schmitt (2007) recently compared arm protrac

tion between Caluromys and Monodelphis. They
found that Monodelphis protracts its arm slightly
beyond 90 degrees relative to its body axis at
forelimb  touchdown during quadrupedal
walking. Lemelin and Schmitt (2007) observed
significantly greater arm protraction at forelimb
touchdown in Caluromys, exceeding that of
Monodelphis by nearly 20 degrees. From these
data, it appears that opossums, like other mar

supials in general, are characterized by higher
degrees of arm protraction at forelimb touch

down than most nonprimate mammals (Larson
et al., 1999; Lemelin & Schmitt, 2007). The fact
that woolly opossums have much greater arm
protraction at forelimb touchdown under

scores its close link with arboreality,
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particularly locomotion on thin branches.
Once again, this difference reflects a changing
role of the forelimb as a primate reaches around
to grasp. This has been argued to also reflect
increased supraspinal control of locomotion in
primates in general (Vilensky & Larson, 1989),
but now we would have to argue the same for
the woolly opossum.

Weight Distribution

A third feature (Fig. 3.8¢) thought to distinguish
primates from other mammals is the presence of
higher vertical peak (Vpk) substrate reaction
forces on the hindlimbs than on the forelimbs
(Demes et al., 1994; Kimura, 1985, 1992; Kimura
et al., 1979; Reynolds, 1985; Schmitt & Lemelin,
2002). There is variation in this feature, and not
all primates show statistically significant differ
ences between forelimb and hindlimb peak
forces (Ishida et al., 1990; Polk, 2000, 2001;
Schmitt & Hanna, 2004; Schmitt & Lemelin,
2002). However, most primates experience
lower forelimb peak forces. Moreover, this dis
parity between forelimb and hindlimb peak
forces is exaggerated on arboreal supports
(Schmitt & Hanna, 2004). This pattern is pro
found and separates most primates from most
other animals (Fig. 3.9).

The exceptions from this pattern of force
distribution are also informative. Schmitt and
Lemelin (2002) have shown that the woolly
opossum has relatively low peak vertical forces
on the forelimbs compared to the hindlimbs
(Fig. 3.9) and concluded this was adaptively
advantageous for locomotion and foraging on
thin, flexible branches. Conversely, Schmitt
(2003b) reported recently that the common
marmoset (Callithrix jacchus), a clawed primate
that spends much of its time clinging on large
tree trunks, predominantly uses LS gaits,
more retracted arm positions, and higher peak
vertical forces on the forelimbs relative to the
hindlimbs (Fig. 3.9).

These kinetic data support the widely held
assumption that the difference in weight distri
bution between primates and nonprimate
mammals represents a basal adaptation to
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arboreal locomotion (Larney & Larson, 2004;
Larson, 1998; Schmitt, 1998, 1999, 2003a,b,c;
Schmitt & Lemelin, 2002). Furthermore, varia
tion in the ratio of forelimb to hindlimb Vpk
within primates supports this intuitive assump
tion. In general, primates that spend most of
their locomotor time in trees have the lowest
FL/HL Vpk ratios, whereas the most terrestrial
primates have a nearly equal distribution of
forelimb and hindlimb vertical peak forces
(Demes et al., 1994; Kimura, 1985, 1992;
Kimura et al., 1979; Reynolds, 1985; Schmitt
& Lemelin, 2002). Kimura (1985, 1992) recog
nized this pattern and argued strongly that the
degree to which forelimb forces are reduced is
directly related to substrate preference. It is easy
to see the benefits that this pattern would pro
vide. As early primates moved and foraged in
the trees, they would need to reach out and grab
food placed off of the path of locomotion and
they would have to reach out in order to effect
often abrupt changes of direction along
branches. In those cases a highly mobile fore
limb that was not responsible for bearing 60%
of the animal’s body weight would provide a
distinct advantage.

