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PREFACE

Primates of modern aspect are characterized by several traits of the skull and
postcranium, most notably increased encephalization, olfactory reduction,
postorbital bars, larger and more convergent orbits, an opposable hallux, and
nails instead of claws on the digits. When, where, how, and why a group of
mammals with this distinctive morphology emerged continues to capture the
interest of biologists. The past 15 years have witnessed the discovery of numer-
ous well-preserved basal forms and sister taxa from the Paleocene and Eocene
of Asia, Africa, North America, and Europe. These new findings are particu-
larly fascinating because they extend the antiquity of several higher-level
clades, greatly increase our understanding of the taxonomic diversity of the
first Primates, and document a far greater spectrum of variation in skeletal
form and body size than noted previously. Not surprisingly, the past decade
also has witnessed molecular and paleontological attempts to resolve primate
supraordinal relationships. Many of our current notions about the adapta-
tions of the first primates, however, are based on research performed 20-35
years ago—a period when the fossil record was much less complete. For
instance, there remains considerable debate over the leaping versus
quadrupedal component of early primate locomotion, as well as differing
views regarding the function of certain mandibular and circumorbital features
in basal primates. Indeed, the absence of a forum for the integration of past,
recent, and ongoing research on the origin of primates has greatly hindered
a better understanding of the significance of marked anatomical and behav-
ioral transformations during this important and interesting stage of primate
evolution. Accordingly, our December 2001 conference and this accompany-
ing edited volume on Primate Origins and Adaptations capitalize on an
increasing amount of independent museum, field and laboratory-based
research on many important outstanding problems surrounding the adaptive
synapomorphies of the ecarliest primates. Morcover, it couples the emerging
views of junior researchers with those who have made significant contribu-
tions to the study of early primate phylogeny over the past three decades.

xxi



xxii Preface

Due to the evident need for a reassessment of primate origins and adapta-
tions, there were two principal goals of our conference and volume. First, we
aim to provide a broad focus on adaptive explanations for locomotor and pos-
tural patterns, craniofacial form, neuro-visual specializations, life history pat-
terns, socioecology, metabolism, and biogeography in basal primates. Second,
to offer an explicit evolutionary context for the analysis of major adaptive
transformations, we aim to provide a detailed morphological and molecular
review of the phylogenetic affinities of basal primates relative to later primate
clades, as well as other mammalian orders. As Plesiadapiformes have figured
so heavily in discussions of primate origins, this, and the focus of our volume
on adaptive scenarios, helps to explain the overt emphasis on the evolution of
anatomical features. Therefore, in addition to strictly systematic or paleonto-
logical questions regarding primate origins, we concentrate primarily on the
adaptive importance of unique primate characters via a comprehensive con-
sideration of anatomical, behavioral, experimental, and ecological investiga-
tions of primate and nonprimate mammals. In this regard, a phylogenetic
framework is critical for detailing the functional and evolutionary significance
of specific character states and morphological complexes. Given ongoing
debate regarding the appropriate content of the taxon Primates, we have
decided to let authors use the terms Primates and Euprimates as they see fit.
The meaning is usually obvious from the context. Likewise, for the tooth-
combed lemurs, we have let authors use the spelling Strepsirrhini or
Strepsirhini as they choose.

Since an increasingly evident fact about the earliest primates is their very
diminutive body size, another important related goal is to characterize those
adaptive trends, morphological features, and behaviors which vary and covary
allometrically. Obviously, this has figured heavily in certain explanations for the
evolution of grasping appendages in small-bodied basal primates. In addition,
the negative allometry of neural and orbital size, coupled with relatively larger
convergent orbits, has important structural consequences for explaining
increased orbital frontation and the correlated evolution of a postorbital bar at
small skull sizes. Perhaps the most important contribution of our volume to
bioanthropology and paleontology is that it develops a forum for evaluating past
and current research on primate origins. In doing so, we directly address a series
of competing long-standing scenarios regarding the adaptive significance of
important primate synapomorphies. By examining hypotheses that have domi-
nated our notions regarding early primate evolution and coupling this with an



Preface Xxiii

emergent body of novel evidence due to fossil discoveries, as well as technolog-
ical and methodological advances, our edited volume will provide a long over-
due multidisciplinary reanalysis of a suite of derived life history, socioecological,
neural, visual, circumorbital, locomotor, postural, and masticatory specializa-
tions of the first primates. This integrative neontological and paleontological
perspective is critical for understanding major behavioral and morphological
transformations during the later evolution of higher primate clades.

This volume collects a wide-ranging series of contributions by experts
actively performing novel research relevant to the adaptive synapomorphies of
the Order Primates. The authors and original conference participants are
identical due to the enthusiastic response of each. For this reason, we gather
together virtually every researcher, or one of their former graduate students,
currently performing important research relevant to primate origins and
adaptations. The series of chapters are divided into the following sections:
The Supraordinal Relationships of Primates and Their Time of Origin;
Adaptations and Evolution of the Cranium; Adaptations and Evolution of the
Postcranium; Adaptations and Evolution of the Brain, Behavior, Physiology,
and Ecology. The contents of each chapter are briefly as follows:

Springer et al. address the molecular data regarding primate supra- and
infraordinal affinities. Soligo et al. reassess the antiquity and biogeography of
primates and related mammals. Sargis considers the implications of tree shrew
postcranial morphology for understanding early primate phylogeny. Godinot
similarly stresses the importance of tree shrews for understanding primate ori-
gins. Silcox reexamines the fossil evidence regarding primate—plesiadapiform
affinities. Ross et al. examine the evidence for activity patterns of early
Primates. Ravosa et al. and Heesy et al. discuss comparative and experimental
data regarding circumorbital form and function in primates and other verte-
brates. Vinyard et al. integrate novel iz vivo and morphological evidence
regarding masticatory form and function in archontans and primates. Lemelin
and Schmitt provide novel information about cheiridial morphology and per-
formance in a series of primate and nonprimate mammals. Hamrick discusses
the basis of evolvability of the mammalian autopod with special reference to the
evolution of digital proportions in primates. Cartmill et al. consider the nov-
elty and significance of primate diagonal gaits among mammals. Larson exam-
ines kinematic and skeletal evidence regarding forelimb adaptations unique to
primates. Bloch and Boyer discuss the important implications of previously
unknown North American plesiadapiform postcrania for understanding the
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evolution of basal primate locomotor adaptations. Szalay reviews the philos-
ophy of model construction in primate locomotor evolution. Dagosto con-
siders the evidence regarding locomotor adaptations of ancestral primates.
Shea investigates the evolution of encephalization in archontans vis-a-vis life
history, ecological, and allometric factors. Preuss employs neuroanatomical
data to provide insight into neural specializations of the primate visual system.
Mueller et al. employ a systematic analysis of extant primates to consider the
evolution of basal primate social systems. Snodgrass et al. review the evolu-
tionary and adaptive significance of variation in metabolic rate in the evolu-
tion of brain size. Yi and Li evaluate examples of protein evolution during
primate evolution. Sussman and Rasmussen review the ecological underpin-
nings of early primate adaptations in marsupial analogs. Lucas et al. analyze
the relation between dietary evolution and color vision. Apart from a consid-
eration of new fossil discoveries and their direct relevance to outstanding
issues regarding the evolution of the locomotor apparatus in early primates,
these presentations represent a significant increase in the wealth of kinematic
and developmental data aimed at the question of primate origins.

Numerous individuals and institutions have contributed greatly to the suc-
cess of our conference and this accompanying edited volume. On the publish-
ing end, the following at Springer/Kluwer are thanked for their support,
diligence, and patience—Andrea Macaluso, Krista Zimmer, Joanne Tracey, as
well as the series editor Russ Tuttle (University of Chicago). Our international
conference benefited significantly from the financial support of the Wenner-
Gren Foundation for Anthropological Research, Physical Anthropology
Program of the National Science Foundation, Field Museum of Natural
History (especially the Mammals Division), and Department of Cell and
Molecular Biology at Northwestern University Feinberg School of Medicine.
The following individuals are singled out for providing unique assistance with
the organization and implementation of our conference—Bill Stanley, Bruce
Patterson, Larry Heaney, Bob Martin, Bob Goldman, and Gail Rosenbloom.
The following graduate students offered technical and logistical help that
ensured the symposium went off without a hitch—Aaron Hogue, Kristin
Wright, Barth Wright, and Kellie Heckman. Lastly, and most importantly, we
thank our spouses—Sharon Stack and Dan Gebo—for their continued support
and our respective children—Nico and Luca, and Anne Marie—for inspiration.

Matthew J. Ravosa
Marian Dagosto



INTRODUCTIONS FOR SECTIONS I-1V

Section I: Supraordinal Relationships of Primates
and Their Time of Origin

Despite new fossil discoveries, new sources of data, and new methods of
analysis, several important issues concerning the origin and phylogeny
of Primates remain unresolved. One currently controversial issue is the time of
origin of the Order Primates. Both the analysis of molecular data (Springer
et al.) and mathematical modeling (Soligo et al.) suggest a time of origin in
the middle of the Cretaceous period (80-90 MYA), while the earliest fossil
record of primates is only 55 MYA. The fossil record can only provide a min-
imum age for the origin of any taxon, while these other approaches may be
measuring the initial divergence between a taxon and its sister group—an
event that may be not marked by any morphological differentiation. Soligo
et al. discount this latter possibility, since the molecular estimate for the
Strepsirhine—Haplorhine split is 80 MYA. They calculate, therefore, that there
is a 25-MY gap between the origin of identifiable primates and their first
appearance in the fossil record.

The supraordinal relationships among mammals have been an area of
intense interest among paleontologists, and primates are no exception.
Although primatologists have reached some consensus about the content of
the Order, there is still little agreement as to which living or fossil group is
the sister taxon of Primates. The molecular analysis of nuclear and mito-
chondrial genes by Springer et al. provides support for the clade
Euarchontoglires, consisting of Primates, Dermopterans, Scandentia,
Rodentia, and Lagomorpha. Within this clade, Primates are most closely
related to Dermoptera and Scandentia (=clade Euarchonta). Neither tree
shrews nor flying lemurs are the exclusive sister group of Primates, but form
a clade with each other. Unfortunately, this analysis does not include
Ptilocercus, a tree shrew that may be the most primitive of its clade and thus
may have particular relevance to primate origins (Sargis, Godinot). Nor can

XXV
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the relationships of fossil taxa be addressed. The morphological analysis of the
postcranium by Sargis, which does include Ptilocercus, finds, like the molec-
ular analyses, that Scandentia and Dermoptera form a group (but only if
Chiroptera is excluded). On the other hand, Godinot’s analysis, which
includes cranial, dental, and postcranial characters, makes a strong case for a
special relationship between tree shrews, particularly Ptilocercus, and primates.
Plesiadapiformes, the Paleogene fossil group that has been traditionally most
closely linked to Primates, were too incomplete to be analyzed effectively
in these analyses. Silcox, by using the more ubiquitous dental characters (as
well as cranial and postcranial features) supports a sister-group relationship
between Plesiadapiformes and Primates to the exclusion of tree shrews or fly-
ing lemurs. Therefore she, like Bloch and Boyer (Section III), supports
the assignment of this fossil group within the Order Primates following the
conventional paleontological interpretation.

Section II: Adaptations and Evolution of the Cranium

Vinyard et al. inquire if primates have unique aspects of jaw mechanics or
morphology that might indicate a role for dietary change in primate origins.
Although certain jaw-adductor muscles (e.g., temporalis) show similar pat-
terns of firing during chewing, others (e.g., deep masseter) are quite variable,
thus primates are not homogeneous in jaw-muscle activity patterns. There are
few differences between tree shrews and strepsirhine primates in jaw mor-
phology or the timing and relative activity levels of the jaw adductors, sug-
gesting that the Origin of Primates may not have been accompanied by any
major dictary shift.

Compared to any likely sister group, primates evidence a reorganization of
the skull characterized by relatively large convergent orbits and a postorbital
bar. The adaptational significance of these features is still debated today. One
question concerns the activity pattern of ancestral primate. Based on an analy-
sis of eye and orbit shape in mammals and birds Ross et al. are able to show
that nocturnality is the best explanation for the increased orbital convergence,
large eyes, and large corneas that were likely present in primitive primates,
although only the first two features are primate apomorphies. These features
improve image brightness and visual acuity.

The postorbital bar, one of the hallmark features of Primates, also has been
hypothesized to play a role in visual acuity by functioning as a barrier between
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the eyeball and the masticatory muscles to prevent distortion of the visual
image during chewing. Heesy et al., however, provide experimental evidence
that the anterior temporalis and medial pterygoid can cause deformation of
the eye even in animals with postorbital bars ( Otolemur, Felis), and thus spec-
ulate that other compensatory mechanisms for maintaining visual acuity must
be present. The action of the extraocular muscles is one such mechanism, and
a postorbital bar would help maintain the integrity of the lateral orbit, giving
a stable substrate from which these muscles could act.

Ravosa et al. marshal comparative and experimental comparative evi-
dence to support a modified version of the NVP’s “rigidity” argument where
increased orbital convergence and orbital frontation (due to increased
encephalization) both play a role in postorbital bar formation. They stress the
independent and interactive roles of asymmetrical jaw-adductor recruit-
ment patterns (characteristic of insectivores and frugivores), nocturnality,
encephalization and small body size on the evolution and function of the
circumorbital region and skull in basal primates.

Section IIT: Adaptations and Evolution of the Postcranium

Definitions of the Order Primates always have made reference to traits of the
postcranial skeleton, most notably the opposable hallux and the presence of
nails instead of claws on the digits, and it always has been the received wis-
dom that something about an arboreal lifestyle has influenced the diagnostic
limb features of primates. Several workers, especially Matt Cartmill, refined
these early, vague ideas. As part of the Nocturnal Visual Predation (NVP)
model he proposed a more specific relationship between hindlimb opposition
and one aspect of primate-style arborealism, namely the need to balance and
move slowly on small supports when stalking and capturing prey. By compar-
ing primates with marsupials of similar habitus, Lemelin and Schmitt are
able to demonstrate that additional prehensility enhancing features (pha-
langeal proportions, metapoodial /phalangeal proportions) are correlated
with superior ability to deal with a fine-branch substrate. Hamrick discusses
the experimental and morphological evidence for the evolvability of the dis-
tal limb, explaining why the origin and adaptive radiation of primates is
accompanied by high diversity in digit proportions.

There are also many behavioral aspects of primate locomotor behavior
that distinguish them from most other arboreal mammals. The use of the
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diagonal sequence /diagonal couplets gait, emphasis on the hindlimb for sup-
port and propulsion, low stride frequencies but longer stride lengths, large
angular excursions of the limbs, and the compliant gait are among them.
Cartmill et al. and Lemelin and Schmitt address these behavioral differ-
ences concluding that the diagonal sequence gait is a solution to moving on
small branches with a prehensile extremity. They stress that this would only
be a successful strategy for an animal with relatively deliberate locomotor
habits. Lemelin and Schmitt also show that Caluromys (a marsupial small-
branch specialist) differs from terrestrial marsupials in sharing many of these
behavioral traits, strongly suggesting that all of them are related to moving
quadrupedally on small branches. Larson examines the morphological corre-
lates of the highly protracted forelimb that results in the large angular excur-
sion of the forelimb during quadrupedal walking. These are: a more obtuse
spinoglenoid angle, a reduction in the anterior and superior projection of the
greater tubercle possibly produced by an anterior shift of the humeral head.
Smilodectes, the only early prosimian included in the study, appears more
primitive in the humeral features than any extant primate.

In contrast to the slow moving ancestor envisioned by Cartmill and col-
leagues, Szalay and Dagosto, in their grasp-leaping model, propose a much
more agile creature. In their view, leaping is a component of locomotor behav-
ior equal in importance to grasping in defining the postcranial morphotype of
Primates. Szalay offers a sharply critical account of previous reconstructions of
the locomotor abilities of early primates and the philosophies underlying the
logic of these reconstructions. Dagosto echoes these ideas, citing a number of
derived leaping related features of the limb skeleton shared by all primates,
including the presumably paraphyletic adapids and omomyids. She also points
out the difficulty in attempting to explain all of the derived characters of a
higher-level clade with a single adaptive hypothesis. A staged model for the
acquisition of key locomotor related adaptations is proposed.

Bloch and Boyer describe the variation in postcranial bones and inferred
locomotor adaptations present among plesiadapiform primates, identifying a
variety of arboreal behavioral adaptations in this group. They find no evidence
of gliding or phylogenetic links to Dermoptera among micromomyids, refuting
Beard’s Eudermoptera hypothesis. Believing the similarities of the hallucal-
grasping complex in Carpolestes to be a synapomorphy with true primates, they
posit that grasping was in place before anatomical adaptations for visual preda-
tion or leaping, thus contesting both the NVP and grasp-leaping hypotheses.
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Section IV: Adaptations and Evolution
of the Brain, Behavior, Physiology, and Ecology

As evidenced by the first three sections, features of the skull and skeleton have
figured prominently in evaluations of primate origins. But primates differ
from other mammals in many other features including size and structure of
the brain, social organization, life history, physiology, and biochemistry. The
papers in this section discuss some of these attributes and the relationships
among them.

Primates are among the “brainiest” mammals. Shea argues that the
unusual combination of a precocial life history strategy at small size by early
primates, possibly allowed by a stable resource base, set the stage for a grade-
shift in encephalization that was preserved as they diversified into larger sizes.
In addition to greater size, the structure and organization of the brain distin-
guish primates from other mammals. In an extensive review, Preuss demon-
strates how primates have developed new cortical areas, reorganized existing
structures, changed the way existing structures connect, and established new
kinds of connections. Many of these changes reflect the integration of infor-
mation from the eyes and forelimb, contributing to a distinct kind of “look-
ing and reaching” in primates, which fits nicely with models of primate origins
that stress the role of visual foraging.

Mueller et al. review aspects of the social organization of primates and
mammals in order to reconstruct the ancestral pattern of primate social
organization. They argue that a “dispersed” system (solitary foraging with
social networks formed by a core of related females) was present in early pri-
mates. The presence of social networks and contacts that are maintained
throughout the year, rather than being restricted to the breeding season,
are derived features compared to primitive mammals. Factors that may
explain the development of sociality in primates are frugivory, prolonged
mother-infant relationships, and large body size.

Snodgrass et al. show that ecological factors (diet quality, habitus, activ-
ity pattern) are only partially successful in explaining the difference in basal
metabolic rates between lower and higher primates. The shared hypometab-
olism of strepsirhines, tarsiers, and tree shrews indicates that the ancestral
primate inherited this physiology, small body size, and dependence on insects
as a food source from an archontan ancestor. Hypometabolism is possibly an
adaptation to environments with low productivity and /or marked seasonality.
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Thus, the Shea, Mueller et al., and Snodgrass et al. models sometimes con-
trast with each other in their reconstruction of ancestral diet (insectivory ver-
sus frugivory), environment (stable versus unstable resource base), and body
size (small versus large). In addition to metabolic rates, other aspects of phys-
iology and biochemistry distinguish lower and higher primates. Yi and Li dis-
cuss the evidence for adaptive evolution of the physiologically important
proteins growth hormone (GH), growth hormone receptor (GHR), and
chorionic gonadotropin (CR). Each shows evidence of rapid change some-
times associated with gene duplication and changes in site of expression.

We close the volume with two papers that address ecological aspects of pri-
mate evolution and tie in themes from several of the previous sections. Most
contributors use the comparative method to elucidate the adaptational signif-
icance of primate apomorphies. As shown by the extensive review of pha-
langeroid marsupial biology and ecology provided by Rasmussen and
Sussman, this radiation provides many interesting opportunities for under-
standing the origin of primate diet, locomotion, foraging strategies, orbital
convergence, life history, and physiology. While noting how much still
needs to be learned about these mammals, they use what is known to critique
current hypotheses of primate origins.

Lucas et al. manage to tie in almost every primate apomorphy in a model
of foraging evolution based, like Sussman’s, on the coevolution of primates
and angiosperms. In this model, early Primates were small, nocturnal, and
dichromatic, living in angiosperms, but subsisting primarily on insects. As
angiosperms developed spines and thorns to protect themselves against
dinosaurs, primates developed nails and pads to protect themselves against
spines and thorns. The trichromatic color vision typical of catarrhines, and
independently developed in some platyrrhines and lemurs, thus is a more
recent evolutionary development.



CHAPTER ONE

A Molecular Classification
for the Living Orders
of Placental Mammals
and the Phylogenetic

Placement of Primates
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Eduardo Eizirik, Ole Madsen, Mark Scally,
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and Stephen J. O’Brien

INTRODUCTION

For more than a century, systematists have debated higher-level relation-
ships among the orders of placental mammals. The order Primates is no
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exception. One prominent hypothesis is Archonta that was originally pro-
posed as a superorder by Gregory (1910) to include primates, bats, flying
lemurs, and menotyphlan insectivores (i.c., tree shrews, elephant shrews).
Minus elephant shrews, the Archonta hypothesis has survived for nearly a
century. The bulk of support for this hypothesis derives from modifications
of the tarsus (Novacek and Wyss, 1986; Shoshani and McKenna, 1998;
Szalay, 1977; Szalay and Drawhorn, 1980; Szalay and Lucas, 1993).
Archonta is a recurrent theme in higher-level mammalian classifications
(McKenna, 1975; McKenna and Bell, 1997; Szalay, 1977). There are also
morphological studies (Cartmill and MacPhee, 1980; Luckett, 1980;
Novacek, 1980; Simpson, 1945) that question the monophyly of Archonta.
Simpson (1945) suggested that Archonta is “almost surely an unnatural
group.” Even among studies that advocate Archonta, the possibility that
bats are an independently arboreal group from the Archonta has been noted
(Szalay and Drawhorn, 1980). In part, this reservation was expressed
because bats lack shared, derived tarsal specializations that unite other
archontans (Szalay, 1977; Szalay and Drawhorn, 1980). Szalay and
Drawhorn (1980) attribute this to the major functional transformation that
the chiropteran ankle has undergone in association with the “extreme reori-
entation of the femoral-acetabular articulation.” Given the absence of tarsal
modifications that unite bats with other archontans, the primary rationale
for including bats in Archonta is the suite of novel features that bats share
with flying lemurs (Gregory, 1910; Simmons, 1995; Simmons and Quinn,
1994; Szalay and Drawhorn, 1980).

Aside from whether or not primates belong to a monophyletic Archonta,
there are questions pertaining to the sister-group of primates. Several studies
resolve archontans into a trichotomy between primates, tree shrews, and
Volitantia (i.e., flying lemurs + bats) (Novacek, 1990; Novacek et al., 1988;
Novacek and Wyss, 1986; Szalay, 1977). Other studies, some of which sup-
port Archonta and others of which do not, support a sister-group relationship
between primates (or euprimates) and tree shrews (Martin, 1990; Shoshani
and McKenna, 1998; Simpson, 1945; Wible and Covert, 1987; Wible and
Novacek, 1988). Beard (1993) has argued for the Primatomorpha hypothe-
sis that postulates a sister-group relationship between flying lemurs and pri-
mates. Another alternative is a sister-group relationship between tree shrews
and flying lemurs, with this collective group as the sister-group to primates
(Sargis, 2001).
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Over the last three decades, molecular data have become increasingly
important for testing and proposing hypotheses of interordinal relationships.
In the mid-1970s, Goodman (1975) summarized immunological and amino
acid data bearing on higher-level primate affinities. The latter included
parsimony analyses of amino acid sequences for proteins such as myoglobin,
and o- and B-hemoglobins. Based on a consideration of the available molec-
ular evidence, which was not entirely congruent, Goodman (1975) con-
cluded that “the tentative solution adopted from immunodiffusion evidence
of grouping Primates and Tupaioidea (also Dermoptera) in the superorder
Archonta would seem a valid compromise.” Almost two decades later,
Stanhope et al. (1993) evaluated higher-level affinities of primates based on
nucleotide and amino acid sequences. Addressing the Archonta hypothesis,
Stanhope et al. (1993) concluded that there is “marked divergence of
Chiroptera from Primates, Scandentia, and Dermoptera” based on analyses of
IRBP and e-globin data sets. Instead, Stanhope et al. (1993) suggested that
“a more likely primate supraordinal clade consists of Primates, Dermoptera,
Lagomorpha, Rodentia, and Scandentia.” Adkins and Honeycutt (1993) also
concluded that Archonta is not monophyletic based on mitochondrial DNA
sequences.

Additional support for the “supraordinal clade” suggested by Stanhope et al.
(1993) comes from two analyses of molecular supermatrices (Madsen et al.,
2001; Murphy et al., 2001a). In both studies, maximum likelihood analyses
resolved placental mammals into the same four major groups: Xenarthra,
Afrotheria, Laurasiatheria, and Euarchonta + Glires (= Euarchontoglires of
Murphy et al., 2001b,c). The latter group includes Primates, Scandentia,
Dermoptera, Lagomorpha, and Rodentia. However, Madsen et al. (2001) and
Murphy et al. (2001a) did not provide convincing support for the placement of
primates, tree shrews, and flying lemurs relative to each other and to Glires
(Lagomorpha, Rodentia). To achieve additional resolution among the orders of
placental mammals, including the phylogenetic position of primates, we com-
bined and expanded the molecular data sets of Madsen et al. (2001) and
Murphy et al. (2001a). The resulting supermatrix is 16.4 kb in length (com-
prising 10,059 variable and 7,785 informative characters) and includes seg-
ments of 19 nuclear genes and three mitochondrial genes for 44 taxa. Primary
analyses of this data set are provided in Murphy et al. (2001b). Here, we pro-
vide an expanded set of analyses and suggest a higher-level classification for the
living orders of placental mammals based on our molecular results.
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MATERIALS AND METHODS

Murphy et al. (2001b) concatenated and expanded the data sets of Madsen
et al. (2001) and Murphy et al. (2001a) to generate a data set that included
19 nuclear segments and three mitochondrial genes (12S rRNA, tRNA valine,
16S rRNA) for 42 placental taxa and two marsupial outgroups. Some taxa
were chimeric, being composed of sequences from species belonging to the
same well-supported (noncontroversial) monophyletic group (see Murphy
ct al., 2001b). After excluding regions of the data set that were judged
alignment-ambiguous, the data set was 16,397 bp nucleotides in length. Of
these, 14,750 nucleotides were from nuclear genes and 1,647 nucleotides
were from mitochondrial genes.

Data were analyzed using likelihood-based analyses, including Bayesian phy-
logenetic analyses (Huelsenbeck et al., 2001; Huelsenbeck and Ronquist, 2001;
Larget and Simon, 1999; Mau et al., 1999). Likelihood methods are statistically
consistent given a correct model of sequence evolution and have the potential to
resolve complex phylogenetic problems (Whelan et al., 2001). In both maxi-
mum likelihood and Bayesian analyses, we used the general time reversible
(GTR) model of sequence evolution with a gamma (I") distribution of rates and
an allowance for a proportion of invariant sites (I) based on the results of
Modeltest (Posada and Crandall, 1998). Additional details on model parameters
are given in Murphy et al. (2001b). PAUP 4.0 (Swofford, 1998) was used to
perform maximum likelihood (ML) analyses, including nonparametric boot-
strapping. However, it was necessary to employ phylogenetic constraints (see
asterisks in Figure 1) and limit searching to nearest neighbor interchanges in ML
bootstrap analyses because of computational demands. Whereas ML analyses
search for tree(s) having the highest likelihood score, Bayesian methods sample
trees according to their posterior probability properties (Huelsenbeck et al.,
2001). An advantage of the Bayesian approach is that complex models of
sequence evolution, including GTR + I + I, can be employed with large data sets
and without the need for phylogenetic constraints.

Even though the Bayesian approach is feasible for large data sets, analytical
calculation of Bayesian posterior probabilities requires summation over all
topologies and integration over all possible combinations of branch length and
substitution model parameter values (Huelsenbeck et al., 2001). These calcu-
lations become analytically intractable for even small phylogeny problems
(Huelsenbeck et al., 2001), and posterior probabilities must be estimated using
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other methods. One method is the Markov chain Monte Carlo (MCMC)
approach with Metropolis—Hastings sampling (Huelsenbeck et al., 2001;
Huelsenbeck and Ronquist, 2001). New states for the Markov chain are pro-
posed using a stochastic mechanism, acceptance probabilities for the new state
are calculated, and the new state is accepted if the acceptance probability is
higher than a uniform random variable between 0 and 1. Using this approach,
a large set of trees can be evaluated from the universe of potential phylogenetic
trees (Huelsenbeck et al., 2001; Huelsenbeck and Ronquist, 2001). This pro-
vides a powerful alternative to searching for a single maximum likelihood tree
and evaluating the reliability of this tree using the nonparametric bootstrap.
We used MrBayes 2.01 (Huelsenbeck and Ronquist, 2001), which performs
Bayesian analyses using Metropolis-coupled Markov chain Monte Carlo
(MCMCMC) sampling, to approximate posterior probabilities distributions
for the topology and parameters of the model of sequence evolution. MCM-
CMC runs 7 chains simultaneously and allows for state swaps between chains.
Relative to approaches that employ a single Markov chain, MCMCMC is less
susceptible to local entrapment and is more efficient at crossing deep valleys in
a landscape of phylogenetic trees (Huelsenbeck and Ronquist, 2001).
Bayesian analyses employed four independent chains (three heated, one cold;
see Huelsenbeck and Ronquist, 2001), all starting from random trees, and were
run for 300,000 or 600,000 generations. Chains were sampled every 20 gener-
ations and burnin values were set at 75,000 generations based on empirical eval-
uation. Additional details are given in Murphy et al. (2001b). Bayesian analyses
were also performed with single-taxon outgroup jackknifing and with subsets of
nucleotide sequences. The latter included nuclear genes only and mt rRNA
genes only. We also partitioned the nuclear data set in two different ways. First,
protein-coding genes (12,988 bp) versus UTRs (untranslated regions) (1762
bp). Second, 1st+2nd codon positions (8658 bp) versus 3rd codon positions +
UTRs (6092 bp). All supplementary analyses were run for 300,000 generations
with burnin set at 60,000 or 75,000 generations based on empirical evaluation.

RESULTS
Likelihood and Bayesian Analyses with the Full Data Set

Figure 1 shows a maximum likelihood cladogram (-In likelihood = 211,110.54)
for the 16.4 kb data set under the GTR + I + I model of sequence evolution.
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Bootstrap support percentages are shown below each branch. Four independ-
ent Bayesian (MCMCMOC) analyses, two that were run for 600,000 generations
and two for 300,000 generations, resulted in the same topology. The range of
posterior probabilities (all four runs) is shown above each branch, with poste-
rior probabilities expressed as percentages. Tables 1-4 show posterior probabil-
ities for individual MCMCMC runs. Although the maximum likelihood tree and
Bayesian trees (from independent runs) were topologically identical, bootstrap
proportions were generally lower than posterior probabilities.

Consistent with the maximum likelihood analyses presented in Madsen
et al. (2001) and Murphy et al. (2001a), our analyses recovered four major
clades of placental mammals: Xenarthra (Cingulata, Pilosa); Afrotheria
(Afrosoricida, Macroscelidea, Tubulidentata, Hyracoidea, Proboscidea,
Sirenia); Euarchontoglires (Rodentia, Lagomorpha, Scandentia, Der-
moptera, Primates); and Laurasiatheria (Eulipotyphla, Chiroptera, Carnivora,
Pholidota, Perissodactyla, Cetartiodactyla). There is also moderate to strong
support for relationships between these groups. Euarchontoglires and
Laurasiatheria are sister-taxa that together constitute a clade named
Boreoeutheria (Springer and de Jong, 2001). The basal split among living
placental mammals is between Afrotheria and Boreoeutheria + Xenarthra
(herein named Notolegia, see below for definition). Bootstrap support for
Notolegia was 76% and posterior probabilities were 0.99-1.00 in independent
MCMCMC analyses with the complete data set. Two competing hypotheses
for the position of the root that had the next highest likelihood scores are: (i)
at the base of Xenarthra (i.e., a basal split between Xenarthra and Epitheria;
-In likelihood = 211,119.66) and (ii) between Atlantogenata (i.e., Afrotheria
+ Xenarthra) and Boreoeutheria (-In likelihood = 211,115.95). SOWH
(Swoftord-Olsen-Waddell-Hillis) tests (Swofford et al., 1996; Goldman et al.,
2000) rejected these locations for the root (Murphy et al., 2001b). There
were no other positions for the root that had nonzero bootstrap percentages
or nonzero probabilities in likelihood, and Bayesian analyses, respectively.

Most relationships within the major clades were also resolved. In Xenarthra,
pilosans (sloth and anteater) cluster to the exclusion of the armadillo (Cingulata).
In Afrotheria, there is a basal separation of paenungulates (Hyracoidea,
Proboscidea, Sirenia) and a clade containing Tubulidentata, Macroscelidea, and
Afrosoricida, with the latter two orders as sister-taxa. The basal split in
Laurasiatheria is between Eulipotyphla and other taxa (i.e., Scrotifera of
Waddell et al., 1999; hereafter called Variamana for reasons that are discussed
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below). Within Variamana, the next split is between Chiroptera and
Fereuungulata (carnivores, pholidotans, perissodactyls, cetartiodactyls). There
is strong support for a carnivore—pholidotan clade within Fereuungulata.
Euarchontoglires is divided into Glires (Lagomorpha + Rodentia) and
Euarchonta (Dermoptera + Primates + Scandentia), both of which receive high
bootstrap support percentages and posterior probabilities. Within Euarchonta,
Scandentia and Dermoptera are sister-taxa (bootstrap support = 85%; posterior
probabilities = 1.00 in four independent MCMCMC runs).

Analyses with Outgroup Jackknifing

In Bayesian analyses that deleted either the opossum or the diprotodontian,
the ingroup topology remained unchanged. Posterior probabilities remained
> 0.95 for all but two clades (Sirenia + Hyracoidea = 0.48; Carnivora +
Pholidota + Perissodactyla = 0.76) with the diprotodontian outgroup. With
opossum outgroup, all clades were supported with posterior probabilities
> 0.95 except for Sirenia + Hyracoidea (0.77), Carnivora + Pholidota +
Perissodactyla (0.70), and Fereuungulata (0.92). Within Euarchontoglires,
posterior probabilities for Euarchonta were 0.99 in both analyses that deleted
one of the marsupial outgroups. Similarly, tree shrew + flying lemur support
remained high (posterior probability = 1.00 for both analyses).

Analyses with the Nuclear Data Set

Bayesian analyses with nuclear genes only resulted in a tree that was identical
to that shown in Figure 1, except that Proboscidea and Hyracoidea are sister-
taxa within Paenungulata (posterior probability = 0.88). In addition to the
Hyracoidea + Proboscidea clade, other groups that were supported with pos-
terior probabilities less than 0.95 included Fereuungulata (0.65), Carnivora +
Pholidota + Perissodactyla (0.53), and Euarchonta (0.94). Support for tree
shrew + flying lemur remained high (posterior probability = 0.97).

Analyses with Subsets of Nuclear Genes

Among trees based on subsets of nuclear genes, the tree based on protein-
coding genes only was most similar to the tree for the complete nuclear data
set. All branching relationships were identical except that Primatomorpha
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reccived higher support (posterior probability = 0.58) than Scandentia +
Dermoptera (posterior probability = 0.42). Euarchonta was still supported,
but the posterior probability was only 0.56.

Analyses with the remaining partitions of the nuclear data (UTRs; 1st and 2nd
codon positions; 3rd codon positions + UTRs) resulted in trees with more topo-
logical differences. Posterior probabilities remained high for some clades, but
were lower in other cases. Posterior probabilities were 1.00 for the four major
groups (Xenarthra, Afrotheria, Laurasiatheria, Euarchontoglires) and for
Boreocutheria. At the base of the tree, Xenarthra + Boreoeutheria was strongly
supported by 3rd codon positions + UTRs (posterior probability = 0.98); other
partitions did not resolve the root of the placental tree with high probabilities
(i.e., >0.95). Within Afrotheria, Paenungulata, Tubulidentata + Macroscelidea +
Afrosoricida, Macroscelidea + Afrosoricida, and Afrosoricida were generally sup-
ported. Within Euarchontoglires, posterior probabilities for Glires ranged from
0.02 to 1.00 with different partitions. Posterior probabilities for Euarchonta
were lower than for Glires and ranged from 0.02 (UTRs only) to 0.88 (UTRs +
3rd codon positions). Within Euarchonta, 3rd codon positions + UTRs sup-
ported Scandentia + Dermoptera (posterior probability = 0.99) whereas, 1st +
2nd codon positions favored Primatomorpha (posterior probability = 0.77).
Within Laurasiatheria (Table 4), Variamana was supported by 1lst + 2nd codon
positions of nuclear genes (posterior probability = 1.00). Chiroptera+
Eulipotyphla was not supported by any of the partitions of the nuclear genes.
Support for Fereuungulata was not evident in analyses with UTRs, 1st + 2nd
codon positions, and UTRs + 3rd codon positions. Carnivora + Pholidota was
consistently supported in analyses with different nuclear partitions.

Analyses with Mt rRNA Genes

In contrast to the nuclear partitions, all of which provided robust support
for the four major clades of placentals and for Boreoeutheria, analyses with the
mt rRNA partition only provided robust support for Xenarthra and Afrotheria.
Within Afrotheria, there was support for Paenungulata, Tubulidentata+
Macroscelidea + Afrosoricida, and Afrosoricida. Within Paenungulata, mt rRNA
was the only partition that favored Tethytheria (i.e., Sirenia + Proboscidea) over
competing hypotheses. In addition to not supporting Euarchontoglires, the mt
rRNA partition failed to support Glires, rodent monophyly, and Euarchonta.
Scandentia + Dermoptera was supported (posterior probability = 0.98). Within



14 Mark S. Springer et al.

Laurasiatheria, Variamana was strongly supported (posterior probability = 0.95),
but relationships within this group were not well resolved.

DISCUSSION
Likelihood Versus Bayesian Results

Given that Bayesian methods are relatively new in phylogenetics, it is reassur-
ing that independent Bayesian runs with the full data set resulted in trees that
are topologically identical to each other and to the maximum likelihood tree
when analyses were performed under the GTR + I" + I model of sequence evo-
lution. Maximum likelihood bootstrap percentages were generally lower than
Bayesian posterior probabilities. The observation that bootstrap support pro-
portions are lower than Bayesian posterior probabilities has now become com-
mon (Douady et al., 2003; Huelsenbeck et al., 2002). As noted by Murphy
et al. (2001D), this result is consistent with the suggestion of Hillis and Bull
(1993) that nonparametric bootstrap support may be too conservative. Specif-
ically, Hillis and Bull (1993) found that bootstrap proportions > 70% almost
always defined a true clade in their study of a known bacteriophage T7
phylogeny. In our maximum likelihood bootstrap analysis, only four clades had
support percentages below 70%. Efron et al. (1996) showed that bootstrap
proportions (to a first approximation) are unbiased, but also that properties of
the bootstrap underlie results like those of Hillis and Bull (1993). In an analy-
sis using computer simulations, Wilcox et al. (2002) concluded that posterior
probabilities are more reliable indicators of statistical confidence than boot-
strap proportions. Huelsenbeck et al. (2002) suggested that the discrepancy
between bootstrap proportions and posterior probabilities may reflect a statis-
tical bias in uncorrected bootstrap proportions.

Whether or not bootstrap proportions are too conservative (for the best
supported clades), other authors have concluded that Bayesian posterior
probabilities may be too high (Suzuki et al., 2002; Waddell et al., 2001).
Waddell et al. (2001) cautioned that Bayesian results are less robust than
nonparametric bootstrap results in the face of model-violations. Elevated pos-
terior probabilities may also result it Markov chain Monte Carlo runs fail to
incorporate adequate mixing. In this context, it may be important to distin-
guish between posterior probabilities that are calculated analytically versus
posterior probabilities that are estimated using MCMC (with or without
Metropolis-coupling). Given that Bayesian phylogenetics is in its infancy, we
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can almost certainly expect improvements in methods that estimate posterior
probabilities. Even if we ignore posterior probabilities, maximum likelihood
bootstrap percentages above 90% occur over most of the tree and allow
for only localized rearrangements. Maximum likelihood bootstrap support
values for the four major groups (Xenarthra, Afrotheria, Laurasiatheria,
Euarchontoglires), as well as for Boreoeutheria, were all 100%.

Early History of Placentalia

In likelihood and Bayesian analyses with the complete data set, as well as in
Bayesian analyses with subsets of nuclear genes, only three positions for the
root of the placental tree had nonzero probabilities. These were between
Afrotheria and Notolegia (Xenarthra + Boreoeutheria), between Atlanto-
genata (Afrotheria + Xenarthra) and Boreoeutheria, and between Xenarthra
and Epitheria (Afrotheria + Boreocutheria). Of these, a basal split between
Afrotheria and Notolegia received the highest support. Waddell et al. (2001)
also favored rooting at the base of Afrotheria based on extensive analyses with
amino acid sequences. SOWH tests reported by Murphy et al. (2001b)
rejected rooting at the base of Xenarthra, and between Atlantogenata and
Boreoeutheria. However, likelihood scores for these root locations are only
slightly lower than for the Afrotheria root. This raises the possibility that the
sensitivity of the SOWH test may be too high. Buckley (2002) has shown that
SOWH tests can give overconfidence in a topology when the assumptions of
a model of sequence evolution are violated. Accordingly, we regard Afrotheria
versus Notolegia as the best-supported hypothesis, but also recognize
Boreoeutheria versus Atlantogenata, and Xenarthra versus Epitheria as valid
alternatives for the placental root.

Given Gondwanan origins for Xenarthra and Afrotheria (Madsen et al.,
2001; Murphy et al., 2001b; Scally et al., 2001), two of the three viable loca-
tions for the placental root (Afrotheria versus other placentals; Xenarthra ver-
sus other placentals) allow for the possibility of a paraphyletic southern
hemisphere group at the base of Placentalia (i.e., crown-group Eutheria).
Southern hemisphere paraphyly, in turn, suggests that crown-group eutherians
may have their common ancestor in Gondwana, with subsequent dispersal to
Laurasia. An alternate hypothesis that is consistent with these root locations is
that crown-group placentals have their most recent common ancestor in
Laurasia, and that there were independent dispersal events from Laurasia to
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Africa (ancestor of Afrotheria) and South America (ancestor of Xenarthra),
respectively (Archibald, 2003). This hypothesis is more in keeping with the
conventional view that crown-group eutherians originated in the northern
hemisphere (Matthew, 1915). The third alternative for the placental root,
Boreoeutheria versus Atlantogenata, suggests reciprocal monophyly of
Laurasian and Gondwanan moieties at the base of Placentalia, and is poten-
tially compatible with a placental root in either Gondwana or Laurasia. As dis-
cussed below, stem eutherian fossils are also important for evaluating the
geographic provenance of the last common ancestor of Placentalia.

Under any of the three rooting scenarios, the basal or near-basal separation
of Afrotheria and Xenarthra may be accounted for by the vicariant event that
sundered South America and Africa approximately 100-120 million years
ago. If this plate tectonic event is causally related to placental cladogenesis, we
should expect a divergence date at approximately 100-120 million years
(MY) for the split between Afrotheria and Xenarthra. In agreement with this
prediction, molecular divergence dates for the divergence of Afrotheria and
Notolegia are approximately 103 MY based on linearized trees and quartet
dating (Murphy et al., 2001b). Springer et al. (2003) used relaxed molecular
clock methods and estimated this split at 97-112 MY. Archibald (2003)
regards the agreement between plate tectonic and molecular dates as coinci-
dental and unrelated. However, there are at least hints from the fossil record
that stem eutherians have a deeper history in the southern hemisphere than
previously recognized. Rich et al. (1997) described ausktribosphenids from
the Early Cretaceous of Australia and suggested placental affinities. This
hypothesis remains controversial (Helgen, 2003; Kielan-Jaworowska et al.,
1998; Luo et al.,, 2001, 2002; Rich et al., 1998, 1999, 2001, 2002;
Woodburne et al., 2003). Perhaps more significant is Ambondro, which is the
oldest tribosphenic mammal from the Middle Jurassic of Gondwana (i.e.,
Madagascar; Flynn et al., 1999). Luo et al. (2001, 2002) argue that Ambondro
belongs in the clade Australosphenida, along with ausktribosphenids and
monotremes, and that tribospheny in this clade evolved independently from its
origin in Theria. In contrast, Sigogneau-Russell et al. (2001) suggest that
Ambondro is antecedent to Laurasian Cretaceous Tribosphenida and further
state (p. 146) that “the tribosphenic molar may thus have evolved in
Gondwana in the late Early Jurassic and from there have spread to (and diver-
sified in) the two hemispheres...” In addition, cladistic analyses offer the pos-
sibility that Ambondro is a stem eutherian (Woodburne et al., 2003). This
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hypothesis demands a marsupial-placental split no later than 167 MY, which is
in good agreement with molecular dates for the marsupial-placental split at
173-190 MY (Kumar and Hedges, 1998; Penny et al., 1999; Woodburne
et al., 2003). If stem ecutherians were in Gondwana in the Jurassic, a
Gondwanan origin for crown-group placentals becomes more plausible.

Major Clades of Placental Mammals

Our analyses extend studies with the Murphy et al. (2001b) data set and pro-
vide robust support for four major clades of placental mammals (Afrotheria,
Xenarthra, Euarchontoglires, Laurasiatheria). We also find robust support
for a Euarchontoglires + Laurasiatheria clade (i.e., Boreoeutheria; Springer
and de Jong, 2001). Sequences for a 1.3 kb segment of the apolipoprotein
B gene also recover these clades (Amrine-Madsen et al., 2003). In addition,
Waddell et al. (2001) argued for these clades based on analyses of amino acid
sequences. In contrast, Arnason et al. (2002) failed to recover monophyletic
Laurasiatheria and Euarchontoglires clades in their analysis of mitogenomic
sequences. Instead, both Laurasiatheria and Eulipotyphla were diphyletic
with Erinaceomorpha (hedgehog, moon rat) as the first placental branch fol-
lowed by a paraphyletic Euarchontoglires (and Rodentia). In contrast,
Lin et al. (2002) found that mitogenomic sequences recover Xenarthra,
Afrotheria, Laurasiatheria, and Euarchontoglires in unrooted analyses. This
arrangement is in fundamental agreement with nuclear data presented here
and elsewhere (Delsuc et al., 2002; Madsen et al., 2001; Murphy et al.,
2001a,b; Scally et al., 2001; Waddell et al., 2001). In rooted analyses, how-
ever, results similar to Arnason et al. (2002) were recovered with eulipoty-
phlan diphyly, rodent paraphyly, and Euarchontoglires paraphyly. As noted
by Lin et al. (2002), adding an outgroup should not result in changes within
the ingroup if the model of sequence evolution is correct. Lin et al. (2002)
concluded that the unrooted mitochondrial tree is correct and that peculiar
features of the rooted mitochondrial tree, such as eulipotyphlan diphyly and
rodent paraphyly, are the result of inadequate models that do not take into
account changes in mutational mechanisms in murid rodents, erinaceo-
morphs, and some marsupials. Further, Hudelot et al. (2003) performed
rooted analyses with mitochondrial RNA (tRNA and rRNA) gene sequences
that incorporated secondary structure information and found support for
Xenarthra, Afrotheria, Laurasiatheria, and Euarchontoglires. The monophyly



18 Mark S. Springer et al.

of Euarchontoglires is especially compelling in view of two different dele-
tions in nuclear genes that support this clade (de Jong et al., 2003; Poux et
al., 2002).

Morphology agrees with our molecular results in supporting Xenarthra.
However, Afrotheria, Euarchontoglires, Laurasiatheria, and Boreoeutheria
are all without morphological support. Instead, analyses of morphological
characters have placed taxa with similar morphotypes together even though
constituent taxa belong to different clades, e.g., paenungulates
(Afrotheria) and perissodactyls (Laurasiatheria) are sometimes united
together in the superordinal group Altungulata. From a molecular per-
spective, the occurrence of similar morphotypes in different clades (e.g.,
ungulates in Afrotheria versus Laurasiatheria) must be regarded as paral-
lel/convergent evolution (Helgen, 2003; Madsen et al., 2001; Scally et al.,
2001).

Relationships in Afrotheria

In agreement with most molecular studies and some morphological studies, our
analyses support Paenungulata. Resolution of relationships within
Paenungulata remains one of the major challenges for future studies of interor-
dinal relationships. Novel hypotheses that emerge from our analyses are
Tubulidentata + Macroscelidea + Afrosoricida and Macroscelidea Afrosoricida.
The latter clade also receives support from fetal membrane characters.
Specifically, afrosoricidans and elephant shrews are the only afrotherians with
haemochorial placentas (Carter, 2001).

Relationships Within the Euavchontoglives Clade

Our results agree with morphology in supporting Glires. In contrast, our results
disagree with morphological studies that support the Archonta and Volitantia
hypotheses. Rather, our analyses support an emended archontan clade that
Waddell et al. (1999) dubbed Euarchonta. This hypothesis requires that char-
acters associated with volancy are convergent in bats and flying lemurs. Indeed,
advocates of the Archonta hypothesis have long recognized that bats lack tarsal
features that occur in other archontan orders (Szalay and Drawhorn, 1980).
Within Euarchonta, our analyses favor Scandentia + Dermoptera over compet-
ing hypotheses. In his analysis of morphological data that forced Chiroptera
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outside of Archonta, Sargis (2001) also found support for a sister-group rela-
tionship between Scandentia and Dermoptera.

Relationships in Lanvasiathervia

Within Laurasiatheria, our analyses suggest a basal split between Eulipotyphla
(moles, shrews, hedgehogs) and Variamana (i.e., Chiroptera + Perissodactyla
+ Cetartiodactyla + Pholidota + Carnivora). Mitochondrial studies are divided
between those that are consistent with Variamana (Lin and Penny, 2001) and
those that favor a sister-group relationship between bats and Eulipotyphla
(represented by a mole) (Nikaido et al., 2001). Within Variamana, there
is strong support for a sister-group relationship between carnivores and
pangolins. Interestingly, these taxa are unique among living placentals in
possessing an osseous tentorium (Shoshani and McKenna, 1998).

MOLECULAR CLASSIFICATION FOR THE LIVING
ORDERS OF PLACENTAL MAMMALS

The well-resolved molecular tree that we present provides a basis for classify-
ing the living orders of placental mammals (Table 5). Following McKenna
and Bell (1997), we used mirorder, grandorder, superorder, magnorder,
cohort, supercohort, and infralegion as successively more inclusive taxonomic
ranks above the rank of order. Our classification includes clades that have
been recognized in previous classifications, although in many cases these have
not been recognized with formal Linnaean ranks. Our classification also
includes newly named clades. All names above the ordinal level are suggested
for crown-clades with node-based definitions.

We recognize Placentalia as a clade of crown-group eutherians at the tax-
onomic rank of infralegion. Placentalia is divided into the supercohorts
Afrotheria and Notolegia. The name Notolegia is new and is suggested for a
clade with southern (Gondwanan) origins that subsequently gave rise to
legions of placental taxa. Our basal split between Afrotheria and Notolegia
contrasts with two competing hypotheses for the base of the placental tree,
both of which are associated with likelihood scores that are only slightly lower
than when the root is placed between Afrotheria and Notolegia. First,
Atlantogenata (Waddell et al., 1999) versus Boreoeutheria (Springer and de
Jong, 2001), which places the root between Gondwanan- and Laurasian-origin
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clades. Second, between Xenarthra and Epitheria; Epitheria is compatible with
some morphological analyses (McKenna and Bell, 1997).

Within Afrotheria, we recognize a fundamental split between the
grandorders Fossoromorpha and Paenungulata. Fossoromorpha is a newly
named clade that includes aardvarks, elephant shrews, and afrosoricidans. The
name Fossoromorpha is suggested based on the occurrence of fossorial adap-
tations in many taxa within this clade (e.g., golden moles, aardvarks). Among
fossoromorphs, as well as other afrotherians that have been investigated,
Macroscelidea and Afrosoricida share a haemochorial placenta (Carter, 2001).
In recognition of this feature, we suggest the new name Haemochorialia for
this clade. Paenungulata (= Uranotheria of McKenna and Bell, 1997),
although not previously recognized at the rank of grandorder, is a feature of
some morphological classifications (¢.g., Simpson, 1945). Because relation-
ships within Paenungulata have proved difficult to resolve with molecular
data, we do not recognize additional classificatory structure within this group.

Notolegia includes Xenarthra and Boreoeutheria as its constituent cohorts.
Xenarthra includes the orders Cingulata (armadillos) and Pilosa (sloths,
anteaters). Boreocutheria is divided into the magnorders Laurasiatheria and
Euarchontoglires. Within Laurasiatheria, the superorder Variamana includes
all taxa excepting the order Eulipotyphla. We suggest the name Variamana for
the clade that includes Chiroptera, Perissodactyla, Cetartiodactyla, Pholidota,
and Carnivora in recognition of the variable hand that occurs in different
members of this group, e.g., flippers in cetaceans, wings in bats, hooves in

Table 5. Classification of living orders of placental mammals!

Infralegion Placentalia Owen, 1837, new rank
Supercohort Afrotheria Stanhope, Waddell, Madsen, de Jong, Hedges, Cleven, Kao &
Springer, 1998, new rank

Grandorder Fossoromorpha, new?

Order Tubulidentata Huxley, 1872
Mirorder Haemochorialia, new
Order Macroscelidea Butler, 1956
Order Afrosoricida Stanhope, Waddell, Madsen, de Jong, Hedges, Cleven, Kao
& Springer, 1998

Grandorder Paenungulata Simpson 1945
Order Hyracoidea, Huxley, 1869
Order Sirenia Illiger, 1811
Order Proboscidea Illiger 1811
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Table 5. (Continued)

Supercohort Notolegia, new?
Cohort Xenarthra Cope, 1889, new rank
Order Cingulata Illiger, 1811
Order Pilosa Flower, 1883
Cohort Boreocutheria Springer & de Jong 2001, new rank
Magnorder Laurasiatheria Waddell, Okada & Hasegawa, 1999, new rank
Order Eulipotyphla Waddell, Okada & Hasegawa, 1999
Superorder Variamana, new*

Order Chiroptera Blumenbach, 1779

Grandorder Fereuungulata Waddell, Okada & Hasegawa, 1999, new rank
Order Cetartiodactyla Montgelard, Catzeflis & Douzery, 1997
Order Perissodactyla Owen, 1848

Mirorder Ostentoria, new®
Order Carnivora Bowdich, 1821
Order Pholidota Weber, 1904
Magnorder Euarchontoglires Murphy, Stanyon & O’Brien, 2001

Grandorder Glires Linnacus, 1758, new rank
Order Lagomorpha Brandt, 1855
Order Rodentia Bowdich, 1821

Grandorder Euarchonta Waddell, Okada & Hasegawa, 1999, new rank
Order Primates Linnacus, 1758

Mirorder Paraprimates, new®

Order Dermoptera Illiger, 1811
Order Scandentia Wagner, 1855

''"To maintain stability, and subject to the requirement of monophyly, traditional mammalian orders
have been retained at the Linnaean rank of order. All taxa above the rank of order are intended as crown
clades with node-based definitions (i.e., the most recent common ancestor of all living members of
a group, plus all of the descendants, living or extinct, of this common ancestor; see examples below
for newly defined groups). Our classification explicitly avoids redundant taxonomic names that fail to
convey additional phylogenetic information. For example, the grandorder Fossoromorpha includes
the orders Tubulidentata, Afrosoricida, and Macroscelidea. Of these, Afrosoricida and Macroscelidea
are hypothesized as sister-taxa in the mirorder Haemochorialia. Tubulidentata is the sister-taxon to
Haemochorialia, but we have not erected a redundant mirorder for Tubulidentata. This does not imply
that Tubulidentata is incertae sedis in Fossoromorpha. We appreciate that categorical subordination is a
convenient approach to tag sister-groups in Linnaean classifications, but agree with Wiley (1981) that
redundant or empty categories should not be introduced unnecessarily. Also, categorical subordination
is less relevant for sister-groups with node-based definitions than for sister-groups with stem-based def-
initions. Only in the latter case can we expect sister-groups that have precisely equivalent origination
times that result from the same cladogenic event. Our classification retains flexibility for adding names
for taxa with stem-based definitions.

2 Definition: for the most recent common ancestor of Fossoromorpha and Tubulidentata and all of its
descendants. The name Fossoromorpha was suggested by Kris Helgen.

3Definition: for the most recent common ancestor of Xenarthra, Eulipotyphla, Chiroptera,
Cetartiodactyla, Perissodactyla, Carnivora, Pholidota, Rodentia, Lagomorpha, Primates, Scandentia,
and Dermoptera and all of its descendants.

#Definition: for the most recent common ancestor of Chiroptera, Cetartiodactyla, Perissodactyla,
Carnivora, and Pholidota and all of its descendants. The name Variamana was suggested by Kiris
Helgen.

5 Definition: for the most recent common ancestor of Carnivora and Pholidota and all of its descendants.
6 Definition: for the most recent common ancestor of Dermoptera and Scandentia and all of its descen-
dants.



22 Mark S. Springer et al.

ungulates. Variamana is suggested as an alternative to Scrotifera (Waddell
et al., 1999), which we find less appropriate for this clade. Within Variamana,
our analyses support Fereuungulata (Waddell et al., 1999). Interordinal rela-
tionships within Fereuungulata are not resolved except for Carnivora +
Pholidota. Numerous morphological studies unite pholidotans with
xenarthrans, but there is also support for a carnivore-pholidotan alliance
(Shoshani and McKenna, 1998). We suggest that Ostentoria is an appropri-
ate name for this hypothesis given the osseous tentorium that occurs in car-
nivores and pangolins (Shoshani and McKenna, 1998). Waddell et al. (1999)
suggested the name Ferae for this clade, but Gregory’s (1910) monograph
reveals that this name has a long and complicated history that begins in 1758
with Linnaeus, who included carnivores in Ferae and pangolins in Bruta.
Simpson (1945) included carnivores and creodonts in the superorder Ferae
and pangolins in the cohort Unguiculata.

Within Euarchontoglires, we recognize the grandorders Glires and
Euarchonta. Glires includes lagomorphs and rodents and is recognized in
most morphological classifications. The name Euarchonta was suggested
by Waddell et al. (1999) for an emended archontan clade that includes pri-
mates, scandentians, and dermopterans, but not chiropterans. Peters
(1864) included tree shrews, flying lemurs, and elephant shrews in one of
his two great groups of insectivores (reviewed in Gregory, 1910).
Although Haeckel (1866) removed flying lemurs from this group when he
erected Menotyphla, it is now evident that Scandentia and Dermoptera are
more closely related to each other than either is to elephant shrews. We
suggest the new name Paraprimates for the Scandentia + Dermoptera
hypothesis in recognition of the phylogenetic proximity of this clade to
Primates.

CONCLUSIONS

Likelihood and Bayesian analyses of the Murphy et al. (2001b) data set
provide a well-resolved phylogeny for the orders of placental mammals that
includes four major clades (Afrotheria, Xenarthra, Laurasiatheria, Euarchon-
toglires). In addition, Laurasiatheria and Euarchontoglires are sister-taxa.
Among these clades, only Xenarthra was previously hypothesized based on
morphology. This reorganization of the placental tree has implications for
early placental biogeography and the deployment of morphological character
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evolution. Remaining uncertainties in the placental tree are confined to local
rearrangements, i.e., unresolved trifurcations.