Limb Stiffness

It is tempting to argue that this shift in weight

bearing role reflects an anatomical redistribution
of weight, but there is no evidence to support
such a claim. Studies of center of mass position
show no differences across taxa (Vilensky &
Larson, 1989). Moreover, short tailed macaques
show the same pattern and apes, which have no
tails and huge forequarters, are among the most
extreme in showing relatively high hindlimb
forces. The difference between forelimb and
hindlimb peak vertical forces must be an
active shift of load posteriorly and must reflect
different patterns of limb use.

So the question remains as to what the actual
mechanism is. Reynolds (1985) argued that
activity in the hindlimb retractor muscles while
the hindlimb was highly protracted (reaching for
ward) actively shifted weight posteriorly. Schmitt
(1998, 1999) and Schmitt and Hanna (2004)
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Figure 3.9 Bar graph of the ration of peak vertical forces on the forelimb divided by peak vertical forces on
the hindlimb in representative primates and nonprimate mammals. A ratio of 1.0 represents equal weight
distribution. Most primates (red) fall to the side that indicates increased peak vertical forces on the
hindlimb, whereas most nonprimate mammals (yellow) fall to the opposite side. The exceptions to this
pattern, the highly arboreal woolly opossum and the claw bearing common marmoset, are seen as
indicating the importance of arboreality in driving this functional differentiation. The figure is modified
from Demes, B., Larson, S. G., Stern, J.T., Jr., Jungers, W. L., Biknevicius, A. R., et al. (1994). The kinetics of
primate quadrupedalism: Hindlimb drive reconsidered. Journal of Human Evolution, 26, 353 374, to
include data on marsupials (Schmitt, D., & Lemelin, P. [2002]. The origins of primate locomotion: gait
mechanics of the woolly opossum. American Journal of Physical Anthropology, 118, 231 238; Lemelin, P., &
Schmitt, D. (2007). The orgins of grasping and locomotor adaptations in primates: Comparative and
experimental approaches using an opossum model. In: M. Dagosto & M. Ravosa (Eds.), Primate origins
(pp- 329 380). New York: Kluwer.) and the common marmoset (Schmitt, D. [2003b]. The relationship
between forelimb anatomy and mediolateral forces in primate quadrupeds: Implications for interpretation
of locomotor behavior in extinct primates. Journal of Human Evolution 44, 49 60).

agreed that “Reynolds’ mechanism” could also adjust their limb stiffness in order to moderate
play a substantial role in shifting weight posteriorly ~ loads on arboreal supports has become an increas
but in addition, changes in limb stiffness could also ingly frequent area of research and debate in

play a role in reducing forelimb peak loads. This anthropology and has important and broad impli
notion that arboreal mammals such as primates cations for neural control of locomotion (Franz



PRIMATE LOCOMOTOR EVOLUTION

et al., 2005; Larney & Larson, 2004; Li et al., 1996;
Schmitt, 1995, 1998, 1999, 2003a,b; Schmitt &
Hanna, 2004; Schmitt & Lemelin, 2002; Schmitt
et al., 2007, 2008; Wallace & Demes, 2008). This is
not a new concept for biology in general. Twenty
years before physical anthropologists incorporated
this idea, limb stiffness was recognized as a critical
variable for understanding the relationship
between limb design and locomotor behavior in
a wide variety of animals (Ahn et al., 2004;
Alexander, 1992; Cavagna et al., 1977; Farley et
al,, 1993; Full & Tu, 1990; Griffin et al., 2004;
McMahon, 1985; McMahon et al., 1987).

Under experimental conditions, Schmitt
(1998, 1999) showed that Old World monkeys
reduce forelimb stiffness by increasing forelimb

“compliance” a term borrowed from general
animal  biomechanics  (Alexander, 1992;
McMahon, 1985; McMahon et al., 1987) when

walking on relatively thin poles compared to a
runway. In these studies, forelimb compliance
was measured in terms of joint yield. By increasing
joint yield, it was argued that the forelimb operates
relatively more like a spring, which increases con

tact time and reduces peak vertical forces on the
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limbs (Blickhan, 1989; Li et al., 1996; McMahon et
al., 1987; Schmitt, 1995, 1998, 1999). Schmitt and
Hanna (2004) found a similar but less pronounced
pattern for the hindlimb of primates.