In contrast to morphological studies that group Primates in Archonta, our
molecular results suggest archontan diphyly with bats in Laurasiatheria and
the remaining archontan orders (primates, tree shrews, flying lemurs) in
Euarchontoglires. The latter clade is divided into Glires (rodents + lagomorphs)
and Euarchonta (primates + tree shrews + flying lemurs). Future morphologi-
cal studies that examine relationships among primates and their relatives should
not blithely assume archontan monophyly as a basis for outgroup choice.
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CHAPTER TWO

New Light on the Dates of
Primate Origins and

Divergence

Christophe Soligo, Oliver A. Will, Simon Tnvare,
Charles R. Marshall, and Robert D. Martin

INTRODUCTION

The known fossil record for undoubted primates of modern aspect (i.e.,
confined to Euprimates and excluding Plesiadapiformes) dates back to the
beginning of the Eocene epoch, about 55 million years ago (MYA), and it is
widely accepted among primate paleontologists that primates originated dur-
ing the preceding Paleocene epoch, some 60-65 MYA. A parallel conclusion
has been reached for most orders of placental mammals, and it is generally
assumed that the origin and radiation of most if not all placental orders with
extant representatives took place after the extinction of dinosaurs at the end
of the Cretaceous. In common parlance, the Age of Mammals followed on
from the Age of Dinosaurs. A comparable explanation has been given for the
adaptive radiation of modern birds. All such interpretations depend on the

Christophe Soligo ¢ Human Origins Programme, Department of Palacontology, The Natural
History Museum, London, UK Oliver Will e Statistics Department, University of Washington,
Scattle, WA Simon Tavaré e Program in Molecular and Computational Biology, University of
Southern California, Los Angeles, CA Charles R. Marshall ¢ Department of Invertebrate
Paleontology, Museum of Comparative Zoology, Harvard University, Oxford Street, Cambridge, MA
Robert D. Martin e The Field Museum, Chicago, IL

29



30 Christophe Soligo et al.

common procedure of dating the origin of a group by the earliest known
fossil representative, perhaps adding a safety margin of a few million years in
tacit but conservative recognition of the fact that the earliest known fossil is
unlikely to coincide exactly with the time of origin. Such direct dating from
the fossil record faces two problems: (1) if the fossil record represents a very
poor sample, the first known fossil representative of a given group is likely to
be considerably more recent than the actual origin of that group, and (2) various
kinds of bias in the fossil record may introduce further error. In this light, it has
been suggested that a relatively low sampling level of the fossil record for
primates has led to substantial underestimation of their time of origin (Martin
1986, 1990, 1993; Tavaré et al., 2002).

Correct timing of the initial emergence of a group such as the primates is
of great importance if the mechanisms that led to its evolution are to be
understood, as both biotic and abiotic environmental conditions can be taken
into account only if the origin of the group and the prevailing environmental
conditions can be accurately correlated chronologically.

In this chapter, we review available paleontological and molecular evidence
pertinent to the timing of the origin of the primates. We also present new
analyses using a recently developed statistical method that estimates times of
origin of clades based on their modern diversity, their known fossil record,
diversification models, and estimates of relative sampling intensities.

THE FOSSIL RECORD

Before proceeding any further, it is necessary to draw a crucial distinction
between the time of initial divergence of a given group, such as the primates,
and the age of the last common ancestor of all known, diagnosable members
of that group (Figure 1). In a phylogenetic tree, the initial time of origin of
any given taxon is indicated by the point of divergence between that taxon
and its most closely related sister taxon (node 1 in Figure 1). Initially, the
taxon of interest might diverge from its closest relatives as a lineage lacking
the characteristic morphological features of its later descendants and then
exist for some time before developing recognizable diagnostic characters. A
considerable temporal gap may, therefore, occur between the initial divergence
of a taxon and the emergence of diagnostic morphological characteristics as
recognized by paleontologists (i.c., between nodes 1 and 2 in Figure 1). With
respect to the evolution of placental mammals, this point has been succinctly
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expressed by Madsen et al. (2001): “Easteal (1999) suggested that primitive
placentals from the Cretaceous may have diversified phylogenetically before
they diverged morphologically and acquired the diagnostic features of
ordinal level crown-group clades.” The upper limit for the temporal gap
between the initial divergence of a taxon and the emergence of diagnostic
morphological characteristics is set by the estimated age of the last common
ancestor of modern lineages within the taxon (node 3 in Figure 1), or by the
age of the oldest known clearly recognizable fossil representative of the taxon,
whichever is older.

Figure 1. In a molecular phylogeny, the time of origin of taxon A (with living repre-
sentatives A, A,, and A;) is indicated by node 1, the point of inferred divergence from
the most closely related sister taxon with living representatives (B). The time of initial
divergence of living representatives of taxon A from their last common ancestor may be
considerably younger, as indicated by node 3. Molecular estimates can also be used to
infer the date of node 3, in this case the time of divergence between A, and (A, + A;).
Derived morphological features shared by the living representatives of taxon A may
have developed at any time between nodes 1 and 3. The ecarliest morphologically rec-
ognizable member of taxon A exhibiting derived diagnostic features shared with the liv-
ing representatives is indicated by node 2. The first known fossil representative
allocated to taxon A (Ag), on the basis of derived features shared with living represen-
tatives, yields a minimum date for the origin of the taxon. It should be noted that A
may be nested within the adaptive radiation leading to living representatives (as is
widely presumed to be the case for Eocene adapiforms and omomyiforms), but it is also
possible that A, diverged at some time prior to the common ancestor of living

representatives (i.e., prior to node 3).
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It should be noted that inferred phylogenetic relationships, in conjunction
with the fossil record, may be used to extend minimum estimates of diver-
gence times in some cases (Norell, 1992; Smith, 1994). Under the assumption
that sister groups had the same time of origin, the later-appearing sister group
is assumed to have existed at least by the time of first appearance of the ear-
lier-appearing sister group. The range extension for the later-appearing sister
group is referred to as a ghost lineage (Norell, 1992). In the case of the pri-
mates, the uncertainties that prevail regarding both the composition of and
the relationships within Archonta—the supraordinal grouping to which
primates are often allocated—make it difficult to apply the concept of the
ghost lineage. It can be noted, however, that none of the modern orders of
Archonta extends back much beyond the time of the earliest known primate
fossils. The oldest known fossils belonging to Scandentia are from Eocene
deposits (Tong, 1988), while the oldest fossils tentatively attributed to
Volitantia (Dermoptera + Chiroptera) are late Paleocene (Stucky and McKenna,
1993), which would extend the expected range of the primates back by no
more than a few million years. Among extinct groups of archontans, the
Plesiadapiformes and the Mixodectidae (as possible members of Dermoptera)
are potentially relevant (Hooker, 2001). If confirmed to represent the sister
group of primates, either of these would extend the expected range of primates
back to the early Paleocene.

Undoubted primates (equated here with Euprimates) first appeared in
the fossil record at the beginning of the Eocene period in Western Europe,
Asia, and North America. A reported primate from the late Paleocene of
Morocco (Sigé et al., 1990), Altiatiasius, has recently been reassigned to the
Plesiadapiformes (Hooker et al., 1999) and is, therefore, not considered here.
The absence from the known fossil record of any pre-Eocene primates of
modern aspect is usually interpreted as evidence that the order originated not
long before that period, around 60 MYA and no earlier than 65 MYA.

However, the ages of the first known fossil representatives of certain other
mammalian groups are in themselves incompatible with the interpretation
that the placental lineage leading to primates diverged only 60-65 MYA. The
best illustration of this is provided by studies of artiodactyl relationships. It
has long been accepted that cetaceans and artiodactyls are sister-groups, but
recent molecular evidence has uniformly indicated that cetaceans are actually
nested within the artiodactyls and that their closest relatives are hippopota-
muses. This conclusion, initially suggested by immunological data (Sarich,



New Light on the Dates of Primate Origins and Divergence 33

1993), is now supported by nuclear gene sequences (Gatesy, 1997; Gatesy
et al., 1996, 1999; Graur and Higgins, 1994; Madsen et al., 2001; Murphy
et al., 2001a, b), by insertions of interspersed elements (retroposons) in the
nuclear genome (Nikaido et al., 1999), and by complete mitochondrial
genomes (Ursing and Arnason, 1998). In fact, evidence from two early
terrestrial relatives of cetaceans: Ichthyolestes and Pakicetus (Thewissen et al.,
2001), has confirmed that they share the unique tarsal morphology of
artiodactyls and are, therefore, more closely related to them than to mesony-
chians, which were long thought to be the direct sister group of cetaceans.
Although a cladistic analysis of the morphological data did not confirm a
specific link between cetaceans and hippopotamuses, there is undoubtedly a
closer link between cetaceans and artiodactyls than hitherto believed by
paleontologists. The molecular evidence now uniformly indicates that the fol-
lowing sequence of divergences occurred during the evolution of the hoofed
mammals (ungulates): (1) between odd-toed perissodactyls and even-toed
artiodactyls; (2) within artiodactyls between camels + pigs and ruminants +
hippos + cetaceans; (3) between ruminants and hippos + cetaceans; (4)
between hippos and cetaceans. Given that the first known fossil representative
of the cetaceans is dated to about 53.5 MYA (Bajpai and Gingerich, 1998), it
follows that the initial divergence in this well-supported sequence of 4 splits in
ungulate evolution must have occurred at a relatively early date and that the
separation between ungulates and the lineage leading to primates must have
taken place even earlier. A date of only 60-65 MYA for the divergence of the
primate lineage from other lineages of placental mammals hence seems inher-
ently improbable. It seems likely, instead, that the early evolution of primates
has simply remained undocumented in the known fossil record.

Early placental mammals seem to be generally poorly documented in the
known fossil record. This is strikingly illustrated by the case of bats (order
Chiroptera). Modern bats constitute a widespread and diverse group con-
taining around a thousand species, including at least 165 megachiropterans
(Old World fruit bats) and at least 815 microchiropterans (Corbet and Hill,
1991). As with primates of modern aspect, the earliest known clearly
identifiable bat fossils date back to the beginning of the Eocene (about 55
MYA) in North America, Europe, Africa, and Australia, although one report
extends this back into the latest Paleocene, to 56 MYA. The first relatively
complete bat skeletons are known from early Eocene deposits in North
America (Icaronycteris) and from Early/Middle Eocene deposits in Europe
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(Archaeonycteris, Hassianycteris, and Palacochiropteryx). By this time, all of
the major defining morphological features of bats can be identified, notably
including the development of a wing membrane (patagium) between digits 11
and V of the hand and extreme backward rotation of hindlimbs for suspen-
sion, involving extensive remodeling of the pelvis and ankle joint.
Furthermore, all four Eocene bat genera documented by relatively complete
skeletons show weak to moderate enlargement of the cochlea, indicating the
development of some degree of echolocation capacity. For this and other
reasons, a recent review of morphological evidence (Simmons and Geisler,
1998) concludes that these 4 genera are more closely related to microchi-
ropterans than to megachiropterans and branched oft successively from the
lineage leading to the common ancestor of microchiropterans, such that they
are an integral part of the adaptive radiation that led to modern bats. Yet there
are no known fossils documenting the transition from a generalized early pla-
cental ancestor to the highly specialized, immediately recognizable condition
of the carliest known bat skeletons. Furthermore, there is an obvious and
extreme bias in the geographical occurrence of well-preserved bat fossils.
Whereas at least 4 skeletons of Icaronycteris have been reported from a single
site in North America (Green River, Wyoming, approx. 53 MYA), all the
others (some 100 skeletons of Archaconycteris, Hassianycteris, and
Palacochivopteryx) have been discovered at the European site of Messel,
southern Germany (approx. 49 MYA). With some of the exquisitely preserved
bat skeletons from Messel, remains of the stomach contents are also present.
Analysis of these has revealed moth wing scales indicating dietary habits
comparable to those of modern microchiropteran bats.

The fossil record for Old World fruit-bats (megachiropterans) is even less
informative. The earliest known remnant is a single tooth identified as that of
a megachiropteran found in upper Eocene deposits of Thailand (Ducrocq
et al., 1993). Given that microchiropterans are reliably documented from the
carliest Eocene, this could indicate a ghost linecage of some 15 MY prior to
the earliest known megachiropteran.

Furthermore, a recent cladistic analysis of archontan relationships using
both cranial and postcranial characters has provided evidence for a Cretaceous
origin of bats (Hooker, 2001). In the cladogram issued from that study, bats
branch oft at a lower node than both the extinct genus Deccanolestes—a
possible primitive Archontan—and the extinct family Nyctitheriidae.
Therefore, the early Paleocene age of the oldest known nyctithere and the latest
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Cretaceous age of Deccanolestes imply that the divergence of bats from other
known mammals occurred at least as long ago as the latest Cretaceous
(Hooker, 2001).

Overall, it is obvious that there are very large gaps in the fossil record for
bats. In particular, the transition to the shared morphology of all known bats
is not documented at all.

THE MOLECULAR EVIDENCE

Since 1994, evidence concerning the time of divergence between primates
and other orders of placental mammals, which conflicts with a direct reading
of the known fossil record, has been steadily accumulating from several
independent studies of DNA sequence data. In a comparative analysis of the
marsupial Didelphis virginiana and several placentals, taking sequence data
for 8 mitochondrial genes with rates of evolution not significantly differing
from a molecular clock model, a calibration date of 130 MYA for the marsu-
pial/placental divergence yielded a date of 93 + 2 MYA for the divergence
between human (representing primates) and a group representing carnivores,
artiodactyls, and cetaceans (ferungulates) (Janke et al., 1994). Subsequently,
using sequence information for a large sample of nuclear genes showing rela-
tively constant rates of change in mammals and birds, and taking a calibration
date of 310 MYA for the separation between diapsid and synapsid reptiles,
divergence times between primates and artiodactyls and between primates
and rodents were both estimated to be around 90 MYA or older (Hedges
et al., 1996). In a follow-up study based on a larger sample of species and
nuclear gene sequences, it was found that inferred molecular dates calibrated
in this way agree with most early (Paleozoic) and late (Cenozoic) paleonto-
logical dates, but that major gaps are apparent in the Mesozoic fossil record.
It was inferred that at least five lineages of placental mammals arose more than
100 MYA and that most modern orders diverged before the end of the
Cretaceous (Kumar and Hedges, 1998). On a separate tack, combined analy-
sis of DNA sequences from three mitochondrial genes and two nuclear genes
indicated that adaptive radiation from a specific common ancestor gave rise to
a group of African mammals containing golden moles, hyraxes, manatees, ele-
phants, elephant shrews, and aardvarks (“Afrotheria”). Using nine different
calibration points within the mammalian tree (including a date of 130 MY for
the marsupial /eutherian split and a date of 60 MY for the ruminant/cetacean
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split), the mean divergence time between Afrotheria and other orders of
mammals (including primates) was estimated at about 90 MYA (Springer
et al., 1997). In yet another approach, sequence data for the complete
cytochrome b gene were used to generate a tree showing divergences
between various mammal species, including 10 primates, and the tree was cal-
ibrated by taking a date of 60 MYA for the split between artiodactyls and
cetaceans. This calibration indicated that primates diverged from other orders
of mammals at about 90 MYA and that the split between haplorhine and
strepsirrhine primates took place about 80 MYA (Arnason et al., 1996). The
data set was subsequently expanded to include new sequence data for the
baboon, and a double calibration based on the fossil record for ungulates was
applied: 60 MY for the divergence between artiodactyls and cetaceans and 50
MY for the divergence between equids and rhinocerotids among perissodactyls.
The time of divergence between ungulates and primates was estimated at 95
MYA, while the split between strepsirrhines and haplorhines was confirmed to
be in the region of 80 MYA (Arnason et al., 1998). These studies consistently
indicate that primates diverged from other placental mammals about 90
MYA.

A date of 90 MYA for the divergence between primates and other placen-
tals has received further consistent support from several very recent studies. A
new statistical technique for handling the variation of the molecular clock
between lineages was applied to complete mitochondrial genome sequences
for 23 mammalian species. Using a calibration of 56.5 MYA for the split
between hippos and cetaceans, the method found a divergence time of 97.6
MYA for primates from a sister clade containing Artiodactyla, Perissodactyla,
and Carnivora (Huelsenbeck et al., 2000). Another group of investigators
constructed a phylogenetic tree for 26 placental taxa using up to 8665 bp of
nuclear DNA. In supplementary information for their paper, they report only
the time of the basal split of placental mammals at 111-118 MYA using two
calibration points: elephants and hyraxes splitting at 60 MYA and hippos and
cetaceans splitting at 55 MYA. However, we can interpolate their figure and
conclude that their tree supports a primate divergence of approximately 90
MYA (Madsen et al., 2001). Subsequently, this data set was combined with
that used in a parallel study (Murphy et al., 2001a) to yield an overall
sequence set of 16,397 bp and to generate a consensus phylogeny for placen-
tal mammals (Murphy et al., 2001b). This combined study provided further
confirmation for the existence of 4 superordinal groupings (Afrotheria,
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Xenarthra, Laurasiatheria, and Euarchontoglires, the latter including
Primates). Afrotheria was the first of these groupings to diverge, at an esti-
mated date of 103 MYA, while the divergence between Laurasiatheria and
Euarchontoglires was estimated at 79-88 MYA.

It should be noted that all of the molecular trees cited were calibrated using
the ages of various known fossil representatives of lineages external to the
order Primates. Given that first recorded fossil representatives must in all cases
indicate minimum dates for times of divergence, it is striking that a relatively
consistent result emerges with respect to inference of the time of divergence
of primates. (This is perhaps because comparatively well-documented parts of
the mammalian tree were selected as sources of calibration dates). It should
also be emphasized that the primary concern in calibration of molecular trees
to date has been the time of divergence of primates from other orders of pla-
cental mammals (node 1 in Figure 1). There has been relatively little interest
in dating the last common ancestor of living primates (node 3 in Figure 1),
although genetic distances uniformly indicate that the temporal gap between
the initial divergence of primates and their common ancestor must have been
relatively small.

QUANTIFYING THE INCOMPLETENESS OF THE FOSSIL
RECORD

As already noted above, the earliest known unequivocal fossil primates are of
basal Eocene age (about 55 MYA), and the standard view is that primates
originated no earlier than about 65 MYA, close to and probably above the
K/T-boundary, with their initial radiation following the extinction of the
dinosaurs at the end of the Cretaceous.

Although the molecular evidence, when calibrated with various fossil dates
outside the primate tree, consistently indicates that the lineage leading to living
primates diverged from other placental mammal lineages about 90 MY ago
(node 1 in Figure 1), it is conceivable that the diagnostic features of known
living and fossil primates did not emerge until some time after this divergence
(node 2 in Figure 1), and that the last common ancestor of living primates
(node 3 in Figure 1) may be even more recent. It might, therefore, be imagined
that a species-poor lineage with barely differentiated morphological features
did indeed diverge from other placental mammals some 90 MYA, but did
not lead to morphologically recognizable primates until 60-65 MYA. This
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could potentially explain the disparity between the known fossil record and
molecular-based estimates of the time of divergence between primates and
other mammals. However, available molecular evidence concerning the first
divergence among living primates, between strepsirrhines and haplorhines,
indicates that it took place relatively soon after the primates diverged from
other placental mammals. In what appear to be the only published calibra-
tions of the first divergence among living primates, a date of about 80 MYA
is indicated (Arnason et al., 1996, 1998). Hence, if the diagnostic morpho-
logical features shared by all living primates and their known fossil relatives
can be attributed to common ancestry rather than to convergent evolution (as
is generally assumed), these features must have been present at an early stage.
If primates diverged from other placental mammals about 90 MYA, the
diagnostic features of the group must accordingly have been developed by
about 80 MYA, well before the end of the Cretaceous, and a major gap must,
therefore, exist preceding the known fossil record. The extent of that gap may
in part be due to the K/T mass extinction. A loss of taxa at the K/T bound-
ary and the possibility that some taxa were slow to recover from that event
might to some extent explain the difficulty encountered in finding primates
of modern aspect in the Paleocene. It should be noted that there is evidence
indicating that biological recovery from major extinctions may take as long as
10 MY (Kirchner and Weil, 2000). However, in order to adequately interpret
apparent discrepancies between molecular and fossil data it is necessary to
develop methods that can quantitatively estimate degrees of incompleteness
within the fossil record.

A simple calculation by Martin (1993) indicated that only 3% of extinct
primate species have so far been documented. Rough correction for underes-
timation of the time of origin led to the inference that ancestral primates
existed about 80 MYA. This preliminary inference has now been confirmed
by our newly developed statistical approach (Tavaré et al., 2002), which is
based on an estimate of species preservation derived from a model of the
diversification pattern of the analyzed group. The method takes into account
the number of extant species, the mean species lifetime, the ages of the bases
of the relevant stratigraphic intervals, the numbers of fossil species found in
those intervals, and the relative sizes of the sampling intensities in each interval.
It can be used to estimate either: (1) the age of the last common ancestor of
living primates or (2) the age of the first morphologically recognizable
primate. A logistic diversification model was chosen in which logistic growth
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is parametrized by the time at which diversity reached 90% of its present
value. Various diversification models can be explored with our method, but
logistic growth is the most biologically realistic model (Raup et al., 1973), as
it matches the general expectation of an equilibrium diversity level. The great
diversity of Holarctic primates during the Eocene indicates that at least 90%
of modern diversity would already have been reached by the middle Eocene.
Consequently logistic growth was parametrized at 49 MYA. We used a mean
species lifetime of 2.5 MY, but our results were relatively insensitive to
changes in this value.

Our approach is based on modeling the speciation process as a nonhomo-
geneous Markov branching process with a specified diversification curve. This
is a process in which species live for a random amount of time, go extinct and
are replaced by a random number of species. The lifetime of the species and
the number of descendant species are not affected by any of the other species
alive at that time. This is a commonly accepted model for the diversification
of a clade (Kubo and Iwasa, 1995; MacArthur and Wilson, 1963; Nee et al.,
1994). The branching process allows us to compute the expected number of
species alive in a given stratigraphic interval. Assuming that any species alive
in such an interval can be fossilized and found with the same probability, we
may calculate the expected number of species found as fossils in each strati-
graphic interval. Our statistical method is based on matching the observed and
expected number of fossil finds in each interval as closely as possible, and a para-
metric bootstrap approach is used to assess bias in the estimates and to find
approximate confidence intervals.

Using this approach, we first determined an estimate of the age of the last
common ancestor of living primates, (i.e., the time of divergence between
strepsirrhines and haplorhines) as 81.5 MYA, with an approximate 95% con-
fidence interval of (72.0, 89.6) MYA (Tavaré et al., 2002). This closely agrees
with the only available molecular estimates of the strepsirrhine—haplorhine
divergence (Arnason et al., 1996, 1998).

The age of the last common ancestor of living primates thus determined
corresponds to node 3 in Figure 1. It gives the minimum age for the presence
of morphological characteristics considered to be shared-derived features
(autapomorphies) of primates of modern aspect, assuming that all known
fossil primates of modern aspect belong within the phylogenetic tree for extant
primates. The present consensus view is that the earliest known primates of
modern aspect (early Eocene adapiforms and omomyiforms) are sister groups
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of modern strepsirrhines and haplorhines, respectively. However, it is conceiv-
able that the adapiforms and/or the omomyiforms diverged prior to the last
common ancestor of modern primates. To allow for this possibility, we here
extend our previously published analyses (Tavaré et al., 2002) to estimate the
time of the initial diversification of the primate clade (node 2 in Figure 1),
which can be taken as the age of the first morphologically diagnosable pri-
mates of modern aspect. In our initial estimations of the time of divergence
between living strepsirrhines and haplorhines, we considered only simulated
trees in which an initial bifurcation led to living representatives on both sides.
This implicitly incorporated the assumption that all known fossil primates of
modern aspect are nested within the tree including all living primates. To
allow for the possibilities that defining features of living primates might have
emerged prior to their last common ancestor and that some fossil primates
might have diverged prior to that ancestor, the analysis was repeated without
the constraint of an initial bifurcation with surviving representatives on both
sides of the tree.

In order to estimate the age of node 3 in Figure 1, we start the speciation
process from 2 initial species, both leading to living descendants. However,
to estimate the age of node 2 in Figure 1, the speciation process starts from
a single species. We are then assuming that this first species and all its descen-
dants would be identifiable as primates of modern aspect by a paleontologist.
It is important to recognize that the combination of features distinguishing
primates from their mammalian relatives—and probably distinguishing the
first primates from earlier ancestors in the lincage leading to them—are
unlikely to have evolved simultaneously. As a result, designation of the first
morphologically recognizable primates on a temporal scale can only be hypoth-
etical, and the estimate of their age is an approximate indication of when the
acquisition of primate characteristics took place.

Repeating the model specifications that were used to estimate the age of
the strepsirrhine-haplorhine divergence, the age of the first morphologically
recognizable primates (node 2 in Figure 1) is estimated at 85.9 MYA, with a
95% confidence interval of (73.3, 95.7) MYA. Note that the estimate for the
strepsirrhine—haplorhine divergence is only 4.5 MY younger than the best
estimate for age of the first morphologically recognizable primate. If the
notion of a first morphologically recognizable primate provokes discomfort,
it is reassuring to know that the relatively short time span between this construct
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and the last common ancestor of living primates allows one to use the age of the
first morphologically recognizable primate as a proxy for the age of the last
common ancestor of living primates.

Therefore, for the most realistic model settings (i.e., assuming a logistic
growth model with 90% of modern diversity reached by the base of the mid-
dle Eocene), our estimates of the emergence and subsequent diversification of
primates of modern aspect are in broad agreement with molecular estimates of
divergence times (Table 1). Other diversification models such as linear or
exponential growth, as well as parametrization of the logistic growth with
more recent dates, result in age estimates for the presence of the first mor-
phologically recognizable primates that are even older.

In stark contrast with our results, Gingerich and Uhen (1994) argued, on
the basis of a formalization of Martin’s (1993) heuristic approach, that there
is only a 5 in a billion chance (5 x 107%) that primates originated 80 MYA,
and that, at a 95% confidence level, the origin of primates was located some-
where between 55 and 63 MYA. Using our updated data on the number of
fossil primate species, the probability that primates originated 80 MYA cal-
culated in this way in fact declines even further to a mere 2 x 10718,
However, although modern species diversity is initially entered into the
model by Gingerich and Uhen (1994), it eventually falls out of the equation

Table 1. Molecular and paleontological estimates of divergence and diversification times
during early primate evolution

Estimated Node Molecular Paleontological estimate, mean and
estimates 95% confidence limits, MYA
Node 1: divergence of the ~90 mya NA

primate lineage from other
modern mammals
Node 2: initial diversification NA 85.9 (73.3,95.7)
of primates /first morphologically
recognizable primates
Node 3: Divergence of ~80 mya 81.5 (72.0, 89.6)
strepsirrhines and haplorhines/last
common ancestor of living
primates

Paleontological estimates are derived from a statistical approach developed by Tavaré et al. (2002).
Estimated nodes refer to the nodes in Figure 1. Molecular estimates are from Arnason et al. (1996,
1998), Hedges et al. (1996), Janke et al. (1994 ), Kumar and Hedges (1998), Springer et al. (1997).
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that is applied. The results of the calculation are the same regardless of the
number of modern primate species or estimated preservation rates and are as
such based solely on the existing fossil record. As a consequence, their model
is set to return the highest probability for the scenario in which the time of
origin of a group is equal to the age of the oldest known fossil of that group.
It, therefore, simply states that the more a scenario differs from a direct read-
ing of the existing fossil record, the less likely it is to be real, thus entering
precisely the kind of circularity which we have aimed to eliminate (Tavaré
etal., 2002). The problem with such an approach can be illustrated by apply-
ing the method of Gingerich and Uhen (1994) to the complete gap that
exists in the primate fossil record during the middle Oligocene. That gap,
between the Fayum primates of the early Oligocene and the earliest occur-
rence of platyrrhines in the fossil record of South America in the late
Oligocene, is likely to cover around 6 MY. Application of the method of
Gingerich and Uhen (1994) yields a vanishingly small probability of 2 x 1071
that primates existed during that gap.

In an analysis of evolutionary and preservational constraints on the
times of divergence of eutherian mammals, Foote et al. (1999) concluded
that molecular estimates of the times of origin of the living eutherian
orders could be correct only if the preservation potential per linecage per
million years was at least an order of magnitude smaller than it appeared
to be. They consequently argued that it was unlikely for these ordinal
divergences to have occurred as deep in the Cretaceous as the molecular
clock data suggest. This conclusion, however, is not matched by our
analyses of the fossil record of primates (Tavaré et al., 2002). The reason
for this discrepancy seems to lie in the estimated preservation potential of
mammalian lineages. Foote et al. estimate the preservation potential for
Cenozoic mammals to be between 0.25 and 0.37/lineage /MY (Foote,
1997, Foote et al., 1999), and that of Cretaccous mammals to be
0.03/lineage/MY. Significantly, the average values for the preservation
potential based on our approach are 0.023/lineage/MY for the known
tossil record of primates, and 0.003/lincage/MY for the time prior to
the first known fossils. These values are, in fact, an order of magnitude
smaller than those determined by Foote et al. (1999). It thus seems that
our two very different methods of analyses of the fossil record are not in
conflict; where we differ is in the estimated preservability of taxa.
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PRESERVATIONAL BIAS IN THE FOSSIL RECORD

There are several reasons why the preservation rates calculated by Foote et al.
(1999) are likely to be overestimated. These all relate to the problem of cir-
cularity when interpreting the completeness of the fossil record through analy-
sis of the fossil record alone. First, methods for assessing the completeness of
the fossil record based exclusively on the fossil record can only account for
gaps that occur within known lineages. They are insensitive to the existence of
larger gaps, both chronological and geographical, and will overestimate com-
pleteness where such gaps occur. Foote (1997) demonstrated that the method
used by Foote et al. (1999) will overestimate preservation potential where
chronological gaps occur, with larger gaps within a given chronological range
resulting in a larger overestimation. Even simple temporal variation in preser-
vation probability will in most cases cause a slight to moderate overestimation
of completeness (Foote, 1997). The primate fossil record as a whole has two
large gaps. One, already noted above, extends over a period of about 6 MY
during the middle Oligocene. The other is the gap between the origin of the
order and its first fossil appearance, a gap which most would agree to be at
least 5-10 MY and which we estimate to be over 25 MY. More gaps become
apparent when individual lineages are considered. In the most dramatic pri-
mate example, documentation of Malagasy lemurs was, until very recently,
strictly limited to subfossils just a few thousand years old. Yet it was known
that lemurs must have existed much earlier, as the sister-group (lorisiforms) is
documented by fossils that are at least 20 MY old (Szalay and Delson, 1979),
and possibly over 30 MY old (Simons, 1995), thus documenting a ghost lin-
eage (Norell, 1992) for lemurs extending at least that far back in time. Recent
discoveries of fossil lorisiforms in the Fayum have now increased the minimum
age of the lemur ghost lineage to about 40 MY (Seiffert et al. 2003). Very
recently, a strepsirrhine primate (Bugtilemur) interpreted as a possible relative
of the lemur family Cheirogaleidae has been recovered from Early Oligocene
deposits of Pakistan (Marivaux et al., 2001). Rather than closing a gap, how-
ever, this new find illustrates just how little may be known about key aspects
of primate evolution. The lemurs are a diverse group of modern primates
known, until now, exclusively from the island of Madagascar. To explain the
presence of a lemur in the Oligocene of Pakistan combined with the, as yet,
total absence of fossil lemurs from anywhere else in the world, requires the
contemplation of some fairly elaborate biogeographical scenarios.
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Substantial geographical gaps are, in fact, likely to be the rule during the
earlier phases of primate evolution. Living primates are essentially confined
to tropical and subtropical climates (Martin 1990; Figure 2A). Support for
the inference that this was also true in the past comes from the fact that pri-
mates only ever populated substantial parts of the northern continents when
these areas supported subtropical climates at times of markedly increased
global temperatures, during the Eocene and the Miocene. Yet, 47% of all
known fossil primate species come from restricted areas of North America
and Europe and, for the first half of paleontologically documented primate

Figure 2. Geographical distribution of individual modern and fossil euprimate
species, taking the mid-range point in each case and plotting in relation to present-day
continental positions (updated from Tavaré et al., 2002): (A) modern and subfossil pri-
mates; (B) fossil species between the Late Pleistocene and the Late Oligocene; (C) fos-
sil species between the early Oligocene and the early Eocene. (B) and (C) are separated
by a fossil-free gap of 6 MY. Note the progressive southward shift from (C) to (A).
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evolution, sites yielding fossil primates are largely restricted to these two
regions (Figure 2C). A direct reading of the known fossil record would
suggest that primates originated some time during the Paleocene in the
northern continents and subsequently migrated southwards. An alternative
interpretation is that primates originated earlier in the relatively poorly
documented southern continents and expanded northwards when climatic
conditions permitted during the Eocene and, to a lesser degree, during the
Miocene. The preservation rates proposed by Foote et al. (1999) for modern
cutherian mammals as a whole are based cither entirely (for the Cenozoic
rates) or to more than three quarters (for the Cretaceous rates) on North
American faunas. North America is the best-sampled region in the world,
and estimates based on that region will necessarily overestimate the preserva-
tion rates of groups with an almost worldwide distribution.

Our method also implies that approximately 5% and no more than 7% of
all primate species that have ever existed are known from the fossil record.
This low value does not seem unrealistic, as only 6—7% of all living primate
species are known from the fossil record, a record that is expected to be bet-
ter than the average, given that it is dominated by easily collected and rela-
tively common Pleistocene sediments. In addition, the belief underlying any
direct reading of the fossil record—namely that most of primate evolution has
by now been unearthed and described—is easily refuted by the ongoing rate
of publication of new species of fossil primates (Figure 3).
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Figure 3. Histogram showing the numbers of new species of fossil primates by year
of publication, grouped into decades.
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To produce a precise estimate for the time of origin of primates (or any
clade) using our method requires knowledge of the true diversity curve of
the clade, of the relative sampling intensities of each stratigraphic interval,
and of the mean species longevity (although the first is the most important
in influencing the resulting estimates). As the values of these parameters are
not known in detail, our estimates of the time of origin of primates must
remain provisional. It is significant, however, that a number of our models
produce dates concordant with various molecular estimates using calibration
with fossil dates outside the primate tree (Arnason et al., 1996, 1998; Eizirik
et al., 2001; Hedges et al., 1996; Huelsenbeck, 2000; Janke et al., 1994;
Kumar and Hedges, 1998; Murphy et al., 2001b; Springer et al., 1997).

The poor sampling that we have inferred for the primate fossil record is
unlikely to be restricted to that group. Cretaceous divergence times for
primates and other modern orders of mammals should now be considered the
more likely scenario, in which case the influence of continental drift has
probably been considerable (Easteal et al., 1995; Hedges et al., 1996; Martin,
1990; Murphy et al., 2001b). Clearly, fossil evidence from appropriate
regions is needed to test this proposition. In the case of primates, it can be
predicted that early members of the order showing characteristic morpho-
logical features lived somewhere in the southern continents (i.e., on parts of
the former Gondwanaland) approximately 85 MYA.
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CHAPTER THREE

The Postcranial
Morphology of Ptilocercus
lowi1 (Scandentia,
Tupaiidae) and Its
Implications for Primate

Supraordinal Relationships
Eric J. Sargis

INTRODUCTION

“[1]t is certain that the tree shrews vepresent a highly important group of
mammals, and, for this reason, they demand an intensive study from all

aspects.”
—Le Gros Clark (1927, p. 255, italics added)

“Among living non-primates the tupaiids are apparently the closest pri-
mate relatives, and these conclusions in no way lessen the value of tupaiids

to primatology.”
—McKenna (1966, p. 9, italics added)
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Tree shrews (Scandentia, Tupaiidae) are small-bodied mammals from South
and Southeast Asia. They have long been considered to have close affinities
with primates and are often used as an outgroup in analyses of relationships
among primate taxa (e.g., Shoshani et al., 1996). Despite volumes of recent
debate concerning their relationships to primates and other mammals (see
Luckett, 1980; MacPhee, 1993), the supraordinal relationships of tree shrews
remain poorly understood. A better understanding of tupaiid evolutionary
relationships has been hindered by their poor fossil record, which consists of
teeth and skull fragments from the Miocene of India, Pakistan (Chopra and
Vasishat, 1979; Chopra et al., 1979; Jacobs, 1980), China (Ni and Qiu,
2002; Qiu, 1986), and Thailand (Mein and Ginsburg, 1997), as well as the
Eocene of China (Tong, 1988). Only one postcranial specimen, a ribcage
from the Pliocene of India reported by Dutta (1975), has been suggested to
represent a tupaiid (see Sargis, 1999, for a review of tupaiid fossils).
Furthermore, while tupaiid craniodental morphology has been relatively well
studied (see Butler, 1980; Cartmill and MacPhee, 1980; MacPhee, 1981;
Steele, 1973; Wible and Martin, 1993; Wible and Zeller, 1994; Wohrmann-
Repenning, 1979; Zeller, 1986a,b, 1987), tupaiid postcranial morphology
was poorly known and had not been studied from a functional morphologi-
cal perspective prior to Sargis (2000). In order to gain a better understand-
ing of the character states found in the Tupaiidae, which, in turn, should
provide primate systematists with a better understanding of this often-used
outgroup, I conducted a functional morphological study of the tupaiid post-
cranium (Sargis, 2000, 2001, 2002a,b,c¢).

TAXONOMY AND PHYLOGENY OF THE FAMILY TUPAIIDAE
Taxonomy

The order Scandentia is represented by the single family Tupaiidae, which
includes the subfamilies Ptilocercinae and Tupaiinae (Table 1). Ptilocercinae
is represented only by Ptilocercus lowii, while Tupaiinae consists of Tupain
(14 species), Dendrogale (2 species), Urogale everetti, and Anathana ellioti
(see Table 1; Wilson, 1993). Differences in postcranial morphology are often
split down the subfamilial line, as Ptilocercus’ postcranium is adapted for arbo-
real locomotion, while that of the tupaiines is adapted for terrestrial locomo-
tion (Sargis, 2000, 2001, 2002a,b,c).
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Table 1. Classification of tree shrews (Wilson, 1993)

Order Scandentia
Family Tupaiidae

Subfamily Tupaiinae
Tupain (14 species)
Dendrogale (2 species)
Anathann ellioti
Urogale everetti

Subfamily Ptilocercinae
Ptilocercus lowii

Supraordinal Relationships of Tupaiids

Tree shrews were originally included in the order Insectivora by Wagner
(1855), and Haeckel (1866) later grouped them in the insectivoran suborder
Menotyphla with the elephant shrews (see Table 2; Butler, 1972). A close rela-
tionship between tupaiids and primates was first suggested in 1910 when
Gregory proposed the superorder Archonta, which included Chiroptera,
Dermoptera, Primates, and Menotyphla (which he recognized as an order).
Carlsson (1922) moved tupaiids to the order Primates, and Le Gros Clark
(1924a,b, 1925, 1926) strongly supported this grouping with his studies of
tupaiid anatomy (Table 2). Simpson (1945) considered Archonta to be an
unnatural group, but at the same time he supported the inclusion of tupaiids
in the order Primates (Table 2). Tupaiids continued to be classified as Primates
until the 1960s (see Napier and Napier, 1967), when they were removed from

Table 2. History of tree shrew ordinal designations

Order Insectivora Wagner (1855)

Haeckel (1866)
Order Menotyphla Gregory (1910)
Order Primates Carlsson (1922)

Le Gros Clark (1924a,b, 1925, 1926)
Simpson (1945)
Napier and Napier (1967)
Removed from order Primates Van Valen (1965)
Jane et al. (1965)
McKenna (1966)
Campbell (1966a,b)
Martin (1966, 1968a,b)
Szalay (1968, 1969)

Order Scandentia Butler (1972)
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the order by Campbell (1966a,b), Jane et al. (1965), Martin (1966, 1968a,b),
McKenna (1966), Szalay (1968, 1969), and Van Valen (1965) (Table 2). Most
similarities between the two groups were deemed to be erroneous observa-
tions, shared primitive characters, or convergences found only in derived rep-
resentatives of the groups rather than ancestral morphotypes. Once tupaiids
were removed from the order Primates, Butler (1972) classified them in their
own order Scandentia (Table 2)—a name used (at the family level) by Wagner
(1855) for tupaiids. In 1975, McKenna accepted Butler’s (1972) classification
of tupaiids as an independent order Scandentia, and he revised Gregory’s
(1910) superorder Archonta by including the orders Scandentia, Primates,
Chiroptera, and Dermoptera and excluding the Macroscelidea (elephant
shrews). Szalay (1977) supported this grouping with evidence from the tarsus,
and within the Archonta, he recognized a Primate-Scandentia clade and a
Chiroptera-Dermoptera clade (called Volitantia; see Figure 1A; Table 3).

Szalay and Drawhorn (1980) found further support for the archontan
hypothesis in the tarsus of fossil plesiadapiforms and other archontan mam-
mals. Novacek and Wyss (1986) came to support the archontan hypothesis
(Table 3) based on one tarsal character (from Szalay and Drawhorn, 1980)
and one penial character (from Smith and Madkour, 1980), despite
Novacek’s (1980, 1982, 1986) previous agreement with Cartmill and
MacPhee (1980) that this hypothesis was not supported by cranial or post-
cranial evidence. Since 1986, Novacek has become one of the major propo-
nents of both the Archonta and Volitantia hypotheses (Novacek, 1989, 1990,
1992, 1993, 1994; Novacek et al., 1988). Wible (Wible and Covert, 1987;
Wible and Novacek, 1988) has also supported these hypotheses, and has pro-
vided evidence for a Scandentia—Euprimates clade (Table 3) that does not
include the “archaic primates” (Plesiadapiformes) (also supported by Kay
et al., 1992). Some subsequent studies have continued to bolster support for
the Archonta hypothesis (Johnson and Kirsch, 1993; Shoshani and McKenna,
1998; Szalay and Lucas, 1993, 1996), while others have rejected it (e.g., Kay
et al., 1990, 1992). Recently, McKenna and Bell (1997) have reconfirmed
support of the Archonta in their classification of mammals.

Within the Archonta, however, interordinal relationships have not been
agreed upon. For instance, Beard’s (1989) detailed functional morphological
analysis of archontan postcranial morphology led him to reject the Volitantia
hypothesis. Beard argued that plesiadapiforms should be included in the
order Dermoptera (a hypothesis also supported by Kay et al., 1990, 1992)
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Figure 1. Seclected views of archontan phylogenetic relationships supported by:
(A) Novacek (1992), Szalay (1977), Wible and Covert (1987), Wible and Novacek
(1988); (B) Beard (1993b); (C) Shoshani and McKenna (1998); (D) Liu and
Miyamoto (1999), Liu et al. (2001), Murphy et al. (2001a,b), this study (Analysis 3);
(E) Waddell et al. (1999); and (F) Silcox (2001a,b, 2002), this study (Analysis 2).
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Table 3. Clades supported by various phylogenetic analyses discussed in the text

Archonta or Euarchonta Within Archonta

Szalay, 1977 Archonta Volitantia, Primates +
Scandentia

Novacek and Wyss, 1986 Archonta Volitantia

Wible and Novacek, 1988 Archonta Volitantia, Euprimates +
Scandentia

Beard, 1993b Archonta Primatomorpha

Shoshani and McKenna, 1998 Archonta Volitantia

Waddell et al., 1999 Euarchonta Primatomorpha

Liu and Miyamoto, 1999 Euarchonta Dermoptera + Scandentia

Liu et al.,, 2001 Euarchonta Dermoptera + Scandentia

Murphy et al., 2001a,b Euarchonta Dermoptera + Scandentia

Silcox, 2001a,b, 2002 Archonta Volitantia, Primates (sensu lato)

and that it is Dermoptera and Primates, rather than Dermoptera and
Chiroptera that form a natural group, which he named Primatomorpha
(Figure 1B; Table 3). The evidence for this grouping includes similarities
between the morphology of the intermediate manual phalanges of der-
mopterans and paromomyids that may be related to gliding (Beard, 1990,
1993a), but other characters have been used to support this hypothesis as well
(Beard, 1993b). This grouping of Dermoptera with Primates contrasts
sharply with the grouping of Dermoptera with Chiroptera in Volitantia,
which has been strongly supported in numerous morphological studies using
extremely varied databases and phylogenetic methods (see Bloch et al., 2002;
Johnson and Kirsch, 1993; Kriz and Hamrick, 2001; Novacek, 1982, 1986,
1989, 1990, 1992, 1993, 1994; Novacek and Wyss, 1986; Novacek et al.,
1988; Sargis, 2002d; Shoshani and McKenna, 1998; Silcox, 2001a,b, 2002;
Szalay, 1977; Szalay and Lucas, 1993, 1996; Thewissen and Babcock, 1991,
1993; Wible, 1993; Wible and Covert, 1987; Wible and Novacek, 1988).
Simmons (1995), Simmons and Quinn (1994), and Thewissen and Babcock
(1992) have also supported Volitantia rather than Primatomorpha, but they
incorporated Beard’s (1990, 1993a) results by including the paromomyids in
the order Dermoptera (but see Bloch and Silcox, 2001). McKenna and Bell
(1997), while not recognizing Beard’s Primatomorpha, also included the
Paromomyidae in Dermoptera and further recognized Beard’s (1993a,b)
results by including Dermoptera as a suborder of the order Primates (but see
Szalay, 1999, for criticisms). Most of the other plesiadapiform families were
placed by McKenna and Bell (1997) in the order Primates, but not specifically
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in the suborder Dermoptera. A curious exception was the placement of the
Carpolestidae within the Tarsiiformes in the suborder Euprimates (see Szalay,
1999). Shoshani and McKenna (1998) recognized both Volitantia and
Primatomorpha, but their “Primatomorpha” was a grouping of Volitantia and
Primates (Figure 1C; Table 3). This concept of Primatomorpha has surely lost
the meaning that Beard (1993a,b) intended because Shoshani and McKenna
(1998) argued that Chiroptera was the closest relative of Dermoptera, while
Beard (1993a,b) supported a Dermoptera—Primates clade. It is significant
that when Beard’s (1993b) data set was incorporated into the much larger data
set of Shoshani and McKenna (1998), the signal for a Dermoptera—Primates
clade was lost, whereas a Dermoptera—Chiroptera clade was supported.
Recently, Bloch et al. (2002) and Silcox (2001a,b, 2002) supported both a
Volitantia—Scandentia clade (Figure 1F) and a Plesiadapiformes—Euprimates
clade (i.e., Primates, semsu lnto; Table 3). Their studies rejected Beard’s
(1993a,b) Primatomorpha, and Silcox’s (2001a,b, 2002) classification
included plesiadapiforms in Primates rather than in Dermoptera (contra Beard,
1989, 1993a,b).

Beard (1989, 1990, 1991, 1993a,b) has clearly advanced the debate about
archontan phylogenetics, but his studies have been criticized on numerous
grounds. Krause (1991) questioned the identifications and associations of the
paromomyid specimens that Beard (1989, 1990) analyzed. Szalay and Lucas
(1993, 1996) questioned and reevaluated many of the postcranial characters
that Beard used to support both his concept of Primatomorpha and his
hypothesis concerning the “mitten” or finger-gliding capabilities of paro-
momyids (based on intermediate phalangeal proportions). Simmons (1994)
showed that 2 of Beard’s (1993b) 29 characters included erroneous observa-
tions, while Stafford and Thorington (1998) showed that 2 additional char-
acters included erroneous observations and another character was
misinterpreted (see Sargis, 2002d). Shoshani and McKenna (1998) used only
12 of Beard’s (1993b) 29 characters in their phylogenetic analysis because
they said that Beard himself stated that the others were questionable.
Hamrick et al. (1999) rejected the “mitten” or finger-gliding capabilities of
paromomyids based on their analysis of phalangeal proportions. They did rec-
ognize several similarities between the phalanges of dermopterans and paro-
momyids; however, they interpreted these features not as gliding adaptations
but as adaptations for vertical clinging and climbing on large arboreal sup-
ports. They also showed that a phalangeal feature previously believed to be
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unique to paromomyids and dermopterans (Beard, 1993b) is also found in
chiropterans (see below; Thewissen and Babcock, 1992), and they identified
an additional derived phalangeal character shared by chiropterans, der-
mopterans, and paromomyids (Hamrick et al., 1999). These characters sup-
port the amended volitantian concept (where paromomyids are included in
Dermoptera; but see Bloch and Silcox, 2001) of Simmons (1995), Simmons
and Quinn (1994), and Thewissen and Babcock (1992) rather than Beard’s
(1993a,b) Primatomorpha. Lemelin (2000) further supported Volitantia rather
than Primatomorpha with a unique feature of the volar skin that is shared by
dermopterans and chiropterans. Finally, Sargis (2002d) demonstrated that 12
of Beard’s (1993b) 22 postcranial characters should be interpreted differently
when Ptilocercus, rather than Tupain, is used to represent Scandentia, which
greatly reduces the evidence for Primatomorpha.

In contrast to many of these morphological studies, molecular studies have
consistently supported a group that includes Dermoptera, Scandentia, and
Primates to the exclusion of Chiroptera (Adkins and Honeycutt, 1991, 1993;
Allard et al., 1996; Cronin and Sarich, 1980; Honeycutt and Adkins, 1993;
Liu and Miyamoto, 1999; Liu et al., 2001; Murphy et al., 2001a,b; Porter
et al., 1996; Waddell et al., 1999). This group has been called Euarchonta by
Waddell et al. (1999). Despite this apparent consensus regarding the exclu-
sion of bats from the Archonta based on molecular evidence, there has been
little agreement concerning which order represents the closest relative of the
remaining archontan orders (see Allard et al., 1996). Several orders, includ-
ing Macroscelidea, Lagomorpha, Rodentia, and occasionally both
Lagomorpha and Rodentia (placed in the supraordinal grouping Glires), have
been proposed to be more closely related to the remaining members of the
Archonta than are bats (Allard et al., 1996; Bailey et al., 1992; Goodman
et al., 1994; Honeycutt and Adkins, 1993; Madsen et al., 2001; Miyamoto,
1996; Murphy et al., 2001a,b; Porter et al., 1996; Stanhope et al., 1993,
1996; Waddell et al., 1999). Recently, a Euarchonta—Glires clade has received
the most support (Murphy et al., 2001a,b), and this clade has been named
Euarchontoglires by Murphy et al. (2001Db).

Some molecular studies have specifically supported a Scandentia—
Lagomorpha clade. Graur et al. (1996) argued that lagomorphs are very
closely related to primates and tree shrews, and they tentatively concluded
that Lagomorpha represents the sister taxon of Scandentia. This hypothesis
was also supported by Schmitz et al. (2000). However, Liu and Miyamoto
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(1999) recently found the most support for a Dermoptera—Scandentia clade
(also supported by the molecular data of Liu et al., 2001; Madsen et al.,
2001; Murphy et al., 2001a,b; see Figure 1D; Table 3), while Waddell et al.
(1999), in the same volume, grouped Dermoptera with Primates in the
Primatomorpha (also supported by the molecular analyses of Teeling et al.,
2000; Killian et al., 2001; see Figure 1E; Table 3). The latter conclusion is
particularly significant with regard to the analysis conducted by Graur et al.
(1996), who stated that the “phylogenetic position of Dermoptera relative to
Primates and Lagomorpha could not be resolved with the available data”
(p- 335). Liu and Miyamoto’s (1999) conclusion is also noteworthy because
Graur et al. (1996) never tested a Scandentia—Dermoptera relationship and
Schmitz et al. (2000) did not include Dermoptera in their analysis. Perhaps
Graur et al. (1996) and Schmitz et al. (2000) would not have supported
a Scandentia-Lagomorpha relationship if they had included a test of a
Scandentia—Dermoptera clade in their studies (see Liu and Miyamoto, 1999;
Liu et al., 2001; Madsen et al., 2001; Murphy et al., 2001a,b). Similarly, it is
possible that Primatomorpha would not have been supported by Teeling et al.
(2000) if they had included Scandentia in their analysis, thereby testing
a Scandentia—Dermoptera relationship.

The exclusion of chiropterans from Archonta based on molecular data is
not only a revision of the morphological concept of Archonta, but it is also a
rejection of the Volitantia hypothesis. Hence, the molecular concept of
Euarchonta is incompatible with the morphological concepts of Archonta and
Volitantia. It seems, therefore, that there is little congruence between mor-
phological and molecular data concerning these alternative phylogenetic
hypotheses. Beard’s Primatomorpha hypothesis (1989, 1993a,b), however, is
based on morphological evidence and is concordant with the molecular con-
cept of Euarchonta. It is the competing hypotheses of Volitantia and
Primatomorpha that will be considered here in a reexamination of some of
the postcranial evidence.

Significance of Ptilocercus

A study of the postcranium of the least well-known order in the Archonta,
Scandentia, was undertaken by Sargis (2000) in order to provide additional
information to contribute to an understanding of the relationships among
archontan mammals. The inclusion of Ptilocercus in this study was critical
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because Ptilocercus has long been considered to be the living taxon most
closely resembling the ancestral tupaiid in both its ecology and morphologi-
cal attributes (Butler, 1980; Campbell, 1974; Emmons, 2000; Gould, 1978,;
Le Gros Clark, 1926; Martin, 1990; Sargis, 2000, 2001, 2002a,b,c,d; Szalay,
1969; Szalay and Drawhorn, 1980; Szalay and Lucas, 1993, 1996) and thus
must play a paramount role in any supraordinal phylogenetic analysis that
includes the Tupaiidae. A better understanding of tupaiid supraordinal rela-
tionships is likely confounded by the common use of Tupain, a relatively
derived tupaiid (see Martin, 1990), to represent Scandentia in studies of
mammalian supraordinal relationships (e.g., Beard, 1989, 1993b), and these
relationships would likely be better understood if Ptzlocercus was included in
the analysis (Sargis, 2002d). Most previous studies have also used Tupaia,
rather than Ptilocercus, as an outgroup when the relationships among various
groups of primates were being examined (e.g., Shoshani et al., 1996).

In this chapter, I reanalyzed Beard’s (1993b) data specifically in light of the
fact that Beard (1993b) did not use Ptilocercus to represent Scandentia in his
analysis. I also recoded characters based on an @ priori character analysis
(Sargis, 2002d), and added additional postcranial characters to see how they
affect the results.

MATERIALS AND METHODS

I examined tupaiid skeletal specimens at the following institutions: American
Museum of Natural History (AMNH), New York; Field Museum of Natural
History (FMNH), Chicago; United States National Museum of Natural
History (USNM), Washington, DC; Museum of Comparative Zoology
(MCZ) at Harvard University, Cambridge; Natural History Museum
(NHM), London; Muséum national d’Histoire naturelle (MNHN), Paris;
Nationaal Natuurhistorisch Museum (NNM), Leiden; Muséum d’Histoire
Naturelle (MHN), Geneva; Forschungsinstitut Senckenberg (ES), Frankfurt;
Zoologische Staatssammlung (ZS), Munich; and the Swedish Museum of
Natural History (SMNH), Stockholm. In addition, I studied plesiadapiform
postcranial specimens at the AMNH, the MNHN, and the Carnegiec Museum
of Natural History (CMNH) in Pittsburgh and examined postcranial speci-
mens of other archontans at the AMNH, MCZ, and in the research collec-
tion of F. S. Szalay (ESS). All of the specimens examined in this study are
listed in Sargis (2000, Table 2.2).
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In this chapter, I tested Beard’s (1993b) hypotheses using his own meth-
ods in order to determine the effects of changing some of the variables (i.e.,
taxa and characters) and therefore, followed Beard (1993b) in conducting a
phylogenetic analysis using PAUP (Swofford, 1993, Version 3.1.1). Like
Beard (1993b), I performed an exhaustive search. No characters were
ordered or weighted, and trees were rooted using a hypothetical outgroup
(all characters coded as zeros). Three separate analyses were conducted using
Beard’s (1993b) methods, each with some change to the variables included
in the analysis.

Analysis 1: In this analysis, two variables are different from those in Beard
(1993b). A) While Beard’s 29-character data set was used, several characters
were recoded because some of Beard’s character codings included erroneous
observations (e.g., see Hamrick et al., 1999; Simmons, 1994; Stafford and
Thorington, 1998). The relevant references for character states that were sub-
sequently corrected are included with all of the characters and character states
in Appendix A. B) While I included the same taxa as Beard, I used a different
genus to represent the order Scandentia. Beard used Tupaia to represent
Scandentia in his analysis, but Ptilocercus was used to represent Scandentia in
this analysis because it has been proposed to be the most primitive living
tupaiid (see earlier section). The purpose of this analysis was to determine if
the use of Ptilocercus to represent Scandentia had any effect on the results.
Characters #1-22 in Appendix A represent Beard’s (1993b) postcranial char-
acters (#8-29). Beard’s (1993b) craniodental characters (#1-7) do not vary
between Tupain and Ptilocercus.

Analysis 2: In this analysis, only postcranial data were used, but additional
postcranial characters, some of which have been used to support the Volitantia
hypothesis (e.g., see Simmons, 1995), were added to the data set. The com-
bined postcranial data set included Beard’s (1993b) 22 postcranial characters
and 20 other postcranial characters from additional sources (see Appendix A).
Appendix B represents the character—taxon matrix for this analysis. In addition
to the exhaustive search (following Beard, 1993b), a bootstrap analysis with
1000 replicates was also performed. The purpose of this analysis was to determine
if adding additional postcranial characters to the data set changes the results.

Analysis 3: In this analysis, Chiroptera was excluded because molecular
analyses have consistently supported the exclusion of bats from Archonta (e.g.,
see Murphy et al., 2001a,b). The purpose of this analysis was to determine
if Primatomorpha is supported when it is impossible for Volitantia to be
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supported. In other words, if the possibility of a Dermoptera—Chiroptera clade
(Volitantia) is eliminated, then is a Dermoptera—Primates clade (Primatomorpha)
supported?

Functional analyses of tupaiid postcranial characters, as well as an a priori
analysis of Beard’s (1993b) characters, have been reported elsewhere (Sargis,
2001, 2002a,b,c,d). In this chapter, I report the results of an a posteriori char-
acter analysis conducted in MacClade (Maddison and Maddison, 2001,
Version 4.03) in which I mapped the characters in Appendix A onto the tree
produced in recent molecular analyses (Figure 1D).

RESULTS

Analysis 1: The single most parsimonious tree from Beard’s (1993b) analysis
is shown in Figure 2. When Ptilocercus is used to represent Scandentia, the
only change in topology is that Scandentia, rather than Chiroptera, is the sis-
ter to Primatomorpha (Figure 3). Primatomorpha, however, is still supported
(Figure 3). The tree is 52 steps long, the consistency index (CI) is 0.85, and
the retention index (RI) is 0.83.