Recently, Larney and Larson (2004) provided
an extensive dataset on forelimb and hindlimb
joint yield for a wide variety of mammals. They
confirmed the high values of forelimb compli
ance in most primates, but they also reported
that marsupials have forelimb compliance as
great, if not greater, than that of most primates.
Schmitt and colleagues (n.d.) recently confirmed
that woolly opossums, like primates, have high
values of elbow yield, while the short tailed
opossum does not.

Lack of a Running Trot and the Use of an
Amble

As most quadrupedal mammals increase speed,
they shift from a walking gait with no aerial
phase (Fig. 3.10a) to a running gait with a
whole body aerial phase (Fig. 3.10b) (Cartmill
etal., 2002; Gambaryan, 1974; Hildebrand, 1985;
Howell, 1944; Muybridge, 1957). At their fastest

Figure 3.10 A vervet monkey using two common gaits. At slow speeds most quadrupedal primates adopt
a walking gait (A) in which a forelimb contact is followed by a hindlimb contact and there is always at least
two limbs on the substrate at one time with no whole body aerial phase. At faster speeds most quadrupedal
primates adopt a gallop in which two hindlimb contacts are followed by two forelimb contacts and thereis a
whole body aerial phase. Many primates use a canter, which is a slow gallop with no aerial phase. Modified
from Schmitt, D., Larson, S. G., & Stern, J. T., Jr. (1994) Serratus ventralis function in vervet monkeys: Are
primate quadrupeds unique? Journal of Zoology, 232, 215 230. Used with permission.
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speeds, quadrupedal mammals generally use a
running gait such as a gallop (Gambaryan, 1974;
Hildebrand, 1985; Howell, 1944; Muybridge,
1957). But at speeds between that of a walk and
a gallop, quadrupedal mammals often use sym

metrical running gaits that have an aerial phase
and in which the feet strike down in diagonal
pairs (trot) or unilateral pairs (pace) (Cartmill
etal., 2002; Gambaryan, 1974; Hildebrand, 1985;
Howell, 1944; Muybridge, 1887). These gaits are
faster than walking gaits but still provide rela

tively longer periods of support by both a fore

limb and a hindlimb than does galloping
(Cartmill et al., 2002).

Unlike other mammals, primates almost never
adopt a running trot or pace (Demes et al., 1994,
1994; Hildebrand, 1967; Preuschoft and Gunther,
1994; Rollinson & Martin, 1981; Schmitt, 1995;
Schmitt et al., 2006; Vilensky, 1989). Instead,
Schmitt and colleagues (2006) showed that pri
mates adopt a highly unusual running gait called
an “amble” (Fig. 3.11). These gaits are referred to
as “grounded running gaits” (Rubenson et al.,
2004) because they do not involve a whole body
aerial phase. Ambles are exhibited by almost all
primates (Schmitt et al., 2006) as well as certain
breeds of horses (Barrey, 2003; Biknevicus et al.,
2004; Muybridge, 1887) and elephants
(Gambaryan, 1974; Hutchinson et al, 2003).

HLs up FL down
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Schmitt and colleagues (2006) argued that
ambling ensures continuous contact of the
body with the substrate while dramatically
reducing vertical oscillations of the center of
mass. This may explain why ambling appears
to be preferable to trotting for extremely large
terrestrial mammals such as elephants and for
arboreal mammals like primates that move on
unstable branches.

Reduced Oscillations of the Center of Mass

Both the changes in spring stiffness (#4) and
the use of ambles rather than trots (#5) appear
to have implications for the vertical oscilla
tions of primates as they walk. The movements
of the animal’s body, reflected in the move
ments of the animal’s center of mass (COM),
have implications for loading, stability, and
energy exchange. The latter represents an
important target of selection that helps explain
the postural and gait choices made by
primates.