Analysis 2: A single most parsimonious tree with a length of 64 steps (CI:
0.77; RI: 0.67) was recovered (Figure 4). Ten trees were 65 steps long and 10
trees 66 steps long. These 21 trees varied in terms of the placement of the 3

Primatomorpha

r 1
Outgroup Tupaia Microchiroptera Megachiroptera Primates Micromomyids Plesiadapids Paromomyids Dermoptera

Length: 49
Cl: 0.88
RI: 0.90

Figure 2. Phylogeny from Beard (1993b). CI = consistency index; RI = retention

index. Note that Tupain was used to represent Scandentia.
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Euarchonta

Primatomorpha
T 1
Outgroup Microchiroptera Megachiroptera Ptilocercus Primates Micromomyids Plesiadapids Paromomyids Dermoptera

Length: 52
Cl: 0.85
RI: 0.83

Figure 3. Phylogeny from Analysis 1. CI = consistency index; RI = retention index.
Note that Przlocercus was used to represent Scandentia and that Primatomorpha was
still supported. However, the molecular concept of Euarchonta is also supported when

Ptilocercus is used to represent Scandentia.

plesiadapiform families due to missing data in these fossil groups. Volitantia
was supported in all 21 of the most parsimonious trees (Figure 4), while
Primatomorpha was not supported in any of them. Bootstrap support for
Volitantia (79%) was also relatively strong (Figure 5). Volitantians, scanden-
tians, and plesiadapiforms consistently formed a clade (with primates as the
sister taxon) that had relatively strong bootstrap support (78%). When
Beard’s (1993b) tree was reproduced using this data set, the resulting tree
was 82 steps long. In other words, forcing Beard’s (1993b) tree topology to
be recovered requires 18 additional steps. In fact, 82 steps is closer to the
longest tree at 94 steps than it is to the shortest tree at 64 steps, and there
were 2647 trees more parsimonious than Beard’s (1993b) topology (i.e.,
those that were 64—-81 steps long).

Analysis 3: A single most parsimonious tree with a length of 51 steps (CI:
0.88; RI: 0.74) was recovered (Figure 6). When Chiroptera was removed
from the analysis (as suggested by molecular evidence), Primatomorpha was
still not supported. Instead, a Dermoptera—Scandentia clade was supported
(Figure 6).
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Volitantia
r 1
Outgroup Primates Plesiadapids Scandentia  Micromomyids Paromomyids  Chiroptera Dermoptera

Length: 64
Cl: 0.77
RI: 0.67

Figure 4. Single most parsimonious tree from Analysis 2. CI = consistency index;
RI = retention index. Note that Volitantia is supported and that Scandentia is the extant

sister to Volitantia.

Volitantia
e |

Outgroup Primates Plesiadapids Scandentia  Micromomyids Paromomyids Chiroptera Dermoptera

79

72

50

51

78

Length: 64
Cl: 0.77
RI: 0.67

Figure 5. Bootstrap analysis from Analysis 2. CI = consistency index; RI = retention

index. Note that Volitantia is well supported at 79%.
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Outgroup Primates Plesiadapids Scandentia Micromomyids ~ Paromomyids Dermoptera

Length: 51
Cl: 0.88
RI: 0.74

Figure 6. Single most parsimonious tree from Analysis 3. Note that Scandentia, not
Primates, is the extant sister taxon to Dermoptera. Hence, Primatomorpha is not sup-
ported, but a Dermoptera—-Scandentia clade is supported. The latter conclusion is con-

gruent with the results of molecular analyses (see text).

DISCUSSION

Analysis 1. Replacing Tupain with Ptilocercusin Beard’s (1993b) analysis pro-
duces only a minor change in tree topology. Whereas Beard’s (1993b) analy-
sis supported a Primatomorpha—-Chiroptera clade (Figure 2), this analysis
instead supports a Primatomorpha—-Scandentia clade (Figure 3). This change
in tree topology is not particularly surprising because Beard (1993b) stated
that support for a Primatomorpha—Chiroptera clade was weak. The change is
significant, however, in light of recent molecular results. Beard’s (1993Db) tree
topology did not support the molecular concept of Euarchonta (see Figure
1D and E), but the inclusion of Ptilocercus in the analysis changes the tree
topology so that Euarchonta is supported (Figure 3). Hence, when
Ptilocercus is included in the analysis, the results are more congruent with
those from molecular studies (see Adkins and Honeycutt, 1991, 1993; Allard
et al., 1996; Cronin and Sarich, 1980; Honeycutt and Adkins, 1993; Liu and
Miyamoto, 1999; Liu et al., 2001; Murphy et al., 2001a,b; Porter et al.,
1996; Waddell et al., 1999).

Analysis 2: When additional characters were added to the analysis,
Primatomorpha was no longer supported. In fact, in all 21 most parsimonious
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trees, Volitantia was supported (Figure 4) and bootstrap support for this clade
(79%) was relatively strong (Figure 5). That Scandentia was the extant sister
taxon to Volitantia is congruent with other recent phylogenetic analyses
of cranial, dental, and postcranial data (Bloch et al., 2002; Silcox,
2001a,b, 2002).

It is not surprising that the placement of the three plesiadapiform families was
not consistent in the 21 most parsimonious trees, as many of their character
states could not be coded due to missing data in these extinct groups (Appendix
B). Hence, little can be said about the relationships of plesiadapiforms based on
this analysis. In studies of larger data sets that include cranial and dental data in
addition to postcranial data, however, plesiadapiforms are consistently found to
be the sister taxon to Euprimates, and should therefore be included with
Euprimates in the order Primates (Bloch et al., 2002; Silcox, 2001a,b, 2002).

Analysis 3: Support of Volitantia in Analysis 2 is not congruent with molec-
ular results, which exclude bats from Archonta altogether. Chiroptera was,
therefore, removed from the analysis as suggested by molecular data,
yet Primatomorpha was still not supported (Figure 6). Hence, even when
a Dermoptera—Chiroptera clade could not be supported, a Dermoptera—
Primates clade was still not supported. In other words, although it was impos-
sible for Volitantia to be supported, there was still no support for
Primatomorpha. Alternatively, a Dermoptera—Scandentia clade was supported
(Figure 6), and this is congruent with molecular results (Liu and Miyamoto,
1999; Liu et al., 2001; Madsen et al., 2001; Murphy et al., 2001a,b). This is
a particularly interesting phylogenetic hypothesis from a biogeographic per-
spective because both of these taxa are endemic to South and Southeast Asia.
If the Dermoptera-Scandentia clade represents a natural grouping, then
Volitantia represents an unnatural grouping based on convergences rather
than homologies, and dermopterans and chiropterans must have evolved their
similarities independently in relation to gliding and flying, respectively
(Sargis, 2002d). Insofar as Primatomorpha is concerned, it is not supported
whether bats are included in the analysis or not, so there is more evidence for
either Volitantia or the Dermoptera—Scandentia clade than there is for
Primatomorpha. Hence, Primatomorpha likely represents an unnatural
grouping (Sargis, 2002d), and it must be rejected based on these analyses.

In an attempt to further examine potential morphological evidence for a
Dermoptera—Scandentia clade, the characters in Appendix A were mapped
onto the molecular phylogeny shown in Figure 1D. Possible synapomorphies
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Table 4. Possible synapomorphies of Euarchonta and a Dermoptera-Scandentia clade

Euarchonta

. Robust humeral lesser tuberosity with strong medial protrusion (character #2)

. Spherical capitulum (character #3)

. Circular and deeply excavated radial central fossa (character #4)

. Elliptical acetabulum that is elongated craniocaudally (character #13)

. Cranial expansion of bony buttressing on acetabulum (character #14)

. Enlarged, flattened, triangular area between greater and lesser trochanters for insertion of
quadratus femoris (character #16)

. Synovial distal tibiofibular joint (character #18)

. Concave cuboid facet of calcaneus (calcancocuboid pivot) (character #21)

. Wide distal facet on the entocuneiform (character #22)
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Dermoptera—Scandentia Clade

1. Cuneiform contacts two bones radially (character #9)

. Deep ungual phalanges that are highly compressed mediolaterally and tall dorsoventrally
(character #12)

. Short, wide, shallow patellar groove (character #17)

. Craniocaudally wide atlas vertebra (character #23)

. Short, wide thoracic spinous processes (character #24)

. Short lumbar spinous processes (character #25)

. Lumbar transverse processes short and face laterally (character #26)

. Short, wide scapula (character #27)

. Small greater trochanter (character #28)

. Anteroposteriorly shallow femoral condyles (character #29)

11. Short cervical (C3-C7) spinous processes (character #32)

12. Craniocaudally expanded ribs (character #33)
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of both Euarchonta and the Dermoptera—Scandentia clade are listed in Table 4.
Nine synapomorphies of Euarchonta were found when bats were excluded
from the analysis (Table 4). Several of these were considered by Beard
(1993D) to be synapomorphies of Primatomorpha, but they are also found in
Ptilocercus (Sargis, 2002a,b,d). The Dermoptera—Scandentia clade, on the
other hand, is supported by 12 synapomorphies (Table 4). Hence, there
appears to be some morphological support for this clade, which previously has
been supported only by molecular evidence. Here again, the inclusion of
Ptilocercus in the analysis is critical because this morphological support is
based on similarities between Cynocephalus and Ptilocercus, not Tupain.

CONCLUSIONS

In summary, while Beard’s (1993b) methods were followed as closely as pos-
sible, the results of this exercise do not support the Primatomorpha hypothe-
sis. This is true even when bats are removed from the analysis so that the
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competing Volitantia hypothesis cannot possibly be supported (Analysis 3).
When the results of these phylogenetic analyses are considered together with
the results of the character analyses conducted by Hamrick et al. (1999), Sargis
(2002d), Stafford and Thorington (1998), and Szalay and Lucas (1993,
1996), as well as the phylogenetic analyses of Bloch et al. (2002), Kriz and
Hamrick (2001), Shoshani and McKenna (1998), and Silcox (2001a,b, 2002),
the Primatomorpha hypothesis must be rejected. Analysis 2 does, however,
support Volitantia (Figures 4 and 5), and this hypothesis has been further cor-
roborated by the character analyses of Hamrick et al. (1999), Stafford and
Thorington (1998), Szalay and Lucas (1993, 1996), and Thewissen and
Babcock (1992), as well as the phylogenetic analyses of Bloch et al. (2002),
Kriz and Hamrick (2001), Shoshani and McKenna (1998), and Silcox
(2001a,b, 2002). Based on morphological evidence, therefore, it would appear
that the sister taxon of Dermoptera is Chiroptera, not Primates (Bloch et al.,
2002; Johnson and Kirsch, 1993; Kriz and Hamrick, 2001; Novacek, 1982,
1986, 1989, 1990, 1992, 1993, 1994; Novacek and Wyss, 1986; Novacek
et al., 1988; Sargis, 2002d; Shoshani and McKenna, 1998; Silcox, 2001a,b,
2002; Simmons, 1995; Simmons and Quinn, 1994; Szalay, 1977; Szalay and
Lucas, 1993, 1996; Thewissen and Babcock, 1991, 1992, 1993; Wible, 1993;
Wible and Covert, 1987; Wible and Novacek, 1988; contra Beard, 1989,
1993a,b; McKenna and Bell, 1997). Again, it seems that Primatomorpha rep-
resents an unnatural grouping (see previous section; Sargis, 2002d).

If Volitantia is better supported by morphological studies than
Primatomorpha, then what is the sister taxon to Volitantia? Shoshani and
McKenna’s (1998) analysis supported a Volitantia—Euprimates clade, but
Analysis 2 of this study supported a Volitantia—Scandentia clade (Figures 4
and 5). The latter clade has also been supported by the analyses of Silcox
(2001a,b, 2002) and Bloch et al. (2002).

The most significant problem with the morphological support of Volitantia
is that molecular studies have continually rejected this clade (Adkins and
Honeycutt, 1991, 1993; Allard et al., 1996; Cronin and Sarich, 1980;
Honeycutt and Adkins, 1993; Liu and Miyamoto, 1999; Liu et al., 2001,
Murphy et al., 2001a,b; Porter et al., 1996; Waddell et al., 1999). It is, of
course, possible that dermopterans and chiropterans evolved their similari-
ties independently (see above), so Volitantia may represent an unnatural group-
ing based on convergent, rather than homologous, characters (Sargis, 2002d).

While a Scandentia—Euprimates clade has been supported by cranial evi-
dence (Kay et al., 1992; Wible and Covert, 1987; Wible and Novacek, 1988),
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such a clade is not supported by this analysis of postcranial data. Alternatively,
molecular evidence has repeatedly supported a Scandentia—Dermoptera clade
(Liu and Miyamoto, 1999; Liu et al., 2001; Madsen et al., 2001; Murphy
et al., 2001a,b) with Primates as the sister taxon to this clade (Figure 1D;
Liu and Miyamoto, 1999; Liu et al., 2001; Murphy et al., 2001a,b). A
Scandentia—Dermoptera clade is also supported by postcranial evidence when
Chiroptera is removed from the analysis (Analysis 3; Figure 6). This clade is
supported by craniodental evidence as well, but only when Chiroptera is
removed from the phylogenetic analysis (Bloch et al., 2002; Silcox, personal
communication). The most probable sister taxon of Dermoptera, therefore,
may be Scandentia rather than either Primates or Chiroptera.

The relationship of plesiadapiforms to Euprimates could not be fully
assessed here because of missing data in fossil plesiadapiforms, as well as the
fact that only postcranial data were analyzed. In recent studies that included
craniodental evidence, however, a Plesiadapiformes—Euprimates clade (i.c.,
Primates, sensu lato) was supported (Bloch et al., 2002; Silcox, 2001a,b,
2002). Plesiadapiforms should, therefore, be included in Primates rather than
Dermoptera (Bloch et al., 2002; Silcox, 2001a,b, 2002).

Finally, the inclusion of Ptilocercus in these analyses had significant effects
on the results. For instance, when Ptilocercus is used to represent Scandentia
in Beard’s (1993Db) analysis (Analysis 1), the molecular concept of Euarchonta
is supported (Figure 3; Table 4), whereas this clade was not supported when
Beard (1993b) used Tupain to represent Scandentia (Figure 2). The inclusion
of Ptilocercus also resulted in the identification of morphological synapomor-
phies for a Dermoptera—Scandentia clade (Table 4), a grouping previously
supported only by molecular evidence. Hence, in studies of primate supraor-
dinal relationships that include comparisons of postcranial characters to those
in tupaiids, Ptilocercus should certainly be included in the analysis (Sargis,
2000, 2002a,b,d). Similarly, if tupaiids are chosen as an outgroup in primate
phylogenetic analyses that include postcranial evidence, then Prilocercus
should be used as the outgroup because its attributes are more conservative
for Scandentia (Sargis, 2000, 2002a,b,d).
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APPENDIX A
Descriptions of Characters and Character States

1. Position of deltopectoral crest: anterior (0); lateral (1) (character #8 in Beard,
1993Db).

2. Robusticity of lesser tuberosity: gracile, no strong medial protrusion (0); robust,
strong medial protrusion (1) (character #9 in Beard, 1993b; chiropteran condi-
tion corrected by Simmons, 1994).

3. Shape of capitulum: spindle-shaped (0); spherical (1) (character #10 in Beard,
1993b).
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11.

12.

13.

14.

15.

16.

17.
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Shape and degree of excavation of radial central fossa: ovoid and shallow (0); cir-
cular and deep (1) (character #11 in Beard, 1993Db).

Extent of lateral lip around perimeter of proximal radius: broad, limited to lateral
side (0); narrow, extends approximately halfway around (1) (character #12 in
Beard, 1993Db).

Form of ulnocarpal articulation: mediolaterally and dorsopalmarly extensive, lies in
transverse plane (0); limited to radial and palmar aspects of distal ulna, lies in prox-
imodistal plane (1) (character #13 in Beard, 1993b; chiropteran condition cor-
rected by Stafford and Thorington, 1998).

Shape of cuneiform in dorsal view: quadrate (0); triangular (1) (character #14 in
Beard, 1993Db).

Spatial relationships of lunate and scaphoid: lunate ulnar to scaphoid (0); lunate
distal to scaphoid (1) (character #15 in Beard, 1993b; dermopteran condition
corrected by Stafford and Thorington, 1998).

Radial articular contacts of cuneiform: contact with single bone (lunate) (0); con-
tact with two bones (1) (character #16 in Beard, 1993b; chiropteran, der-
mopteran, and scandentian conditions corrected by Stafford and Thorington,
1998).

Size of pisiform: moderately robust (0); reduced (1) (character #17 in Beard,
1993b; chiropteran condition corrected by Simmons, 1994; and Stafford and
Thorington, 1998).

Phalangeal proportions: proximal longer than intermediate (0); intermediate longer
than proximal (1) (character #18 in Beard, 1993Db; chiropteran condition corrected
by Thewissen and Babcock, 1992; and Hamrick et al., 1999).

Shape of distal phalanges: moderately laterally compressed and moderately high
dorsoventrally (0); highly compressed mediolaterally and tall dorsoventrally (1);
mediolaterally wide and dorsoventrally flattened (2) (character #19 in Beard,
1993b; chiropteran condition corrected by Szalay and Lucas, 1993, 1996;
Simmons, 1995; Lemelin, 2000).

Acetabular shape: circular in lateral view (0); elliptical, elongated craniocaudally
(1) (character #20 in Beard, 1993Db).

Pattern of bony buttressing around acetabulum: evenly developed around cir-
cumference (0); emphasized on cranial side (1) (character #21 in Beard, 1993b).
Position of fovea capitis femoris: centrally placed on femoral head (0); posterior
to midline (1) (character #22 in Beard, 1993b).

Area of insertion of quadratus femoris: limited area on posterior side of proxi-
mal femoral shaft (0); enlarged, flattened, triangular area between greater and
lesser trochanters (1) (character #23 in Beard, 1993b).

Shape of patellar groove: long, narrow, and moderately excavated (0); short, wide,
and shallow (1); deeply excavated (2) (character #24 in Beard, 1993b).
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19.

20.

21.

22.

23.

24.

25.
26.

27.
28.
29.

30.

31.

32.

33.
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Nature of distal tibiofibular joint: syndesmosis (0); synovial (1) (character #25 in
Beard, 1993Db).

Position of flexor fibularis groove on posterior side of astragalus: midline (0);
lateral (1); groove absent (2) (character #26 in Beard, 1993b).

Secondary articulation between posterior side of sustentaculum and astragalus:
absent (0); articulation between medial malleolus of tibia and posterior side of
sustentaculum (1); present (2); sustentaculum reduced or absent (3) (character
#27 in Beard, 1993b; recoded to reflect autapomorphous condition of sustentac-
ulum in Scandentia).

Nature of calcaneocuboid articulation: cuboid facet on calcaneus moderately con-
cave or flat, which articulates with calcaneal facet on cuboid that is evenly convex,
oval, and elongated mediolaterally (0); plantar pit or concavity on distal calcaneus
that articulates with proximally projecting process on cuboid (calcaneocuboid
pivot) (1) (character #28 in Beard, 1993b).

Form of distal facet on entocuneiform: narrow distally (0); wide distally (1);
entocuneiform proximodistally short with flat and triangular distal facet for first
metatarsal (2) (character #29 in Beard, 1993b; the condition of the plantodistal
process was excluded from these character states because its size does not corre-
spond to the width of the distal entocuneiform facet as Beard, 1993b, originally
proposed).

Size of atlas vertebra: craniocaudally narrow (0); craniocaudally wide (1) (see
Sargis, 2001).

Shape of thoracic spinous processes: long and narrow (0); short and wide (1) (see
Sargis, 2001).

Size of lumbar spinous processes: long (0); short (1) (see Sargis, 2001).

Size and orientation of lumbar transverse processes: long and face ventrally (0);
short and face laterally (1) (see Sargis, 2001).

Shape of scapula: long and narrow (0); short and wide (1) (see Sargis, 2002a).
Size of greater trochanter: large (0); small (1) (see Sargis, 2002b).

Size of femoral condyles: anteroposteriorly deep (0); anteroposteriorly shallow (1)
(see Sargis, 2002b).

Nature of volar skin: papillary ridges present (0); papillary ridges absent (1) (see
Lemelin, 2000).

Shape of proximal articular surface on pedal intermediate phalanges: mediolater-
ally wide and dorsoplantarly compressed (0); dorsoplantarly high and mediolater-
ally compressed (1) (see Hamrick et al., 1999).

Size of cervical (C3-C7) spinous processes: long (0); short or absent (1) (see
Simmons, 1995; Wible and Novacek, 1988).

Size of ribs: craniocaudally narrow (0); craniocaudally wide (1) (see Simmons, 1995;
Szalay and Lucas, 1993, 1996, Wible and Novacek, 1988).
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39.
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41.

42.
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Size of forelimb: no elongation (0); markedly elongated (1) (see Simmons, 1995;
Wible and Novacek, 1988).

Form of deltopectoral crest: shelf that extends distally (0); single torus displaced
proximally (1) (see Simmons, 1995; Szalay and Lucas, 1993, 1996).
Humeropatagialis muscle: absent (0); present (1) (see Simmons, 1995; Wible and
Novacek, 1988).

Form of proximal ulna: not reduced, contacts anterior humerus (0); reduced, ante-
rior humeral contact reduced (disengagement) (1) (see Simmons, 1994, 1995;
Szalay and Lucas, 1993, 1996; Wible and Novacek, 1988).

Form of distal radius and ulna: radius and ulna unfused, distal radius narrow, and
no deep grooves for carpal extensors on dorsal surface of radius (0); radius and
ulna fused, distal radius transversely widened, and deep grooves for carpal exten-
sors on dorsal surface of radius (1) (see Simmons, 1995; Szalay and Lucas, 1993,
1996).

Fusion of carpals: unfused (0); fusion of scaphoid and lunate into scapholunate,
centrale free (1); fusion of scaphoid, lunate, and centrale into scaphocentralunate
(2) (see Simmons, 1995; Szalay and Lucas, 1993, 1996).

Patagium between manual digits: absent (0); present (1) (see Simmons, 1995;
Szalay and Lucas, 1993, 1996; Wible and Novacek, 1988).

Size of fourth and fifth pedal rays: no elongation (0); elongated (1) (see Simmons,
1995; Szalay and Lucas, 1993, 1996).

Pedal digital tendon locking mechanism: absent (0); present (1) (see Simmons,
1995; Simmons and Quinn, 1994).
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APPENDIX B

Character-Taxon Matrix*
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CHAPTER FOUR

Primate Origins: A
Reappraisal of Historical

Data Favoring Tupaiid
Affinities

Marc Godinot

INTRODUCTION

The origin of primates remains a fascinating question. In spite of many
anatomical and molecular studies, the identification of the living sister group
of primates is not clearly settled. The lack of consensus about primate origins
is the result of the great antiquity of the events that marked primate differen-
tiation. Morphological as well as molecular signals are masked by the amount
of subsequent evolution in primates and in potential sister groups, and by the
extinction of some critical intermediates. In addition, the Paleocene fossil
record of mammals is still particularly poor in Africa and in the southern trop-
ical regions of Asia, where some of the important steps presumably took
place. What makes the problem especially puzzling is the realization that the
increase in and the enhanced quality of the anatomical and molecular data sets
extracted from the living forms did not result in any increased consensus. On
the contrary, the cladistic treatment of a large morphological data set con-
cerning archontan phylogeny, assembled by Simmons (1993) from previous
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studies, did not detect a strong signal concerning the sister group of primates.
This constitutes a challenge for phylogeneticists. Molecular data sets, which
also did not yield a consensus in 1993, continue to expand. It seems now that
a strong molecular signal favors a close relationship between Primates,
Scandentians, and Dermopterans (Liu et al., 2001; Madsen et al., 2001;
Murphy et al., 2001; see Springer, this volume).

During the first half of the 20th century, tree shrews (family Tupaiidae)
were often considered as the most primitive representatives of the order
Primates. Carlsson (1922) compared many features in Tupain, Lemuriformes,
Macroscelididae, and Lipotyphla. She found many similarities between
Tupain and lemuriforms, including the presence of a postorbital bar, and she
was the first to formally include tupaiids in primates. Her view was strongly
supported by the work of Le Gros Clark (1959, 1971), and was adopted by
Simpson (1945) and Saban (1963) among others. However, a remarkable
book on “Comparative Biology and Evolutionary Relationships of Tree
Shrews” (Luckett, 1980a) placed the long-standing belief in a close
tupaiid—primate relationship into question, with the rigor of cladistic method-
ology. Many similarities between the two groups appeared as primitive reten-
tions or convergences, and tree shrews were left in their own order Scandentia
without any clear affinity within the mammals. Another attempt at putting
“primates and their relatives in phylogenetic perspective” led to the contri-
butions assembled by MacPhee (1993a). No consensus emerged from this
attempt, but it did lead to “the rehabilitation of scandentians as being at least
reasonably close relatives of primates (and colugos)” (MacPhee, 1993Db).

A group of Early Cenozoic fossil mammals, including the Plesiadapidae and
Paromomyidae, were described as primates by most early paleontologists. They
show some general dental similarities with primates, and there are detailed sim-
ilarities between some molars of Plesiadapis and Cantius. However, it has been
long recognized that these must be convergences because they do not exist in
primitive plesiadapids and primitive adapids such as Donrussellin. Furthermore,
Plesindapis was believed to have a petrosal bulla, which is a hallmark of primates
(Szalay, 1969). Hence, plesiadapids and related families, which are usually
assembled in the taxon Plesiadapiformes (Simons, 1972), were considered as
representatives of an early radiation of the primates by many (e.g., Gingerich,
1976; Romer, 1966; Simons, 1972; Szalay and Delson, 1979).

At the same time, other scholars were working toward a better definition
of primates based on primarily the derived characters shared by the living
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forms (Cartmill, 1972; Martin, 1968, 1985). This resecarch generated a new
understanding of the adaptive significance of primate characteristics (Cartmill,
1972, 1974a). In fact, our understanding of primate characteristics has prob-
ably progressed much further during the past decade than our understanding
of archontan phylogeny (e.g., Dagosto, 1988; Rasmussen, 1990; Ravosa
et al., 2000; see other contributions in this volume). The series of derived
characters shared by virtually all living primates—petrosal bulla, a complete
postorbital bar encircling large forward-oriented orbits, an opposable hallux,
and nails instead of claws (Cartmill, 1972; expanded in Martin, 1986)—
is widely accepted. However, the taxonomic consequences of this under-
standing are not treated in the same way by all authors. Those who maintain
a broader view of the order Primates and their close relationships to the ple-
siadapiforms use the term “Euprimates’ (Hoffstetter, 1977), to include the
living ones and their close relatives, or the informal “primates of modern
aspect” of Simons (1972). Moreover, they consider the Plesiadapiformes a
suborder of the Primates (Fleagle, 1988; Gunnell, 1989; Szalay et al., 1987,
Van Valen, 1994). Others restrict the order Primates to the euprimates and
consider the Plesiadapiformes as a separate order of mammals—an opinion
that is becoming more widely accepted (e.g., Fleagle, 1999). This choice is
adopted here because it gives the taxon primates adaptive significance and also
because the sister taxon of the modern primates is unresolved.

Between 1990 and 1993, a quite different hypothesis emerged from the
study of new fossil material. Postcranial studies of the plesiadapiform family
Paromomyidae seemed to favor a close affinity of this family with
Dermoptera, leading to the concept of Primatomorpha—a mirorder includ-
ing primates and dermopterans (the plesiadapiforms being included within
dermopterans; Beard, 1993a,b). Similar relationships are accepted by
McKenna and Bell (1997). These new hypotheses are accompanied by radi-
cal changes in classifications (e.g., the inclusion of the Eudermoptera in the
Plesiadapiformes). Much worse, the inclusion of Dermoptera as a suborder of
the order Primates (McKenna and Bell, 1997) simply destroys all previous
constructions of the taxon primates. Moreover, all these dramatic changes
reflect a hypothesis which is very questionable. This is scrutinized in the next
section. A more recent treatment of the problem by Silcox (2001) again nests
modern primates within plesiadapiform groups.

As the quantity of information has enormously increased and the current
hypotheses are so numerous and contradictory, it has become a challenge to
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reconcile the multiple lines of evidence and to expose the most likely hypo-
thesis. Here the author proposes such a view, that of a paleontologist, inclined
to favor that part of the evidence for which there is some historical insight.
The primary reliance on cranioskeletal characters is based on the conviction
that there are lessons to be learned from traditional systematics and from the
paleontological record. Of course, such a view needs to be confronted with
insights inferred from the study of living forms (e.g., molecules, neural, and
reproductive traits, etc.).

LIMITS OF CLADISTICS CONFRONTED WITH LARGE
DATA SETS

The synthetic treatment of very large data sets by Simmons (1993) and Silcox
(2001) is very interesting. Simmons searched for all possible morphological
characters studied in the literature, established in 10 presumably mono-
phyletic units (Scandentia, Strepsirhini, Tarsiiformes, Anthropoidea,
Galeopithecidae, = Megachiroptera, = Microchiroptera,  Plesiadapidae,
Paromomyidae, and Micromomyidae). The most striking result of her analysis
is that, in partitioning the data set into six different subsets corresponding to
different anatomical systems, despite the elimination of three fossil families to
avoid too much missing data, six different phylogenies were obtained.
Nonauditory cranial (33 characters), auditory (20), anterior axial skeleton
and forelimb (31), hindlimb (35), reproductive tract and fetal membranes
(12), and neural (23) data sets—all gave different phylogenies that sometimes
did not recover primate or chiropteran monophyly (Simmons, 1993). In spite
of her will to be as objective as possible, Simmons (1993) made one big deci-
sion that affected her results—the exclusion of dental characters. On the one
hand, this is understandable. It is common experience that the dentition is
“very useful in differentiating species and genera, but at higher taxonomic
levels its value is diminished because it is particularly subject to parallel evolution”
(Butler, 1980). Moreover, dental characters are also subject to numerous suc-
cessive transformations, rendering the @ posteriori deciphering of successive
states difficult. However, on the other hand, all characters are susceptible to
convergence and successive transformations, and dental characters do not
appear more affected by homoplasy than others (Sanchez-Villagra and
Williams, 1998). As dentitions constitute a large part of the fossil record, their
importance should not be undervalued (Silcox, 2001; Van Valen, 1994).
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When the fossil record is sufficiently dense, teeth may decisively point toward
evolutionary continuities, which demonstrate phylogenetic relationships.
The work of Silcox (2001), including all the plesiadapiforms even if only
known dentally, and using a large number of dental characters, is thus very
welcome, complementing that of Simmons (1993). Silcox also conducted
three different analyses using three different anatomical systems: dental (97
characters), cranial (30), postcranial (54 ), and all the characters were reevalu-
ated in light of recent studies. Despite this reevaluation, she again found
three different phylogenies (Silcox, 2001)! A careful look at both studies
reveals the following:

1. There is no strong phylogenetic signal contained in Simmons’ summary
data set; it is sufficient to replace the treatment of the 154 characters from
equal weight given to each change in a character to equal weight given to
cach character to completely lose primate monophyly and find the
Anthropoidea as the sister group of Dermoptera + Chiroptera (Simmons,
1993, Figure 8). If the character transformations that can be ordered are
ordered (something the author would consider mandatory), the preceding
orders and primates appear monophyletic, but their relationships are com-
pletely unresolved, with the exception of scandentians being the primitive
sister to all others (idem, Figure 10). In the equal transformation weight-
ing, Simmons acknowledges that with only a few additional steps, there are a
large number of trees (indicating that the phylogenetic signal is very weak).

2. The fact that different anatomical systems give different results suggests that
some of these phylogenetic signals must be wrong. If the corresponding
data are kept, they will in any such analysis, consistently yield wrong signals.
One problem is that similar functional requirements and other mechanisms
may lead to common evolutionary trends or convergences. This is well-
known for some locomotor and dental specializations; however, it may
occur in other anatomical systems as well. Such homoplasies introduce con-
sistent signals, which drive parsimony analyses to incorrect solutions.

3. The comparison of the trees obtained from the three data sets of Silcox
(2001) and that from the summary data set shows that the total evidence
tree primarily reflects the largest of the subsets—the dental one. It also
reveals that this total evidence solution yields phylogenetic signals that
were so weak that they had not appeared on the tree extracted from the
subset giving the signal. The sister group relationship between primates
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and Toliapinidae, which appears on the total evidence tree, must come
from the dental evidence because this is the only data set known for
Toliapinidac. However, that relationship was not apparent in the strict or
Adams’ consensus trees of the dental data set at the family level, which is
a subset of the total evidence tree (this relationship appeared in the dental
analysis at the species level). This is a clear demonstration that the larger
summary data set, as attractive as it may be, in fact produces very weak
phylogenetic signals. Silcox (2001) is aware of the fragility of the node
uniting primates and Toliapinidae.

4. The characters that have been recognized by all authors as having system-
atic importance should be weighted heavily. In Plesiadapiformes, the shape
of the incisors is recognized as having more systematic significance than
the dental reductions that occurred repeatedly. For example, Silcox finds
that Picromomys is closely related to Niptomomys, something “rather sur-
prising, in light of the fact that Picromomys lacks the characteristic 1/1
morphology of microsyopids” (Silcox, 2001). She then rightly assumes
that Microsyopidae is monophyletic excluding Picromomys, a choice with
which the author agrees, but forces the conclusion that the methodology
is unsatisfactory. To avoid having several more commonly derived characters
outweigh the unique I1/1 morphology, this unique morphology should be
more heavily weighted. The deduction that the microsyopid 1/1 is char-
acteristic of the family is common knowledge of systematicians, and it
should be translated into the cladistic analysis by an appropriate weighting
procedure (see e.g., Neft, 1986).

In conclusion, these cladistic analyses are unsatisfactory because in the search
for “objectivity”, they refuse to weight heavily characters that we know have
high systematic significance (Szalay et al., 1987). As such, rejecting previously
acquired knowledge is regressive. Secondly, in adding more and more characters
and then more and more homoplasies between different anatomical systems of
many groups, what is finally privileged is global similarity at the detriment of
more specific signals; this procedure leads ironically in part to a return to
phenetics (this is especially true when transformations are not oriented). The
experience of systematics is that a small number of characters can diagnose
many groups, including higher systematic groups. The astragalus of artio-
dactyls, the toothcomb of lemuriforms, and the petrosal bulla of primates bear
testimony that single characters or character complexes can mean a lot, and that
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such characters can be found in dental, cranial, or postcranial anatomy. Put in
historical perspective, the differentiation of a higher taxon could be linked to a
small number of characters.

To avoid the trap of excessive data sets effectively driving a return to
phenetics, different strategies are possible. One would suggest scrutinizing
the data to try to eliminate the characters that are likely to introduce wrong
signals. This is more easily said than done; however, during the course of
anatomical studies, a number of characters have been shown to be not
pertinent. Likewise, paleontological information usually leads to the elimina-
tion of derived characters shared by living forms, which are not present in
early members of a group, and to the inclusion of more primitive character
states that are known to be represented in these early members. Another idea
is to try not to lose sight of the characters that have been shown by others to
be crucial, in our case, crucial primate characteristics (related to vision, loco-
motion with grasping, and nails). Furthermore, the fossil record clearly
demonstrates that there are features very unlikely to exhibit reversal. For
example, teeth once lost are never regained. Strangely, Rose and Bown
(1996) allowed such reversals that partly explain the bizarre results of their
cladistic analysis of a group of plesiadapiforms. Likewise, Bloch et al. (2001)
support a phylogeny in which a P/2 has “reevolved” in Carpocristes oriens,
this is unlikely, although such a possibility must be addressed. There are mor-
phological characters other than tooth presence that can be lost, without the
entire morphology ever reverting to ancestral states. Unlikely reversals can
help to evaluate or even refute some phylogenetic hypotheses, as is argued
later. In this chapter, the author emphasizes the role of historical data and the
importance of understanding character changes in polarity and in function. In
doing the author finds himself in agreement with the position repeatedly
advocated by (Szalay, 2000; Szalay and Lucas, 1996; Szalay et al., 1987) and
with the suggestion that “perhaps it is time to return to scenarios about adap-
tational history as better devices for understanding primate evolution”
(MacPhee, 1991) and adds, especially primate origins.

An evaluation of the Primatomorpha hypothesis is done first because its
acceptance or rejection will determine the content and the systematic meaning
of Plesiadapiformes. In the course of this chapter, Plesiadapiformes is used as a
separate order of mammals—a choice which has become common (e.g., Fleagle,
1999; Rose, 1995) and will be justified later (following Szalay and many oth-
ers, Microsyopidae is provisionally not included in Plesiadapiformes).
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FACING PRIMATOMORPHA

Are Paromomyid Dental Characters Compatible with
Dermopteran Origins?

When Beard interpreted postcranial features of paromomyids as reflecting a
gliding adaptation of a type similar to that of colugos, he included paro-
momyids in Dermoptera (Beard, 1990, 1991). He further interpreted the
paromomyid dentition as convergent to that of the sugar-glider, Petaurus,
and inferred a similar gliding and tree-exudate-eating adaptation for paro-
momyids. It is difficult to accept this interpretation, partly because paro-
momyid dentitions look extremely divergent from, and hardly ancestral to,
those of colugos (see also Rose, 1995; Szalay and Lucas, 1996). They also
seem as much adapted to insectivory as to exudate-feeding (Godinot, 1984).
More importantly, the skulls of paromomyids are quite similar to those of ple-
siadapids (Kay et al., 1992), showing very few characters indicating a link with
dermopterans. The evidence concerning paromomyid dental adaptation and
affinities is accordingly reconsidered.

It is well-known that the teeth of paromomyids are very peculiar in mor-
phology (Simpson, 1955; Szalay and Delson, 1979). The upper molars of
Phenacolemur and Ignacius have a marked posterolingual expansion, delimited
by the strong, posteriorly directed postprotocingulum (a crest going down
from the tip of the protocone, posteriorly, and added to the major pre- and
postprotocrista). A Nannopithex-fold as found in primates is different because
it usually differentiates through a breaking of the postprotocrista and subsequent
increase of the fold, which more or less clearly “replaces” the postprotocrista
(Figure 1; one exception is found on the omomyid T7ogolemur, on which the
posterior fold has developed without a decrease of the postprotocrista, result-
ing in a structure exactly similar to a postprotocingulum; see ¢.g., Gunnell,
1995). The postprotocingulum is already well differentiated in the primitive
paromomyid Paromomys, and as it is also present in plesiadapids and carpo-
lestids, it is usually considered a shared derived character of the plesiada-
poids. Beard (1993a) also considers this character as shared derived between
these groups (plus primates), and subsequently lost in dermopterans. Is such
a reversal likely? The author has explained elsewhere why the loss of a
Nannopithex-fold in early primates was very unlikely (Godinot, 1994; Kay
and Williams, 1994; see also Kay et al., 1992). Like the Nannopithex-fold, the
postprotocingulum also pertains to the common trend of broadening and
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Figure 1. Drawings of left upper second molars of several archontans in occlusal
views. A, Purgatorius, B, Palaechthon; C, Plesindapis; D, Arcius; E, Nannopithex;
E, Cantius; and G, Cynocephalus. All drawn at the same transverse width, posterior
side on the right; scale bars are 1 mm. Small arrows on the teeth indicate the proto-
cone in A; the postprotocingulum in B, C, and D; and the protocone-fold in E and F.
The long arrows indicate steps of morphological changes; however, they do not rep-
resent true phylogenies. They show on the left the development of a postprotocingu-
lum (Popc), a third posterolingual crest issued from the tip of the protocone, in
plesiadapiforms, (C is a plesiadapid, D a paromomyid). On the right, they show the
formation of a protocone-fold (Prf) or Nannopithex-fold, via the breaking of the post-
protocrista and elongation of its posterior part in two primates (E is a microchoerid;
F a notharctid); orientation of this crest is posterolabial. Upper molars of living colu-

gos (G) seem primitively narrow in their lingual part.

reinforcing the lingual part of upper molars (initially triangular in early
mammals, having later become quadrangular in many groups). Of course, a
structure, and even more a detail on a structure, can be lost, however not
in any fashion. For example, in this case, one can find large plesiadapid teeth
on which the postprotocingulum is weakly expressed (Figure 1C).
However, in such cases, this happens to much larger species having quite
different proportions and functional adaptations. This weakening and pos-
sible loss of the crest does not modify the acquired quadrate lingual shape
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of the tooth. Even with the possible complete loss of the crest (which would
be coded as a “reversion”), there is in fact no reversion of the whole struc-
ture, no going back to an ancestral morphology.

The living colugos, in spite of their specialized labial shearing crests, have
transversely very elongated upper molars. These molars are primitive in their
narrow lingual part (Figure 1G); it is not very likely that this is derived from
teeth that would have been lingually broadened by a postprotocingulum (or
a hypocone on a lingual cingulum). One should be cautious because there is
a very long duration between the Early Eocene fossils and living species. On
the other hand, these species remained relatively small, which renders more
likely simple preservation of a primitive structure (large changes masking
preceding adaptations are much more frequent when associated with a
marked change in size—a change in niche). The teeth of the Plagiomenidae,
putative early dermopteran relatives, are very specialized and convergent on
those of living galeopithecids (e.g., Rose and Simons, 1977). Interestingly,
the upper molars of Plagiomene and Elpidophorus, which are relatively lin-
gually broad, do not show a trace of a postprotocingulum. Those of Elpidophorus
have a hypocone at the lingual extremity of the posterior cingulum, strongly
suggesting that those animals and their ancestors never had a postprotocin-
gulum. Overall, it appears very improbable that the upper molars of galeop-
ithecids, as well as those of plagiomenids, evolved from upper molars with a
postprotocingulum. This dental analysis contradicts the cladogram of Beard
(1993a), which implies such a morphological transformation. Concerning
primates, Beard (1993a) considered them, as many ecarlier authors did
(Hoffstetter, 1986; Szalay et al., 1987), as having primitively possessed a
postprotocingulum, equated with a Nannopithex-fold. This is probably not
true, but it does not greatly aftect that part of his cladogram; this character
has simply to be moved one node up on the main line. However, this is not
entirely trivial because it eliminates the only non-postcranial character sup-
porting the primatomorph node.

Dermopteran Incisors

Colugos are believed to have three lower incisors, two of which are very
specialized, pectinate (MacPhee et al., 1989; Vaughan, 1972). It would seem
impossible to derive such a dental formula from that of a paromomyid or
plesiadapoid because the latter have one enlarged incisor and at most a second
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one, usually very reduced (Figure 2). [Several years ago, it was commonplace
to consider the reduction of the number of incisors from three to two as a
shared derived character uniting primates and plesiadapiforms; however, this
character was eliminated by the discovery of a third upper incisor in car-
polestids (Bloch and Gingerich, 1998; Fox, 1993).] An interesting point
about those lower incisors is that some plagiomenid incisors show how a
pectinate lower incisor can form (Rose and Simons, 1977). Such pectinate
incisors can form from relatively large anterior incisors. However, one would
have to go back to a paromomyid endowed with three incisors, including two
relatively large ones to evolve the pectinate incisors of colugos. Such an animal
would neither be a member of a paromomyoid nor a plesiadapoid clade
because these clades are partly defined by the possession of one enlarged
lower incisor and with a second lower incisor that is reduced or lost. The new
paromomyid genus Acidomomys, which retains an I /2, has indeed a very small

D)

Figure 2. Drawings of two plesiadapiform left jaws (A and B) compared to two right
jaws of living dermopterans (C and D). Drawn to similar lengths; scale bars are 5 mm.
Here, (A) is the primtive plesiadapid Promothodectes (from Gingerich, 1976); (B) the
Chronolestes, a primitive carpolestid or primitive plesiadapoid (from Beard and
Wang, 1995); (C) the jaw of living Cynocephalus volans (from MacPhee et al., 1989);
and (D) a juvenile C. variegatus (Anatomie Comparée collection, A-3958, M. N. H. N,
Paris). Living dermopterans have three incisors: two of them pectinate (C). (D) shows
details of 1/2 and the erupting I /3. It seems impossible to derive a dentiton like that of
living colugos from the dentitions of the early plesiadapoids, which have an enlarged
1/1; and the other teeth between I/1 and P/4, including 1,/2 and 1/3, very reduced.
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1/2 in an advanced stage of reduction (Bloch et al., 2002). Even the primi-
tive plesiadapid Pronothodectes, and Chronolestes, which may be a primitive
carpolestid or lie at the base of a plesiadapoid clade, have teeth posterior to
1/1 much too reduced to be possibly ancestral to dermopteran incisors. Thus,
the Galeopithecidae cannot be nested within the plesiadapoid clade (or a
paromomyoid clade).

Concerning upper incisors, they are lost in the living colugos, whereas
paromomyids have the large multilobate 11/ typical of plesiadapoids (Ging-
erich, 1976; Godinot, 1984; Rose et al., 1993), and of paromomyids if they
are considered as belonging to another clade. The known trends in plesi-
adapoids seem not to be toward the loss of the upper 11. Overall, concerning
both lower and upper anterior incisors, the evolutionary trend(s) largely
started in paromomyids and their plesiadapoid relatives do not lead toward a
dermopteran-like anterior dentition. In fact, to be possibly ancestral to der-
mopterans, an animal would have to have kept three lower incisors, and to
have increased the second approximately as much as the first—two conditions
at odds with known plesiadapiforms. If we add the difficulties from the upper
molars, the hypothesis of dermopterans being more closely related to paro-
momyids than to plesiadapids becomes so intractable that it is quasi impos-
sible. The scenario would imply rooting paromomyids in a form as primitive
as, or even more primitive than Purgatorius, with dermopterans branching off
to one side and paromomyids on the other side converging in many charac-
ters with plesiadapids. It is not impossible; however, it would destroy the ple-
siadapoid synapomorphies recognized by Beard and others, and require a new
ad hoc dental scenario.

Known dental trends of paromomyids and other plesiadapiforms make it
so unlikely that one of them could be ancestral to dermopterans that this
hypothesis should be considered as quasi impossible, and thus abandoned. It
is not definitively proven to be impossible, but decisive new evidence would
be needed to justify reconsideration of this hypothesis. It is similarly
intractable to adjust dental characters to the cladogram of Bloch and Boyer
(2002), which proposes a sister group relationship between carpolestids and
primates, nested within plesiadapoids. It would seem “easier” to redevelop
two vertically implanted lower incisors than to evolve the dermopteran incisal
device; however, this is likewise so opposite to dental trends in plesiadapoids
that any nesting of primates or dermopterans within plesiadapoid families is
dentally quasi impossible.
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Paromomyid Postcranials, Gliding, and Apatemyid Adaptations

The core of the primatomorph hypothesis developed by Beard (1990, 1991,
1993a,b) was the interpretation of paromomyid phalanges and carpal charac-
ters as reflecting a gliding adaptation similar to the peculiar finger-gliding
adaptation of living colugos (dermopterans), and homologous with it. However,
several papers since 1990 have raised doubts concerning this interpretation.
Krause (1991) questioned the allocation of the isolated middle phalanges to
the hand or foot of Phenacolemur; however, Beard (1993b) answered that
question by quantifying the elongation of isolated middle phalanges. Later,
Runestad and Ruff (1995) showed that the humerus of paromomyids does
not present the distinct diaphyseal dimensions found in living gliding mam-
mals. Szalay and Lucas (1996) noticed that the associated metapodials were
lacking the two articular lobules of living colugos. More recently, Hamrick
et al. (1999) found that the intermediate phalanges of paromomyids “are
similar in their relative length and midshaft dimensions to those from the
hand of vertical clingers (e.g., Tarsius and Glancomys) as well as those from
the foot of Cynocephalus” (p. 408). They conclude that the “existing
phalanges of paromomyids, ..., therefore provide no conclusive evidence
that paromomyids possesed a colugo-like patagium” (idem, p. 409).
Hence, arguments have accumulated against the view of paromomyids as
finger-gliders.

In 1993, Beard had written, “detractors of the hypothesis ... have yet to
offer an alternative explanation for the function of the elongated interme-
diate phalanges of these animals” (Beard, 1993b), and Szalay and Lucas
(1996) mentioned the need to find a functional explanation for them as
well. The explanation given by Hamrick et al. (1999) is “that vertical climbing
and clinging were frequent locomotor and postural behaviors practiced by
these animals,” in partial agreement with Beard. A partly similar explanation
of extreme phalangeal lengthening was given earlier in the study which dur-
ing these years had become the most challenging to the dermopteran
hypothesis, and which remained unnoticed: the description of the Messel
apatemyid Heterohyus skeleton by Koenigswald (1990; Koenigswald and
Schiernig, 1987). This author described in detail the anatomy of H. nanus,
which shows extremely elongated hands (Figure 3), with apparently straight
and elongated intermediate phalanges (and also very elongated proximal
phalanges) and interpreted this animal as an arboreal insectivorous creature



96 Marc Godinot

Figure 3. Elements of the skeleton of Heterohyus nanus from Messel, Germany,
redrawn and slightly modified from Koenigswald (1990). Whole skeleton (A); Right
hand (B) with extremities of radius (Ra) and ulna (Ul), carpals, metacarpals (MC),
proximal phalanges (PPh), middle phalanges (MPh), and distal phalanges (D); num-
bers refer to digits 1-5. The proximal part of a right hand (C) shows the extremities
of radius (ER) and ulna (EU), the proximal carpal row reinterpreted as scaphoid (Sc),
lunate (L), triquetrum (Tr), and pisiform (P1); the second carpal row with hamate (H),
capitate (cap), centrale (ce), and trapezium (Tz); metacarpals are numbered from I to
V. On the proximal part of a right foot (D), a piece of bone is reinterpreted as being
possibly the extremity of the fibula (EF), which would slide on a calcaneofibular facet
(CaFi) on the calcaneum (Cal). The astragalus is “As” and cuboid “Cu.” Note the
curved calcaneocuboid contact, suggesting the presence of some kind of pivot joint,
and the relatively large entocuneiform (En) and first metatarsal (MT1), which suggest
some hallucial opposition. The long hand and especially long, straight, middle pha-
langes of Heterohyus are believed to be a good analog for those of paromomyids.

convergent with Daunbentonia and Dactylopsila (two taxa not present in
the comparative tables of Beard, 1993b, and Hamrick et al., 1999). Because
of the peculiar preservation of Messel skeletons, slightly crushed, there are
some details of phalangeal anatomy that cannot be checked. They should
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become available on the beautiful material recovered by Bloch and Boyer
(2001). The possibility that Heterohyus might have had a patagium needs to
be briefly addressed; however, it secems unlikely given the way the two
Messel specimens are preserved. On Messel bats the wings are often visible
and a large patagium should be recognizable on a Messel glider (three spec-
imens). Von Koenigswald (1990) rejected a patagium in Heterobyus based
on the extreme elongation of only two digits, whereas more digits should
be elongated to support a gliding membrane. Overall, the convergence put
forth by von Keonigswald seems to be quite a convincing one. The author
proposes to extend the same convergence to paromomyids, which also have
very similar elongated incisors and presumed insectivorous adaptation (with
variations; Heterohyus might have been partially wood boring and the apate-
myid Sinclairelln much more, its incisors being convergent on those of
Daunbentonin). Because a number of the morphological peculiarities, func-
tionally related to gliding in living colugos, are lacking in paromomyids,
vertical climbing and clinging in trees seems a much better explanation for
their peculiar extremities. The new material of apatemyids and paro-
momyids (Bloch and Boyer, 2001) should provide conclusive evidence con-
cerning this.

On Postcranial Characters and Archontan Phylogeny

It seems important to comment on the postcranial characters used by Beard
(1993a) in his phylogenetic analysis. The primatomorph node was considered
the most robust, supported by eleven characters: one dental and 10 postcranial.
Some of these characters may now appear problematic in their definition and
distribution. From the first three of them, the humeral ones, two are men-
tioned as examples. The lesser tuberosity is considered robust and medially
protruding in “primatomorphs” by Beard (1993a). This tuberosity is in fact
less protruding in many primates than in Phenacolemur and Plesindapis
(Szalay et al., 1975), and it has been shown to be as robust and as protrud-
ing in Ptilocercus, giving the more probable state of the character in primitive
scandentians (Sargis, 2002a). The subspheroidal to spheroidal shape of the
capitulum is also found in Ptilocercus, and is considered as a likely primitive
archontan character by several authors (Sargis, 2002a,c; Szalay and Lucas,
1993, 1996). These two humeral characters have interesting functional impli-
cations, but they do not support a primatomorph node.
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A complete reappraisal of all the postcranial characters studied by Beard
(1993a), Silcox (2001), and Bloch and Boyer (2002) is far beyond the scope
of this chapter. Some general comments are provisionally given. All but one
of the characters taken by Beard (1993a) to support Primatomorpha are
linked to some kind of arboreal adaptation (these characters would increase
to 13 with the inclusion of the coxo-femoral characters which are part of the
same functional complex, and which also occur in Chiroptera and were listed
as primatomorph in Beard, 1991). A number of them appear to be found in
Ptilocercus and are considered as probably primitive archontan (Sargis, 2000,
2002a,b,c; Szalay and Lucas, 1993, 1996). Some others, linked to leaping in
Tarsius and Hemincodon, are questionably part of the primate morphotype.
In fact, it would seem hazardous to give a list of all the postcranial attributes
of the primate morphotype, because this is a debated notion, which depends
on one’s preferred interpretation of anthropoid characters (e.g., Dagosto,
1990; Ford, 1988; Godinot, 1992). This choice should be justified.
Furthermore, the plesiadapiform radiation is a large radiation of presumably
mainly arboreal animals, which leads me to suspect a very complex history of
arboreal adaptations in the group. Some of the characters studied by Beard
show an evolution within plesiadapiforms. For example, plesiadapids have a
limited area for insertion of the M. quadratus femoris on the posterior side
of the femur. Beard (1993a) interpreted this primitive state as a reversal;
however, it could as well indicate that plesiadapids were less specialized than
other “primatomorphs” in their arboreal adaptation. This could be con-
firmed by the variation in the calcancocuboid articulation alluded to by
Beard (1993a). Plesiadapids is taken as having a derived pivot-like calca-
neocuboid joint—a putative primatomorph character, whereas Szalay and
Decker (1974) caretully described the calcaneocuboid joint as much more
primitive in Plesindapis than in primates, without a real pivot [Wible and
Covert (1987) also mention that the calcaneum of Plesiadapis cookei has no
pronounced groove for the tendon of M. flexor fibularis. Does this imply
intraspecific variability, or more?]. One would then infer that plesiadapids,
and other more primitive plesiadapiforms, were probably less specialized
than Beard’s reconstructed primatomorph morphotype. A complex history
of arboreal adaptations in the different families of plesiadapiforms appears
likely, implying a correlative history of some anatomical structures. The cal-
cancocuboid joint could have undergone several changes in plesiadapiforms,
as it has in primates (Gebo, 1988; Gebo et al., 2001). A complex history is
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already demonstrated by some of the new skeletons, with the remarkable
finding of a fully opposable hallux bearing a nail in a carpolestid (Bloch and
Boyer, 2001, 2002). In such a context, postcranial characters, which are
known to be prone to convergence due to similar functional demands, will
probably turn out to be, as the dental characters, very good for intrafamilial
phylogeny and locomotor history, but much more difficult to use for the
higher level phylogeny. For example, Hamrick et al. (1999) find that a series
of phalangeal characters of paromomyids and dermopterans are shared
derived. However, including Dactylopsila, Dawbentonin, and perhaps
Heterohyns would probably have destroyed the support that they found in
favor of paromomyid—dermopteran relationships.

It has been realized that eutherians have a history of arboreal adaptation
older than what was previously hypothesized, dating back to the Late
Cretaceous, that the broad polarity of some postcranial characters of eutherians
has become less secure (Godinot and Prasad, 1994; Prasad and Godinot,
1994), and that many more arboreally adapted groups should be taken into
account [e.g., mixodectids (Szalay and Lucas, 1996)], apatemyids, possibly
also nyctitheriids (Hooker, 2001). With such a complex background, high-
level phylogenetic inferences will require either a more continuous record of
morphologies, or enough experience to spot rare characters, unique transfor-
mational series. Within the wealth of postcranial characters, there is no reason
why some would not turn out to have a high phylogenetic value, as some
carpal and tarsal characters have proven to have in primates and beyond. For
the time being, the author is doubtful about the carpal characters used by
Beard (1993a) because they rely too heavily on the sole triquetrum of
Phenacolemur, which is on the one hand not too different from that of
Plesindapis, and on the other so different from that of Cynocephalus that
homologies between them are not straightforward (see also Stafford and
Thorington, 1998; Szalay and Lucas, 1996). The more complete skeletons
found in the Bighorn Basin are very promising (Bloch and Boyer, 2001,
2002). They should help both testing some of Beard’s hypotheses and deci-
phering good phylogenetic signals. On the whole, despite remarkable
progress in the knowledge of plesiadapiform postcrania and their functional
interpretation, the use of postcranial characters for deciphering early archon-
tan phylogeny (excepting the question of the Volitantia) is considered very
conjectural and risky. However, tarsal characters will be mentioned again in
later section.
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Skull Characters and Conclusion

The study of paromomyid skulls underscores the difficulty of interpreting par-
tial and distorted specimens. Studying a crushed skull of Phenacolemur jepseni
showing parts of the middle ear, Szalay (1972) inferred the presence of a pet-
rosal bulla, in agreement with his hypothesis of a petrosal bulla in Plesiadapis
(Szalay, 1969). He also tentatively suggested that the base of a ridge on the
promontorium continuous with a longitudinal septum could house a bony
canal for a promontory artery (Szalay, 1972). The basicranial morphology of
Phenacolemur was subsequently reconstructed with a promontory canal
(Szalay, 1975; Szalay and Delson, 1979). A petrosal bulla and an osseous
promontory canal would have been primate-like characters. However, on
another fragmentary skull of the closely related Ignacius, it was shown that
the “canal” for the promontory artery was in fact imperforate, and it was sug-
gested that Ignacius had an ascending pharyngeal artery entering the brain
cavity through a middle lacerate foramen (MacPhee et al., 1983).

However, much better preserved specimens later recovered from calcareous
nodules and extracted by acid-attack allowed progressively better interpreta-
tions (Bloch and Silcox, 2001; Kay et al., 1990, 1992). Study of these new
beautiful fossils revealed that the bulla of Ignacius is not petrosal, but made
by an independently derived entotympanic bone (Kay et al., 1992). This con-
trasts with dermopterans, which have an ectotympanic bulla (Hunt and
Korth, 1980; Wible and Martin, 1993). On their specimen, Kay et al. (1990,
1992) could see only a crest below the ectotympanic, which they interpreted
as the crista tympanica. They concluded that Ignacius had a tympanic ring
fused with the bulla, a morphology that might have been a shared derived
similarity between Ignacius and dermopterans (absence of annular bridge,
Beard and MacPhee, 1994). However, one of the partial skulls described by
Bloch and Silcox (2001) clearly shows part of an ectotympanic ring: the crista
seen on the other specimen had to be the remnant of an annular bridge
(Bloch and Silcox, 2001). With a ringlike ectotympanic suspended by an
annular bridge, isolating an epitympanic recess, Ignacius appeared similar to
Plesindapis, possibly primate-like, and very distinct from dermopterans.