Schmitt (2003) argued that forelimb compli
ance moderates vertical oscillations of the body
and peak vertical forces on the limbs. He and his
colleagues (Schmitt et al., 2006) argued that
moderating vertical oscillations of the center of
mass are a critical control target during primate

HL down

FLS up

Figure 3.11 A primate adopting an amble, a gait in which a forelimb contact is followed by a hindlimb
contact and there is always at least two limbs on the substrate. Unlike a walk, however, there are alternating
aerial phases for the hindlimb (A) and forelimb (B) pairs. The amble is a rare gait adopted only by some
breeds of horses, elephants, kinkajous, and primates. This gait reduces vertical oscillations of the center of
mass and increases stability compared to a running trot. Schmitt, D., Cartmill, M., Hanna, J., Griffin, T., and
Lemelin, P. (2006). The adaptive value of ambling in primates. Journal of Experimental Biology 209,
2042 2049. Used with permission.
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locomotion at both normal and fast walking
gaits and at slow running gaits. However, the
movements of the COM discussed in these stu

dies were assumed and had not been quantified.
They were simply inferred from the limb stiff
ness itself, which in turn was inferred from joint
yield.

The movements of the COM have important
implications for understanding the targets of
locomotor control. Any animal must balance
needs of stability, speed, and energetic efficiency.
The control of COM influences all three factors
to varying degrees. The ways in which the COM
oscillates in nonprimate bipeds and quadrupeds
has been a critical variable both in defining gaits
as speed increases and in understanding the
adaptive tradeoffs between stability and effi
ciency of any gait (see Ahn et al., 2004;
Biewener, 2003; Cavagna et al., 1977; Griffin
et al., 2004). It appears that most animals
follow the same the basic underlying governing
principles for walking and running. Nonhuman
primates, however, may represent an exception
to this broadly conserved pattern (Schmitt,
2003).

Direct measures of COM movements in pri
mates are very limited. Wells and Wood (1975)
described the movements of the COM during
leaping in vervet monkeys. Using videorecords,
Vilensky (1979) provided data on the COM in
macaques at a wide range of speeds on a tread
mill. His data suggested that changes in limb
kinematics minimized the movements of the
COM at different speeds. Few studies, with the
exception of Cavagna and colleagues (1977) and
Kimura (1990, 1991, 1996), have used force plat
form data to infer the behavior of the center of
mass for either whole animal or individual limb
girdles.

In contrast to primate studies, the analysis of
COM movements is a common method of ana
lysis in biomechanical studies of other animals
including cockroaches, crabs, frogs, lizards,
ostriches, penguins, sheep, horses, dogs, and
humans (Ahn et al, 2004; Alexander,
2003; Biewener, 2003; Bishop et al., n.d.;
Blickhan & Full, 1992; Cavagna et al., 1976,
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1977; Farley & Ko, 1997; Farley et al., 1993;
Full, 1991; Full & Tu, 1990; Griffin, 2000,
2002; Manter, 1938). The data derived from
these studies allow researchers to explore
underlying mechanics of various mammalian
gaits and allow for comparison across a wide
variety of taxa. They have revealed that the
walking and running gaits of most animals,
regardless of phylogeny and morphological
design, operate with the same basic mechanical
principles and that gaits may be defined by
those principles.

To understand the implications of this
finding, it is worth reviewing gait definitions.
Classifications of gait and analyses of gait
choice have traditionally been based on visual
rather than biomechanical criteria. This is
useful and appropriate but also omits impor
tant information about the
costs and benefits of specific gaits and the
underlying principles that guide gait selection
in animals.

mechanical

Under visual schemes of gait classification,
quadrupedal walking, trotting, and running
gaits have been defined in the following way.
A walk (Fig. 3.10a) is a symmetrical gait in
which hindlimb footfalls alternate with fore
limb footfalls and there are at least two feet on
the ground at all times. Thus, in a walk the
duty factor (contact time of any limb divided
by total stride time) is at least 0.5. Gaits with a
duty factor of less than 0.5 have an aerial
phase.