The internal carotid artery (ICA) provided provisional support for a paro-
momyid—dermopteran link. Szalay (1972) had guessed that a large part of the
blood supply to the brain would be carried through the vertebral arteries in
Phenacolemur and  Plesindapis as in other primitive mammals. However,
subsequent analyses of arterial circulation in mammals have shown that large
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promontory and stapedial arteries were probably primitive in eutherian mam-
mals (Wible, 1987). When a carotid foramen and canal were found in Ignacius,
they were so small that Kay et al. (1992) interpreted them as carrying only
nerves, as in lorisids. The complete loss of the ICA could then be a derived sim-
ilarity shared with the similar loss in dermopterans. This gave some support for
a plesiadapiform—dermopteran link (non-microsyopoid plesiadapiforms, Kay
et al., 1992). However, study of better-preserved specimens led Bloch and
Silcox (2001) to conclude that Ignacius still preserved a small promontory
artery. More importantly, the lateral course of the internal carotid artery and
nerves in Ignacius was different from the medial course of these nerves in
dermopterans, strongly suggesting that the reduction of the ICA in the two
groups was convergent (Bloch and Silcox, 2001). Wible and Martin (1993) had
pointed out that a partial involution of the internal carotid system is not unusual
in eutherians. Bloch and Silcox conclude the most complete study of paromomyid
skulls done until now with: “there remain no unequivocal cranial synapomor-
phies linking paromomyids and dermopterans to the exclusion of other archon-
tans” (Bloch and Silcox, 2001). Their arguments appear quite convincing.

The absence of finger gliding in paromomyids destroys the most compelling
evidence put forward by Beard (1990, 1993a,b) in favor of paromomyids being
dermopterans. In view of the quasi-impossible dental morphological transfor-
mation implied by this hypothesis, and the absence of any significant cranial
character supporting it (Bloch and Silcox, 2001), the primatomorph hypothe-
sis should be abandoned. The primatomorph hypothesis is not definitively
refuted, and the problem of dermopteran origins is not solved. An origin within
the radiation of archontan claw climbers remains likely. However, the paro-
momyid connection is eliminated, and we do not know either the living sister
group of Dermoptera, nor the fossil sister group of Galeopithecidae, which
could be Plagiomenidae (which have a very peculiar basicranium; MacPhee et al.,
1989), Mixodectidae, or yet another unknown group. Under these conditions,
the concept of Primatomorpha should be abandoned until a better connection
suggests dermopterans to be the living sister taxon of primates.

THE PLESIADAPIFORM RADIATION AND PRIMATE ANCESTRY

Plesiadapiformes have grown into an assemblage of 11 families, including
more than 40 genera and over a hundred species, if microsyopids are
included. With the recognition of Purgatorius at the family level as
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Purgatoriidae (Gunnell, 1989), there are 10 families listed in Fleagle
(1999), and the recently named Toliapinidaec (Hooker et al., 1999) has to
be added. Surveys of the group can be found in textbooks (e.g., Fleagle,
1999; Szalay and Delson, 1979); however, they are quickly outdated due to
the continual description of new genera and species [e.g., Russellodon (Sigé
and Marandat, 1997), Toliapina and Sarnacius (Hooker et al., 1999),
Carpomegodon (Bloch et al., 2001), Acidomomys (Bloch et al., 2002)], and
the sometimes rapid questioning of some of the new taxa (e.g., Sarnacius
synonymized with Berruvius in Silcox, 2001). The phylogeny of plesiadapi-
forms is a very active field of research. While a grouping into two major
superfamilies, Plesiadapoidea and Microsyopoidea, was advocated by many
authors (e.g., Fleagle, 1999; Gingerich, 1976; Gunnell 1989), new accu-
mulated evidence shows that Paromomyidae is possibly less closely related
to other plesiadapoids than had been thought (Van Valen, 1994), and a third
superfamily, Paromomyoidea, recognized by Silcox (2001), which partly
reflects relationships earlier defended by Szalay: a more inclusive family
Paromomyidae, with Palaechthonina as part of Paromomyini (Szalay and
Delson, 1979), or paromomyids closely related to palaechthonids. The family
Carpolestidae received a lot of attention following the recovery of a large
quantity of new material (Beard, 2000; Beard and Wang, 1995; Bloch and
Gingerich, 1998; Fox, 1984, 1993; Silcox et al., 2001). Its phylogeny has
been much scrutinized since Rose (1975), and the family has become a
model for stratocladistics (Bloch et al., 2001). The details of plesiadapiform
phylogeny are left aside (microsyopids are provisionally excluded). Here,
only aspects of the evidence which relate closely to primate origins are
considered.

Temporal and Geographical Extension

The radiation of the Plesiadapiformes is in large part Paleocene, predating
the well-documented fossil record of primates, which is Eocene (however,
Altiatlasius is Paleocene, Sigé et al., 1990). This is another reason why they
have always been scrutinized in the search of possible primate ancestors or
sister groups. Until recently, the plesiadapiforms were considered as a
mainly North American radiation, with some families present in Europe
having a North American origin. However, several Asiatic plesiadapiforms
have been described, which increases the biogeographical complexity of
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the previous picture. Two carpolestids were reported by Beard and Wang
(1995) from the Paleocene or Early Eocene Wutu fauna: a new derived
species, Carpocristes oriens, close to North American Carpolestes, and the
new genus Chronolestes, interpreted as a primitive carpolestid. This genus
was subsequently reinterpreted as a much more primitive plesiadapiform
(Silcox et al., 2001). A paromomyid was mentioned in the Wutu fauna
(Tong and Wang, 1998), which is probably of North American origin.
Another putative carpolestid, Parvocristes, was described from Pakistan
(Thewissen et al., 2001). However, its P/4 has well-formed cingulids, in
contrast with typical carpolestids. It does not resemble Chronolestes either.
The referred 11/ is also unlike those of North American carpolestids; how-
ever, it resembles more closely the 11/ of Chronolestes. Such fragmentary
material is difficult to identify; however, its attribution to carpolestids is
dubious. From the same beds, the same authors describe a presumed plesi-
adapid, Jattadectes, which is also quite difficult to allocate. Because the pos-
terior molar seems much more salient lingually than the preceding one, it
would be important to check if the last one could not be a DP4/. If the
posterior one were an M1/, it could possibly pertain to Panobius found in
the same locality and having apparently a comparable size (Panobins would
then appear similar to some omomyids like T7ggolemur). If examination of
the specimen confirmed that the posterior tooth is an M3/ (e.g., if the
metacone is much lower than the paracone), other affinities would be indi-
cated, although probably not plesiadapid. With one paromomyid and one
carpolestid pertaining to North American families and having likely dis-
persed from America to Asia close to the Paleocene—Eocene boundary,
Chronolestes appears to be the only new genus, which creates an interesting
problem. According to the analysis of Silcox et al. (2001), it branches
between Pandemonium and [(carpolestids, plesiadapids) saxonellids],
implying a very early branching. In the broader analysis of Silcox (2001),
Chronolestes lies at the base of plesiadapoids. Because plesiadapoids have
some molar characters that could be primitive (e.g., a centrally placed pro-
tocone) in comparison with other plesiadapiforms and Purgatorius (Beard
and Wang, 1995; Silcox, 2001; Szalay and Delson, 1979), Chronolestes
raises the possibility that plesiadapoids could have an Asiatic origin. Their
North American origin seems to require reversals of important dental char-
acters, which are considered unlikely by this author to occur during a phase
of radiation. After all, Purgatorius also should be of Asiatic origin.
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Plesiadapiform Dental Characters and Primate Origins

Many plesiadapiforms have enlarged anterior incisors and a degree of reduc-
tion of the posterior teeth, between I/1 and P/4. It seems clear that the
increase of the anterior incisor results in a crowding of the following teeth,
which leads in many advanced plesiadapiforms to a diastema between the large
incisor and the remaining teeth, or to a series of tiny crowded teeth as in
carpolestids. Such specializations have commonly been recognized as prevent-
ing any possible ancestral relationship between advanced plesiadapiforms and
primates. However, many authors have considered that the most primitive
members of the group would be primitive enough to root primates within
them (e.g., Simons, 1972; Szalay, 1975; Szalay and Delson, 1979; Van Valen,
1994; Van Valen and Sloan, 1965). Nevertheless, the possibility that
Purgatorius might be ancestral to primates has also been questioned (Gunnell,
1989; Rose et al., 1994). Having done a very complete survey of plesiadapi-
form material, Silcox (2001) writes that “every plesiadapiform for which the
lower central incisor is known has an enlarged, procumbent I/1.” She was able
to verify that this is also true for Purgatorius janisae. Incisor size increase is
common in plesiadapiforms, and it suffers rare exceptions [e.g., the lower inci-
sor decreased in size between Elphidotarsius and Carpolestes in relation with a
shift in function involving the hypertrophied fourth premolars (Biknevicius,
1986)]. However, even in such an exception, the lower incisor stayed procum-
bent and did not reevolve a more primitive shape. A size decrease of the ante-
rior incisor accompanied by increased orthality seems very unlikely. The
reduction of the following teeth also started early in the group; most plesi-
adapiforms have lost P /1, which is retained only in Purgatorius, Palenochtha
weissae, Anasazia willinmsoni, and one other undetermined specimen (Silcox,
2001; Van Valen, 1994). Because early primates have a P/1, they could be
rooted only in one of these earliest plesiadapiforms. The P/4 of P. janisae has
a relatively large paraconid, which is located quite high on the protoconid.
This morphology is very unlikely ancestral to the small incipient paraconid of
the earliest primates, which is set at a lower level on the protoconid (Figure 4).
P. unio has a smaller P/4 paraconid; however, it is tall and the P/4 seems to
already display some increase in height in comparison with the P /4 of the ear-
liest primates (see also Rose et al., 1994). The upper P4/ of P. janisae has a
distinct metacone, whereas early primates have a simple P4/ (Figure 4). The
very simple upper and lower P4 of Donrussellin and Teslhardina are suggestive
of an ancestry in a group having simple fourth premolars, and not the higher
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Figure 4. Isolated teeth of Purgatorius (A-D) compared with those of early pri-
mates (E-H). Drawn to same length or same transverse width (A and E); scale bar in
H is 1 mm. All are occlusal views except B and F, which are lingual. On the P4/ (A
and E), Purgatorius (A) has a metacone (arrow) and a more developed trigon basin
than Teilbardina (E). On P /4, Purgatorius (B) has higher metaconid, paraconid, and
talonid summit, than Donrussellia (F). On M /1, Purgatorius (C) has a reduced trigo-
nid due to its reduced paraconid (arrow) in comparison with Eosimias (G). On M /3,
the trigonid is also anteroposteriorly narrower in Purgatorius (D), with a slightly
reduced paraconid (arrow) and moderately elongated posterior lobe, in comparison
with Eosimias (H), which has a broad trigonid, broad paraconid, and a relatively short
posterior lobe. All the character states in Purgatorius are interpreted as more advanced
in comparison with the states in the various primitive primates. (Redrawn from
Buckley, 1997; Kielan-Jaworowska et al., 1979; Rose et al., 1994; Szalay and Delson,
1979; Tong, 1997.)

and more complex ones of P. janisae [it is possible that the P4/ metacone sec-
ondarily decreased and disappeared in some plesiadapiforms, Silcox (2001);
however, this is unlikely to have happened in the primate ancestral group,
because some primates later develop a large P4/ metacone. When this hap-
pens, it typifies whole groups, such as adapines or sivaladapines, and does not
show high plasticity]. The lower molars of Puzgatorius have a trigonid that is
antero-posteriorly compressed, with a relatively reduced paraconid; the paraconid
and paracristid are even smaller in P. #nio than in P, janisae. On the contrary,
the earliest primates have a trigonid, which is longer antero-posteriorly because
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they have a large paraconid (Figure 4). This clearly is a character for which
both species of Purgatorius and all other plesiadapiforms are more derived
than the earliest primates are and cannot be ancestral to them (Buckley, 1997,
also mentions the incipient postprotocingulum of Purgatorius and the
“strongly mesiobuccally shifted and mesially inclined molar protocone,” valid
if it did not revert in plesiadapoids). Considered in isolation, some of these
characters could be debated and suspected of some possible degree of reversion.
Taken together, however, they show that the typical plesiadapiform
specializations were well under way in the earliest known members of the
group. These characters, especially the procumbency of the large I1 and
the shorter lower molar trigonid, exclude any possible ancestral link between
purgatoriids or other plesiadapiforms, and primates.

Despite the absence of an ancestral relationship of plesiadapiforms to
primates, the former are still in part dentally primate-like, and a better under-
standing of the polarity of other dental characters would be important to flesh
out the preceding point of view, and to enhance our understanding of early
archontan relationships. Silcox (2001) mentions that many plesiadapiforms
have the trigonid mesially inclined, excluding Palenochtha and plesiadapoids.
Purgatorius has a small degree of trigonid mesial inclination (Buckley, 1997
Silcox, 2001), and this could be a further indication of divergence from pri-
mates, which do not have it. The place of the protocone on the upper molars,
relatively mesial in many genera but central in P. janisae and plesiadapoids
(Beard and Wang, 1995; Szalay and Delson, 1979; Van Valen, 1994) should
be scrutinized. Silcox (2001) codes the protocone “skewed mesiobuccally” in
tupaiids and Donrussellin, whereas it is coded as central in other primates. On
the described upper molar of Eosimias (Tong, 1997), the protocone seems
quite mesial; however, it is not particularly labial (= buccal) in position. An
understanding of the polarity of this character would be important. It is likely
to be complex; the labial shift and long lingual slope of the protocone is one
consideration (discussed by Godinot, 1994, and poorly understood function-
ally), and the mesiodistal place of the protocone is another, hopefully to be
distinguished from the simple posterior extension of the posterior face, which
makes the protocone appear “mesially shifted” in relation to the whole
mesiodistal diameter; another aspect is the distolingual angle or shift of the
lingual part of the upper molars, precisely defined by Van Valen (1994).
Hence, at least three characters should be evaluated to better describe the
complexity of the upper molar “basic” structure.
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For upper molar and other dental characters, it must be stressed that the
primate ancestral dental morphotype has not been elucidated. The description
of eosimiid dentitions (Beard et al., 1994, 1996; Tong, 1997) has introduced
new primitive dental character states that need to be taken into account in
deciphering the primitive primate morphotype. As in Tarsius, eosimiids have
a trigonid on the lower molars, which does not become more compressed
antero-posteriorly from M /1 to M /3 (judged from Beard et al., 1994, 1996;
the isolated lower molars figured by Tong, 1997, suggest a low degree of
trigonid compression and paraconid labial shift on M /2-3, derived in com-
parison to the other specimens). On the contrary, trigonid compression
markedly increases from M /1 to M/3 in other primates and a number of
plesiadapiforms, again demonstrating convergence for this character. The
absence of trigonid compression from M/1 to M/3 must be primitive for
primates. Eosimins has a relatively broad stylar shelf, primitive; its very large
parastyle is also reminiscent of a parastylar lobe, which would make it a prim-
itive character state. On the lower molars, the cristid obliqua does not join the
metaconid on M /1, which is primitive in comparison with Donrussellin (a
cristid obliqua ascending on a posteriorly shifted metaconid, the “stepped
postvallid” of Silcox, 2001, is also convergent in many primates and plesi-
adapiforms). The relatively short M /3 talonid of Eosimias is also probably
primitive for primates (see suggestion of a possibly short talonid on the M /3
of Altintlasius in Godinot, 1994 ). There was again convergence in M /3 third
lobe elongation between many plesiadapiforms and primates.

In this context, the interpretation of Altanius, a genus most often consid-
ered as a primitive primate, but repeatedly suspected of having plesiadapiform
affinities (Rose and Krause, 1984; Rose et al., 1994), remains intriguing.
Silcox (2001) places Altanius within the primates, corroborating the view of
Gingerich et al. (1991). Altanius clearly does not fit in the radiation of North
American plesiadapiforms as understood here. However, it shows a series of
similarities with some plesiadapiforms, which must be convergent (and not
primitive as in the parsimony analysis of Gingerich et al., 1991), and would
be very interesting to understand adaptively (exodaenodonty, high M/1
trigonid). Because it is quite autapomorphic within primates, it appears very
difficult to decipher its affinities; and its placement in a subfamily Altaniinae
inc. sed. as proposed by Van Valen (1994) seems warranted. Whether this
carly genus could reveal some characters of the primate morphotype is
unknown (P3/ and P4/ triangular, with small protocone?).
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Based on dental characters, Silcox (2001) suggests that Toliapinidae,
restricted to Toliapina and Avenius, could be closely related to primates.
However, these genera are known only from isolated teeth from P4 to M3
and the node is weakly supported; she does not give much credence to this
cladistic result. Avenius seems to have a rather typical plesiadapiform-like
P/4—a correlative enlarged incisor would prove such an affinity and rule out
close primate ties. These tiny low-crowned forms would in any case be rather
distant from the well-known primates, which have higher, more pointed
cusps, suggestive of a more insectivorous diet. A more convincing close affinity
with primates would necessitate more complete dentitions and dental inter-
mediates, or the confirmation of primate affinity through the non-dental
characters cited below.

To sum up, not only do derived plesiadapiform families show special-
izations of their dentitions very divergent from those of primates, evidently
irreconcilable with primate ancestry, but also even the most primitive plesi-
adapiforms (with or without microsyopids) have derived characters excluding
them from possible primate ancestry. A sister group relationship of
Purgatorius or a primitive plesiadapoid to primates would reflect a dichotomy
going back to the Earliest Paleocene or Late Cretaceous. It is quite hazardous
to evaluate such a hypothesis without a better knowledge of the primate
dental morphotype and some ideas about primitive tupaiid dentitions (hardly
compensated for by very distant insectivore outgroups as in Hooker, 2001).
However, a better understanding of the functional meaning of molar character
evolution in plesiadapiforms would greatly assist the evaluation of possible
morphological changes in primate ancestry.

Other Characters and Conclusion

Progress in the interpretation of paromomyid cranial characters engendered by
the discovery of new and well-preserved specimens has been discussed earlier.
The discovery of a tympanic ring and an annular bridge in Ignacius (Bloch and
Silcox, 2001) lends considerable support to the link between Plesiadapis and
LIynacius advocated by Kay et al. (1992). It is thus very likely that, like paro-
momyids, plesiadapiforms (excluding microsyopids) are not closely related to
dermopterans. However, the more relevant question is if they have a close rela-
tionship to primates. Important non-dental support for this hypothesis came
from the initial interpretation of the Plesiadapis bulla as petrosal (Russell,
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1959; Szalay, 1969, 1975, Szalay ct al., 1987)—a view abandoned by Russell
(1964) and considered doubtful by others because bullar sutures can fuse early
(Gingerich, 1976; MacPhee et al., 1983; MacPhee and Cartmill, 1986). Given
these uncertainties for Plesiadapis, and given its above-mentioned similarity
with Ignacius, Plesindapis probably also had an entotympanic bulla (Kay et al.,
1992; Wible and Martin, 1993). The case for primate affinities for the plesi-
adapiforms is thus considerably weakened.

Other potential cranial plesiadapiform-primate synapomorphies are also
debatable. The central position of the promontorium within the auditory
bulla is linked to the medial expansion of the middle ear cavity in paro-
momyids, plesiadapids, and adapids (Szalay et al., 1987). However, Kay et al.
(1992) suggested that this similarity arose through different developmental
pathways: plesiadapiforms [in fact paromomyids and not plesiadapids, Beard
and MacPhee, 1994] differ from adapids in having a narrow basisphenoid
across which the bullae nearly touch, whereas in adapids the basisphenoid is
much broader and the two bullae are widely separated (Kay et al., 1992).
Whether this really implies convergence for this character might require fur-
ther scrutiny. The lateral route of the ICA in plesiadapiforms and primates is
unusual and significant (Bloch and Silcox, 2001; Wible, 1993). However,
there is some variability within primates: Shoshonius has the lemur-like lateral
position of the posterior carotid foramen, which leads us to consider this as
the primitive pathway in primates (Beard and MacPhee, 1994; Bloch and
Silcox, 2001). However, this implies that a reversion to the more primitive
location “occurred in omomyids more derived than Shoshonius” (Bloch and
Silcox, 2001). In fact, this hypothesis would require two independent rever-
sals in the North American Rooneyin and Omomys (Ross and Covert, 2000)
and in European microchoerids. Such a scenario is questionable, and in any
case, it shows that this character either did revert or changed convergently in
primates, diminishing its phylogenetic value. Several other potential plesi-
adapiform-primates synapomorphies were mentioned and subsequently dis-
missed. A maxillary-frontal contact in the orbit occurs in plesiadapiforms and
primates; however, it is not a convincing synapomorphy as it is not unusual
among cutherians (e.g., lipotyphlans, rodents, lagomorphs, Wible and
Covert, 1987). The ventral shielding of the fenestra cochleae was listed
(Szalay, 1975; Szalay et al., 1987); however, MacPhee (1981) suggested that
shielding by a caudal tympanic process of the petrosal is primitive rather than
derived. The presence of an annular bridge linking the tympanic ring to the
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bulla wall was considered an important plesiadapid-primate similarity
(Cartmill, 1975; Gingerich, 1976); however, this character is also present in
tupaiids, and it is not present in all primates, rendering its polarity problem-
atic. I would provisionally follow Beard and MacPhee (1994), who consider
a complete annular bridge as primitive for primates, due to its presence in
tupaiids, plesiadapids (+ paromomyids), and omomyids. It appears that most
of the proposed synapomorphies between plesiadapiforms and primates either
have been refuted or appeared problematic. Basicranial features have been the
subject of much attention, including remarkable developmental studies. They
provide characters very important for the study of primate phylogeny; how-
ever, they proved relatively deceptive in the search for archontan phylogeny
(e.g., MacPhee, 1981; Starck, 1975; Wible and Martin, 1993). Recent
authors observe that the basicranium is not a taxonomic touchstone (Bloch
and Silcox, 2001; Wible and Martin, 1993).

If we cannot rely on decisive characters from the basicranium, what
would the rest of the cranium suggest? Until now, the general shapes of
known plesiadapiform skulls are very unlike those of primates. The skulls of
Plesindapis and Ignacius are primitive in having small laterally directed
orbits, a broad interorbital breadth reflecting large olfactory bulbs, a large
infraorbital foramen suggestive of important blood supply to the anterior
part of the muzzle (probably with well-developed vibrissae), as was inferred
in the beautiful study of the skull of Palaechthon nacimienti by Kay and
Cartmill (1977). They seem to have had a small brain case in comparison
with primates. From the size of the optic foramen, Kay et al. (1992) inferred
that [gnacius had eyes similar in size to those of Erinacens. These characters
reflect the absence of any evolutionary step toward the crucial primate visual
apomorphies. One can find some isolated apomorphies (e.g., a relative
reduction of the infraorbital foramen seen in Plesiadapis), or the beginning
of a postorbital process in Palaechthon (palacchthonid), and in the microsy-
opid Megadelphus, however, these seem to be of limited significance, and
probably not homologous with primate states. Plesindapis and Ignacius
skulls also have cross specializations, such as a tubular ectotympanic, absent
in the ancestral primate morphotype. One could guess that some of the
cross-specializations seen in later plesiadapiforms could be absent in earlier
forms, and they may not therefore disallow a close phylogenetic relationship
between plesiadapiforms and primates (Bloch and Silcox, 2001). However,
given the absence of any crucial primate-like characters, as those of the
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orbit, in later forms, one can infer their absence in primitive plesiadapiforms
and conclude that there is no strong cranial evidence in favor of a close
plesiadapiform-primate phylogenetic relationship. In fact, there are the spe-
cializations of the muzzle, narrow and elongated in correlation with the
large anterior incisors, which argue strongly against any plesiadapiform
being ancestral to primates. If anything, the known skull evidence does not
favor plesiadapiform-primate close relationship.

On the other hand, it is possible that a series of derived cranial characters
would well support plesiadapiform monophyly, in addition to the dental ones.
A series of cranial synapomorphies of plesiadapiforms was provided by Kay
et al. (1992), among which several seem to hold: suboptic foramen present,
ossified external auditory meatus, and strong mastoid tubercle. There is also
a degree of reduction of carotid blood supply to the brain, and probably other
common characters to extract from the specializations of Plesiadapis and
Ignacius skulls. When known, plesiadapiforms (with the exception of the hal-
lux of Carpolestes) have claws and not nails. Their tarsals do not show a close
approximation with those of primates, contrary to those of tupaiids (see
below). Perhaps some plesiadapiform postcranial synapomorphies will be
found? As stated above, a number of characters formerly believed to be
plesiadapiform-primate synapomorphies are now suspected to be archontan.
The history of arboreal adaptations is much more complex than previously
thought, requiring further analysis before we can delineate which characters
retain a high phylogenetic value.

Beyond the restricted plesiadapiforms considered here, several other
families should be taken into account in a search to elucidate archontan
phylogeny. Microsyopidae, which have a more primitive auditory region
(Szalay, 1969) are sometimes mentioned as a primate or dermopteran sister
group; Mixodectidae and Plagiomenidae are more commonly suspected to
have dermopteran affinities (Szalay and Lucas, 1996); Apatemyidae, with
their dental and arboreal specializations, could pertain to the same broader
group. How far should such a group be extended in order to include pri-
mates and their close relatives? Probably, as far as the living tree shrews,
order Scandentia. The broad and not well-delincated Archonta appears
then as a group of arboreal eutherians, whose history is certainly very
complex and which might even include the Cretaceous Deccanolestes
(Prasad and Godinot, 1994). They may also be related to nyctitheres
(Hooker, 2001).
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RETURNING TO TUPAIIDAE

When Luckett’s (1980a) book on tree shrews was published, plesiadapiforms
were considered by all the contributors primitive primates. This was a rela-
tively broad, though not unanimous, consensus. It is very interesting to
examine how the elimination of the Plesiadapiformes from primates affects
our interpretation of certain characters. Surprisingly, this elimination renders
a whole series of derived characters possible synapomorphies of tupaiids and
primates. Figure 5 illustrates how the informative part of a cladogram of
Luckett (1980a) can be reinterpreted simply in favor of a close tupaiid—
primate affinity. A simple redrawing of the cladogram without imposing the
Plesiadapidae in primates leads to a more parsimonious solution (Figure 5B,
with 4 convergences instead of 5). The solution chosen by Luckett was based
on the assumption that Plesiadapidae had a petrosal bulla, and this character
had to be given a high weight in the phylogenetic analysis, a procedure one
would be willing to endorse. However, since then it has been shown con-
vincingly that the Paromomyidae do not have a petrosal bulla (Bloch and
Silcox, 2001; Kay et al., 1992), and as a consequence, the closely related and
extremely similar Plesiadapidae very probably also do not have a petrosal
bulla. This new information renders a tupaiid—primate affinity quite well sup-
ported (Figure 5C).

Reinterpreting several other chapters of Luckett’s book in light of new
data gives similar results. In Novacek (1980), several cranial features (one
orbital and two auditory) and one postcranial feature appear as characters
shared by tupaiids and primates (not plesiadapiforms) and derived in com-
parison with the eutherian morphotype (there are also five characters: one
orbital, one auditory, and four tarsal—derived and shared by tupaiids, pri-
mates, and plesiadapiforms). In their contribution on carotid arteries and
cranial characters, Cartmill and MacPhee (1980) came up with eight characters
shared by tupaiids and primates and derived in comparison with the ances-
tral eutherian morphotype. Four of these were eliminated from further con-
sideration because they were not present in the Plesiadapoidea: eliminating
this group makes them reappear as potential synapomorphies of tupaiids and
primates (three more may reappear if they are shown to be derived in relation
to the eutherian morphotype, which is unlikely). In their study of tarsal char-
acters, Szalay and Drawhorn (1980) listed seven tupaiid autapomorphies.
However, several of them are present in the tarsals of Teilbardina and, if
plesiadapiforms are removed from primates, they become potential
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Figure 5. The informative part of the cladogram published by Luckett (1980b, Figure
5) is shown as published by him (A), and reinterpreted in a more parsimonious way
favoring tupaiid affinities for primates (B). There are four convergences in B, cf. six in A.
However, (A) was chosen because character 1 was correctly believed to be highly sig-
nificant. In C, the reinterpretation of character 1 (see text) confirms the tupaiid affinities
of primates from this simplified data set. Such simple reinterpretation shows that adding
or subtracting one or two characters can change a phylogenetic hypothesis, rendering a
formerly favored hypothesis weak, whereas establishing good characters is much more
important if phylogenetic interpretations are to be well grounded. Characters are from
those utilized by Carlsson (1922). They are shown in primitive state (open square),
derived state (black square), and intermediately derived (obliquely-lined square).
1: Petrosal wing of bulla minute or absent (Pr) or forming virtually entire bulla (De);
2: Foramen rotundum confluent with (Pr) or distinct from (De) sphenoidal fissure;
3: Fibular facet on calcaneus prominent (Pr) or reduced or absent (De); 4: Sustentacular
facet of astragalus separate from (Pr) or continuous with (De) navicular facet;
5: Ectotympanic exposed at least partially at lateral margin of bulla (Pr) or “intrabullar”
(De); 6: postorbital processes of frontal and jugal absent (Pr) or postorbital bar com-
plete (De); 7: Jugal (zygomatic) foramen absent (Pr) or present (De); 8: Fibular crista
of astragalar trochlea subequal (Pr) or higher (De) than tibial crista.

synapomorphies of tupaiids and primates. A series of potential synapomor-
phies between tupaiids and primates appear from these studies because of the
removal of plesiadapiforms from primates. It is beyond the scope of this chapter
to make a complete reappraisal of all those characters. However, after dis-
carding those characters for which the preceding authors disagreed or those
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which now appear as likely archontan traits, briefly listed in the following are
the cranial and soft anatomical characters which seem to be still valid, including
those proposed in more recent studies. The tarsal characters are considered
in the next section.