Some gaits, like an amble (Fig. 3.11), are
symmetrical gaits in which there is no whole
body aerial phase but there is an aerial phase in
either the forelimbs or the hindlimbs (Barrey,
2001; Gambarayan, 1974; Howell, 1944;
Hutchinson et al., 2003; Schmitt et al., 2006).
Thus, the body is always supported by at least
one limb.

A running trot is a symmetrical gait in which
diagonal limb pairs (right hindlimb and left
forelimb) swing and contact the ground simul
taneously and there is a whole body aerial
phase. Finally, galloping is an asymmetrical
gait with a body phase

whole aerial
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Figure 3.12 The inverted pendulum model of walking. The limb is modeled as a massless strut and
with the center of mass (red circle) concentrated at one end. In both (A) and (B) the center of mass
(COM) is at its low point at the beginning of the step (a). At the midpoint of the step (b) the center of
mass is at its highest point with a large amount of potential energy. The change in height (Ah) is
indicated in (B). In the second half of the step (c), as the body moves forward the center of mass drops
and potential energy (PE) is converted into kinetic energy (KE). If fluctuations in PE and KE are out of
phase and of the same amplitude (C), then there is a highly effective conversion of PE into KE. This
energy exchange (recovery) reduces the work that needs to be done by muscles to accelerate and
decelerate the center of mass. A high value of exchange of PE and KE (between 50% and 75%) is
found in the walking gaits of a diverse array of quadrupeds and bipeds and is seen as a potentially

important target of selection.

(Fig. 3.10b). During galloping, forelimb and
hindlimb contacts do not alternate but rather
contacts of the hindlimbs are followed by con
tacts of the forelimb.

These definitions work very well for visual
distinction, but in reality gaits defined in this
fashion are part of a continuum (Cartmill et
al., 2002). Using the definitions given previously,
gaits with a duty factor (contact time of a limb
divided by total stride time) of 0.51 compared to
0.53 are both walks. However, if the duty factors
are 0.51 and 0.49, one animal is running while
the other is walking. It has been argued that gaits
should not be defined in this way, but rather
defined by discrete differences. It is possible,

however, to define walking (duty factor >0.5)
and running gaits (duty factor <0.5) in mechan

ical terms. Walking and running gaits show dis

crete differences in the behavior of the COM and
in the exchange of potential and kinetic energy.
This is most easily explained using a biped
model but defines the gaits of quadrupeds as
well (Fig. 3.12).

When modern humans walk, we vault over
relatively stiff lower limbs in such a way that
our center of mass is at its lowest point at
heel strike and rises to its highest point at
midstance (Fig. 3.12a,b) (Cavagna et al,
1976; Lee & Farley, 1998). This type of
inverted pendulum gait is common to almost
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all known quadrupeds and bipeds (Ahn et al.,
2004; Alexander, 1977, 2003; Biewener, 2003;
Blickhan & Full, 1992; Cavagna et al., 1976,
1977; Farley & Ko, 1997; Farley et al., 1993;
Full, 1991; Full & Tu, 1990; Gatesy &
Biewener, 1991; Griffin & Kram, 2000;
Heglund et al., 1982). In contrast, when
humans and other animals run, their limbs
operate more like they were part of a spring
mass system in which the limb is compressed
during support phase, and the center of mass
is at its lowest point during the middle of
stance.

Center of mass movements can be directly
calculated from force curves of all three com
ponents of the ground reaction forces exerted
by an animal. Forces reflect accelerations of the
body’s center of mass. Those accelerations can
be easily converted to velocities and displace
ments from which both kinetic energy and
potential energy can be calculated. The mathe
matics for calculating these movements are
detailed in textbooks (Biewener, 2003) and
recent publications (Ahn et al., 2004).

The relationship between the potential
energy (PE) and kinetic energy (KE) of the
COM provides information about the relative
efficiency of different gaits. If the fluctuations
of the PE and KE are mirror images of each
other (have the same amplitude, shape, and
opposit