1. Postorbital bar complete (consensual);

2. Optic foramen distinctly enlarged (also present in some plesiadapiforms,
Novacek, 1980; needs further scrutiny, also enlarged in Ptzlocercus?);

3. Canals around intratympanic portions of facial nerve and stapedial artery
formed from outgrowths of the petrosal (Wible and Covert, 1987; pet-
rosal tube around promontory artery listed as distinct character by
Cartmill and MacPhee, 1980; canal around the internal carotid artery
petrosal in primates, entotympanic in tree shrews, MacPhee, 1981; Wible
and Covert, 1987; homologous or convergent?);

4. Anterior carotid foramen converted into a long tube (Wible and Covert,
1987);

5. Tegmen tympani that is greatly expanded anterolaterally to cover the
entire middle-ear ossicular chain (MacPhee, 1981; Wible and Covert,
1987; in tupaiids and strepsirhines, presence of an epitympanic crest,
MacPhee, 1981; Zeller, 1986);

6. Maxillary artery pierces the ectopterygoid plate (Kay et al., 1992);

7. Tympanohyal large, isolates stylomastoid foramen from tympanic cham-
ber (Novacek, 1980);

8. Tympanic process of petrosal partial bullar element (intermediate state in
Tupaiinae [? Ptilocercinae], primary bullar element in primates, Novacek,
1980);

9. Large jugal or zygomatic foramen (relatively consensual, tupaiine and
lemurid states distinguished by Cartmill and MacPhee, 1980);

10. Jugular foramen dual (Kay et al., 1992; Tupain potential intermediate,
Loris reversion);

11. Olfactory bulbs intermediately reduced (reduced in primates, Luckett,
1980b; less reduced in Ptilocercus than in tupaiines, Le Gros Clark,
1926);

12. Uterus, simplex in Anthropoidea, intermediately derived state in
Tupaiidae and other primates (Luckett, 1980b);

13. Volar skin with serial papillary ridges (“finger-prints,” Lemelin, 2000);
low value because present in other mammals, however, absent in
Insectivores; could be valid within archontans.
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It is clear that some of these characters have a rich history of study, including
for example, the bony canals around the arteries and nerves in the middle ear.
The latter were sometimes interpreted as a single character (for the presence
of bony canals), but subsequently portions of canals and osseous derivation
were taken into account (opening up the difficult issue of possible phyloge-
netic replacement of one bone by another, as for the bulla). The number of
characters represented here is not clear. The interpretation of the bulla is dif-
ficult; its petrosal composition in primates as opposed to essentially entotym-
panic in tupaiids has often been regarded as an obstacle to tupaiid—primate ties.
However, the existence of a petrosal part in the tupaiid bulla may well signal a
common heritage with primates, as hypothesized by Novacek (1980). Other
characters on the above list, more recently suggested, may be shown in the
future to be convergent for tupaiids and primates, as was the aphaneric ecto-
tympanic (intrabullar, not seen in ventral view, condition unique in tupaiids
and primitive strepsirhines among cutherians, Cartmill and MacPhee, 1980;
but likely convergent because of the probable absence in the ancestral primate
morphotype). Even if some characters were to be discarded in the future, the
list contains several important and very consensual synapomorphies. It is
noteworthy that, in their reappraisal of basicranial characters based on onto-
genetic studies, Wible and Martin (1993) concluded that: “If euprimates share
a special relationship with any archontans, it is with scandentians based on the
basicranial evidence. Both have an enlarged tegmen tympani that roofs the
entire middle-ear ossicular chain, and there are further unique resemblances in
the tegmen tympani of lemuriforms and scandentians.”

In sum, there is strong evidence in support of tupaiid—primate affinity in
basicranial characters, including tegmen tympani and carotid circulation char-
acters. There are characters linked to the crucial primate orbital apomorphies,
the complete postorbital bar, enlarged optic foramen suggesting larger eyes,
associated with some reduction of the olfactory bulbs (however, Ptilocercus
relies less on vision and more on olfaction than tupaiines do; Le Gros Clark,
1926). These visual characters should be confirmed or questioned by further
studies of the eyes of living forms and the neural characters linked with optic
function (see Ross, Preuss, this volume). It has been mentioned that other
mammals did evolve a postorbital bar; however, what is remarkable in the case
of tree shrews is that they are small “insectivore-like” mammals with a diverse
group of primitive forms, which must have an ancient origin. This in turn
suggests that their acquisition of a postorbital bar was very ancient, early
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enough to possibly signal common ancestry with primates. The beginning of
a reduction of the number of incisors in tupaiids could also pertain to the
global transformation of the face, possibly homologous with primates. Added
to these characters is a series of other, more isolated characters, proposed by
Novacek (1980), Kay et al. (1992), some of which might well turn out to give
a real phylogenetic signal. Despite the differences between the nocturnal or
crepuscular Ptilocercus and the diurnal, more visually evolved tupaiines, the
cranial evidence in favor of a close tupaiid—primate affinity appears impressive.

Important Tarsal Characters

A series of tupaiid tarsal characters were interpreted by Szalay and Drawhorn
(1980) as derived (as opposed to primitive archontan retentions): astragalus
with the groove for the tendon of M. flexor (digitorum) fibularis aligned par-
allel to the long axis and located upon a ventrally projecting medial body;
length of the astragalus relatively large in contrast to the squat bones in
Paleogene archontans; sulcus astragalus not approaching the trochlear groove
for the tendon of M. flexor fibularis (this may be related to preceding charac-
ter); calcaneum having lost the primitively large peroneal process found in
early archontans; on calcaneum, the anterior plantar tubercle is greatly reduced
and has receded more distally [sic, they meant proximally] than it probably was
on the ancestral archontan. In fact, these characters and some others can be
reinterpreted as potential synapomorphies of tupaiids and primates.

The greater length of the astragalus in comparison with that of plesiadapi-
forms makes it primate-like (Figure 6). This neck elongation has been linked
by Dagosto (1988) with the elaboration of subtalar motion. The most striking
difference between the Ptilocercus astragalus and those of all plesiadapiforms
(Paleocene “primates”) described by Szalay and Drawhorn (1980) is that the
latter have a body that is lower medially than laterally; the medial trochlear
crest is lower and less salient—a primitive state. In contrast, Ptilocercus has a
body that is almost as high medially as laterally, and the two rims of its
trochlea are more similar (the medial rim is still more rounded than the lateral
one). These derived features make the astragalus of Ptilocercus much more
primate-like than all the plesiadapiform astaragali described so far (from
the first drawings of Carpolestes published by Bloch and Boyer, 2002, it
seems that this fossil too has an astragalus more plesiadapiform-like than
primate-like). Why should these characters not be considered shared derived
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Figure 6. Tarsals of archontans drawn at the same antero-posterior length. Calcanei
in dorsal views (A-D) and astragali in dorsal (E-H) and ventral (I-L) views.
Nannodectes gidleyi (A, E, and 1), Ptilocercus lowii (B, F, and J); eosimiids (C, G, and
K), Notharctus (D), and Teslbardina (H and L). Redrawn from different authors and
not entirely accurate (different orientation in g, some facets partially drawn because
not clearly delineated on photographs). Note especially that Ptilocercus (B) has a per-
oneal tubercle in a proximal position as in primates, a high and wedge-shaped astra-
galar trochlea (F), and a long neck (F and J), whereas Nannodectes has a short

astragalar neck (E), and a sustentacular facet distinct from the navicular (I).
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with primates? In Ptilocercus, the astragalar sustentacular facet is continuous
with the navicular facet, whereas on several plesiadapiforms there is a clear dis-
continuity between the facets (on others this continuity does occur). Another
interesting fact is that in distal view, the astragalar head is mediolaterally elon-
gated in several plesiadapiforms; it is less elongated, more ovoid, in some
other plesiadapiforms and Ptilocercus. Whereas the astragalar head in
Ptilocercus is less spherical than in primates, its morphology appears interme-
diate in form [this would deserve quantification; I note that some of the
Shanghuang astragali have heads that are less spherical than in other primates
(Gebo et al., 2001; and this could be a primitive state)]. The last intriguing
character seen on Szalay and Drawhorn’s Figure 9 (1980), and which was
observed on one specimen, is a clearly wedge-shaped astragalar trochlea in
dorsal view. This character was considered primate-like by Szalay and Lucas
(1996), who proposed its interpretation in the framework of the grasp-leap-
ing theory. The distal broadening of the trochlea would be well-suited to the
transmission of stress during landing after a leap, with dorsiflexed feet.
However, Ptilocercus is not a leaper, and there is no reason to believe that it
could have inherited the character from a leaping ancestor. Gebo et al. (2001)
link a wedge-shaped trochlea with enhanced dorsiflexed foot positions and
greater use of vertical supports, something which is more in line with the
behavior of Ptilocercus, which “spend relatively more time [than other sym-
patric tree shrews]| on large vertical supports” (Emmons, cited in Stafford and
Thorington, 1998). The wedge-shaped trochlea could also be related to some
foot rotation in conjunction with flexion-extension, as is recognized for mon-
keys having such a trochlea, and linked with Ptzlocercus’ frequent use of hal-
lucal opposition (Sargis, 2001). In any case, for this character as well,
Ptilocercus is remarkably primate-like. There are still differences between
Ptilocercus and primates, including an astragalus with a less spherical head,
with a lower medial side of the body, possibly a more elongate ventral groove
for the tendon of M. flexor fibularis, and other differences that might be more
or less accentuated depending on how one reconstructs the primate morpho-
type (shallow astragalar facet, small or absent posterior trochlear shelf, etc.;
see below).

On the calcaneum of Ptilocercus, the peroneal process is reduced in compar-
ison with that of early archontans (Szalay and Drawhorn, 1980). It is also more
proximally placed, being at the level of the posterior astragalar facet (Figure 6).
This position is remarkably primate-like and unlike the distal position of the
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peroneal process of plesiadapiforms and many other mammals. Dagosto
(1988) noted that “The change in placement of this tubercle has been related
to the elongation of the tarsus (Decker and Szalay, 1974), and the shift in the
primary function of this muscle from a foot evertor to an hallucal adductor
(Gebo, 1986; PhD), but there is as yet no satisfactory explanation for its
reduction in size [in primates].” The presence of a reduced proximal process
in Ptilocercus suggests that the correlation with tarsal elongation is faulty.
Given the hallucial grasping behavior of Ptilocercus (Sargis, 2001), it appears
that M. peroneus longus may be a hallucal adductor in these animals. The
reduction in the size of the peroneal process in primates may well be partly
inherited from a ptilocercine-like ancestor; however, further reduction was
manifested in the subsequent primate ancestral morphotype (here too it is
interesting to note that some of the Shanghuang calcanei attributed to a new
taxon of protoanthropoids have a peroneal tubercle varying from small and
moderate (mostly) to “prominent” in one specimen: a primitive retention?).
The calcaneocuboid joint of Ptilocercus is a circular pivot (Sargis, 2002b;
observed by the author). Because primates typically have a pivot joint, this
provides a tempting Ptilocercus-primate synapomorphy. However, we must
remember that the calcaneocuboid joint has changed a lot during its evolu-
tionary history, and therefore, a more detailed analysis of the relevant
morphology is required before homologous stages can be infered (direct his-
torical evidence might be necessary).

The above list of derived similarities of ptilocercine tupaiids with primates
is impressive. Several of them either appear related to enhanced subtalar
mobility or to enhanced hallucial opposition, which makes Ptilocercus func-
tionally intermediate with primates (Sargis, 2001). In view of the value of
tarsal characters for phylogeny reconstruction, the above-mentioned derived
similarities of Ptilocercus and primates make a strong case in favor of their
close phylogenetic affinity, to the exclusion of known plesiadapiforms. A similar
conclusion was drawn by Hooker (2001) in his analysis of the tarsal characters
of the archontans, Deccanolestes, and nyctitheriids; however, this author lost
this signal by introducing dental characters in the same analysis. The leng-
thening of the astragalus, associated with a tall medial body and concomitant
reduction of the peroneal tubercle signals an interesting tarsal transforma-
tion, possibly associated with frequent hallucal opposition (still far from the
powerful hallucal-grasping of primates). This set of characters deserves further
functional scrutiny.
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Conclusion: Tupaiids as Sister-Group of Primates

In summary, it appears that tupaiids share a series of derived skull characters
with primates, among which are basicranial characters supported by ontoge-
netic studies (Wible and Martin, 1993) and mutually agreed upon characters
linked with crucial primate visual apomorphies. Several other cranial charac-
ters also proposed in recent studies lend support to this hypothesis (Kay et al.,
1992; Wible and Covert, 1987). Among those cranial characters, the most
intriguing is the complete postorbital bar, which may require an explanation
beyond its role in living primates. Some soft anatomical characters may add
support to this view (olfactory bulbs, uterus, Luckett, 1980b). Finally, tarsal
characters offer strong support in favor of the same view, and evidence against
a closer afhinity with plesiadapiforms. Thus, tupaiids appear as the best living
or fossil sister group of primates, and they remain so even in comparison with
Paleocene—Eocene plesiadapiforms (Figure 7). Plesiadapiforms appear as a
likely North American monophyletic group; tupaiids are Asiatic and do not
show, at least for Ptilocercus, specializations (other than dental and carpal),
which would exclude them from being the best model for primate ancestry. Their
behavior, especially their manual insect seizing (Le Gros Clark, 1926, Sargis,
2001), may be considered particularly well-suited to lead to the acquisition of
primate characteristics (see later section).

If the hypothesis of a close tupaiid—primate relationship is true, it should
be corroborated in the future by dental characters. Dental characters have
proven to be of little use as there is no Paleocene tree shrew, which would
show more primitive tupaiid dental characters. From the dentition of living
tupaiids, one would easily infer that all of them have derived characters that
prevent them of being ancestral to primates, among which specializations in
their anterior dentitions or molar characters in tupaiines (see Butler, 1980).
This is not astonishing, knowing that teeth have continuously evolved in most
mammalian groups. The genus Ptilocercus is dentally more primitive than
other tupaiids, and it also has a few derived characters that would exclude it
as a possible ancestor; however, these characters do not appear important.
The absence of conules in tupaiids is sometimes mentioned as an obstacle;
however, Butler (1980) mentioned that the preprotocrista sometimes develops
a paraconule in Ptilocercus, and the postprotocrista, abruptly interrupted on
the M2/ figured by Hooker (2001, Figure 33), which would also appear
unlike that of primitive primates, is in fact extended past the base of the meta-
cone in some specimens (Butler, 1980). The hypocone is very small. What is
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Figure 7. Cladogram summarizing the main characters, which unite primates and
scandentians to the exclusion of plesiadapiforms. 1: Derived dental characters of pur-
gatoriids excluding possible ancestry to primates, or cross-specializations: enlarged
procumbent I /1, P4/ having a metacone, high P /4 with high metaconid and talonid,
lower molars with some anteroposterior trigonid compression, some paraconid reduc-
tion. 2: Accentuated plesiadapoid specializations, including reduction of the teeth
located between 1/1 and P/4, strong postprotocingulum on upper molars, long
muzzles, etc. 3: Possible homologous synapomorphies shared by tupaiids and pri-
mates, including basicranial characters (enlarged tegmen tympani, bony canals around
middle ear arteries, and others), postorbital bar, a series of tarsal characters (see text).
4: There are autapomorphies of living tupaiids, including several dental characters.

attractive in the dentition of Ptilocercus is that the upper and lower P4 are
simple, not molarized, and close in shape to those of primitive primates.
Importantly, the lower molars are relatively low but retain an anteroposteri-
orly elongated trigonid—a condition that must have been present in the
ancestral primate, but that was lost in a number of primitive proteutherians
and insectivores. Hence, it appears that a more primitive ptilocercine, which
from common evolutionary trends can be predicted to have had upper molars
more transversely elongated than those of Prilocercus, without a hypocone,
with small conules and more usual protocristae, and with a more primitive
anterior dention, could come close to the (problematic) primate morphotype.
The reality of these trends is documented in tupaiines by the isolated teeth of
the Chinese Eocene Eodendrogale, which has transversely elongated upper
molars without hypocone (Tong, 1988). Even if this may appear quite
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speculative, the dentition of Ptilocercus in spite of its autapomorphies, pres-
ents basic similarities with primates, which probably contain some phyloge-
netic signal. Due to the temporal gap, it secems difficult to be more precise at
this moment. Early tupaiid dentitions should be found in the future, and pro-
vide a test of these ideas.

REMARKS ON SCENARIOS OF THE ACQUISITION OF NAILS

In the initial formulation of the visual predation theory, Cartmill (1972,
1974a,b) explained the acquisition of the opposable hallux by the ancestral pri-
mate and the subsequent loss of claws in several groups of primates by the
invasion of the fine branch milieu. It is usually now accepted that the posses-
sion of nails on the extremities is also a part of the primate morphotypic
condition. Recent comparative and functional studies of arboreal primates and
marsupials went further in the study of the convergences between these two
groups and led to an increase in our knowledge of the arboreal adaptation of
some of them (Rasmussen, 1990; Lemelin, 1999; Larson et al., 2000;
Hamrick, 1998, 2001). These inquiries have shown the importance of long
phalanges to grasp fine branches. They revealed that the peculiarities of pri-
mate “hindlimb domination” and diagonal sequence in footfall exist also in the
highly arboreal marsupials, which suggests that these peculiarities are also
adaptations for locomotion on fine branches (Schmitt and Lemelin, 2002).
These discoveries are interpreted in favor of the fine branch milieu as the adap-
tive shift explaining the origin of primate appendicular characteristics
(Hamrick, 1998, 2001; Larson et al., 2000; Lemelin, 1999; Rasmussen, 1990;
Schmitt and Lemelin, 2002). However, are these findings sufficient to confirm
the fine branch milieu hypothesis concerning primate origins? Consideration
of both marsupials and primates leads me to embrace a more complex scenario.

Concerning marsupials, why did the arboreal ones fail to evolve nails on
their non-hallucal digits, if habitual grasping of fine branches is the key adap-
tational shift explaining the transformation of claws into nails? A marked
reduction of claws has been reported in the Australian Tarsipes, Cercartetus,
and Burramys (Cartmill, 1974Db). A detailed study of their terminal phalanges
would be important. The American Marmosa and Caluromys retain claws. Are
those claws reduced? Are their terminal phalanges broadened? Is their
arboreal adaptation too recent to have allowed the replacement of claws by
nails? American Marmosidae are known since 12.5 MYA (Flynn et al., 1997,
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Goin, 1997). The author has not found information concerning fossil
caluromyids (a family in Nowak, 1999). However, Burramys is found in the
Late Oligocene—Middle Miocene Ngama fauna, and Burramyidae, as well as
Pseudocheiridae and Petauridae, are reported since the Late Oligocene—Early
Miocene of Australia (Rich, 1991). It is also well known that Didelphidae, in
a restricted sense including tarsal characters and opposable hallux (i.e., having
arboreal adaptations), are known at least since the Early Eocene (Szalay,
1982). In fact, Ameridelphians, and possibly Metatheria, are thought to have
possessed arboreal characters. In this context, it is very strange that there are
not many marsupials having reached the “ultimate” fine branch adaptation of
nails, if the last indeed are due to fine branch locomotion. Marsupial analogs
suggest that claw loss may have been a very long process.

A real effort to understand the replacement of claws by nails was made by
Cartmill (1974b). He suggested that, if a mammal, whose first toe has become
divergent enough to oppose the other four toes in grasping slender branches,
continues to emphasize prolonged cautious locomotion among slender
branches, its “first digit will become proportionately more powerful, and claw
grip will be proportionately enfeebled”—something he reported as true of mar-
supials such as Marmosa, Didelphis, and Petaurus (idem, p. 71). What makes
little sense is that the process was not conducted to complete claw loss in a
larger number of marsupials, particularly given how ancient their arboreal
adaptations are. One would also guess in such a scenario that a similar opposi-
tion of the thumb to the other digits of the manus would occur (or another
type such as digits one and two opposed to the three others). However, it seems
that opposability in the hand has rarely been developed in arboreal “didelphid-
like” marsupials, whereas it did in larger forms such as Phascolarctos. A better
understanding of hand grasping in small marsupials might help understand why
they did not evolve opposable hands and nails on their extremities. Some
degree of hallucial opposition is also known in other mammals, including some
rodents, tree shrews, and fossil plesiadapiforms. It is suggested that a “didel-
phid-like” adaptation, with opposable hallux, claws on other digits and non-
opposable thumbs represents a successful arboreal adaptation, allowing the
possible use of fine branches if the digits become long enough. It would repre-
sent a step toward but not a complete convergence with primate appendicular
characteristics. It seems that opposition in the hand and the presence of nails
are less common; could these two properties be somehow related? Some primates
have very little thumb opposition, and among them are the callitrichids, which
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have reacquired claws. Further study is needed to clarify this relationship. In
fact, nails could be acquired on hands and feet as a result of selection on feet
only, or hands only, due to the developmental modules that link structures
between the limbs (Hallgrimsson et al., 2002). Their role in removing skin par-
asites and social grooming should also be explored.

Concerning primates, when we first discussed the proportions of the prim-
itive morphotype hand, we proposed that a relatively long hand within the
forearm, as found in living claw climbers, vertical clingers and leapers, and
Notharctus, was probably primitive for the order (Jouffroy et al., 1991).
Concerning the intrinsic proportions of the hand, we hypothesized that hands
with long digits close to those of galagines and Tarsius (i.e., with third digit
amounting to 62-65% of total hand length), would make a good hypothetical
morphotype. Notharctusis close, with similar proportions of its third digit, but
with a different position on the diagram due to its very short metacarpals
(Jouftroy et al., 1991). Subsequent reconstructions of proportions for other
available Middle Eocene primates underscored a group of long-digited fossil
species, having proportions similar to those of Galago and differing from
Tarsius only in their longer carpus and shorter metacarpus. This group of long-
digited fossils was proposed as giving a good approximation of the primitive
primate morphotype for hand proportions (Godinot, 1992). In these studies,
cheirogaleids are at some distance from this group, being closer to other
lemurs and a group of platyrrhines. If these speculations about the ancestral
primate hand were valid, the cheirogaleid hand would not be a good analog
for the most primitive primate hands. Since our work, a much more comp-
lete Notharctus hand was described (Hamrick and Alexander, 1996), and its
describers concurred with us that a long hand with short metacarpus and long
digits probably was morphotypic for primates. Possibly more significantly,
Hamrick (2001; this volume) shows that such digital and metacarpal propor-
tions are manifested early in primate ontogeny and are thus likely to reflect a
strong phylogenetic signal. This suggests that the proportions of Middle
Eocene primate hands are very significant, and much closer to the primitive
primate morphotype than those of most living primates.

What is the adaptive significance of hands with very long digits? The hands
of Tarsius are especially good at catching insects, and apparently not very good
for grasping small branches. Likewise, galagines are well-known for their ability
to catch insects flying away from a branch. The working hypothesis is that
primitive primate hands, long and with very long digits, were especially well
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adapted for catching insects. In a preliminary functional study of Eocene
primate hands, the author speculated about the function of distal phalanges
having retained from ancestral claw-bearing a high proximal part, but having
acquired a broadened distal part for nail bearing (Godinot, 1991). The author,
in this regard, could come up only with stabilization as the major functional
difference between a nail-bearing and a claw-bearing digit. The mediolateral
stabilization of the tip of the digits is transmitted proximally through the broad
proximal expansion of primate distal phalanges so that the whole hand and
foot must have had increased control of items being grasped. This in turn
would be beneficial for both stabilizing insect prey in the hand, and more
importantly stabilizing the feet on the support and controlling lower limb
movements during insect catching. Galago, for example, is known to jump and
catch an insect by sweeping the air while remaining attached to a branch by its
teet, which allows it to retract back on the branch and eat the prey. For such
an acrobatic behavior, a firm stabilization of the feet is certainly important.
This stabilization is greater than would be provided by a weakly opposable
hallux. It demands that the hallux and the opposed digits achieve a powerful
grasp so that forces can be transmitted from the digits to the limbs appropriately.
Thus, the hypothesis developed in 1991 states that primate morphotypic
appendicular characters, nails, the powerful opposable hallux, and correlated
postcranial characters are better explained by insect catching in the arboreal
milieu than by invasion of the fine branch niche. This modest modification of
the visual predation theory in its initial formulation has the advantage of
making it simpler, the postcranial characters being an integral part of the
behavioral and functional complex implied by the visual predation hypothesis.
This view is in complete accord with the fact that the recently studied arboreal
marsupials do not show the transition to nails: they do not have the insect pre-
dation specialization, despite the fact that they snatch insects (Cartmill, 1974b;
Nowak, 1999; Rasmussen, 1990). It appears that primate locomotor charac-
teristics were acquired in at least two steps: (1) a “didelphid-like” step with
opposable hallux and long phalanges allowing the grasping of small branches,
with the correlative gait characteristics found in both groups (a “Ptilocercus-like”
step with incipient hallucial grasping may illustrate either a preceding step or a
different scenario) and (2) a second step reached only by primates, with the
insect-catching specialization implying long hands, powerful hallucial grasp-
ing, nails, and other correlated tarsal and long bones characters (for examples
of more detailed scenarios, see Dagosto, this volume).
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The visual predation theory has been challenged by Sussman (1991, 1995),
who proposed that angiosperm feeding played a major role in the acquisition
of primate characteristics. When Szalay (1968) interpreted the evolution of
the earliest primate dentitions by a shift toward a frugivorous diet, he was
mainly concerned with early plesiadapiforms. Since then, functional studies of
dentitions have been made (Kay, 1975; Strait, 1993). Williams and Covert
(1994) tfound Teilhardina americana just at the limit of predominantly insect
caters. The author suspects that the earliest primate dentitions (Altiatiasius,
Teilbavdina belgica, Donvussellin) would appear more insectivorous; however,
a real quantification needs to be done. Even if the history of the group is one
of mixed-feeding, small mammals need a source of protein, which is often con-
stituted by small arthropods. Thus, during the post-Cretaceous radiation of
small mammals, there must have been strong competition among all the small
species requiring some insects. It is very possible that this competition was the
most stringent, and therefore, provided the driving force for evolutionary
change. Plesiadapiform insect-catching was through the incisors, in animals
having claws and relying on olfaction (possibly also on audition, as they had
big bullae). This is in sharp contrast with primates, which appear to have spe-
cialized on insect snatching via hand capture, relying on visual and auditory
cues. This adaptive contrast could be the consequence of competition; how-
ever, it could also be linked with very different types of forests. The lesser
development of high canopy in the Paleocene of North America and Europe
may have favored claw-climbing species. On the other hand, we do not know
which taxa were competing with primates during the Paleocene in Asia; as the
diversity of plesiadapiforms was apparently not great in Asia, we may suspect
other groups. To conclude, even if mixed-feeding was their actual dietary
adaptation, primates may have nevertheless acquired their characteristics as the
result of a specialization for the capture of their insect prey by audiovisually
directed predation with hand capture.

CONCLUDING REMARKS
Fossils, Methods, and Primate Origins

In any attempt at deciphering primate origins within archontans, we should
never forget the significance of: (1) the divergence of skull form in paro-
momyids, plesiadapids (?carpolestids) and (2) a divergent, cross specialized,
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and continuous record of dentitions, which further eliminates plesiadapiforms
from any ancestral role in primate origins. The primatomorph hypothesis is
dentally impossible, and cranially very unlikely. The carpolestid hypothesis
(Bloch and Boyer, 2002) is as dentally impossible as the primatomorph
hypothesis, strongly suggesting that carpolestid hallucial grasping with a nail
must be convergent with primates (the tarsals and skull should confirm, or
refute, this). Even if Plesiadapis turns out to have a real petrosal bulla, its skull
and dentition would strongly suggest convergence. In fact, any sister-group
relationship of one plesiadapoid family with primates which would be nested
within other plesiadapoid families is dentally impossible (as it would imply
that all the dental characters supporting the notion of plesiadapoids are con-
vergent, destroying the systematic validity of this group). Despite the attrac-
tiveness of cladograms, numbers, and computers, a partial data set, or a very
large one, will never render likely a hypothesis that one well-known anatom-
ical system renders impossible. For this reason, the dental record of plesi-
adapiforms, which excludes any ancestral relationship to primates within
them, should not be ignored (Figure 7). Whereas a very ancient common
ancestor with primates is possible, a nesting of primates within the plesi-
adapiform radiation cannot be taken seriously.

If the hypothesis of a close tupaiid—primate relationship is valid, it should
be corroborated in the future via the study of dental characters. Dental char-
acters have proven to be of little use until now because there is no Paleocene
record of a tree shrew. An Eocene species from China shows two primitive
tupaiine dental characters (Tong, 1988). Ptilocercusis dentally more primitive
than other tupaiids; however, it certainly has a number of derived ptilocercine
characters that render the reconstruction of the ancestral dentition of
Tupaiidae difficult (Butler, 1980), in turn hindering a complete evaluation of
the tupaiid—primate hypothesis. At this moment, the primate dental morpho-
type is also very difficult to reconstruct: Altintinsius is of critical importance,
yet a confirmation of its primate status would be welcome (Godinot, 1994;
Sigé et al., 1990; Silcox, 2001). The meaning of the dental characters of
Altanius is still ambiguous. As seen in an earlier section, the eosimiids also
introduce new characters in the primitive primate morphotype (e.g., trigonids
not decreasing in anteroposterior breadth from M/1 to M /3, absence of
well-developed third lobe on M /3). For dental traits too, the removal of ple-
siadapiforms from the primates considerably modifies some of the ideas we
might hold about primitive primate dental characters and their polarities.
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For example, relatively large conules on the upper molars could be presumed
to be primitive based on their presence in several early plesiadapiforms.
Discarding the last group, directly comparing Early Eocene Primates with
Ptilocercus or Purgatorius, it appears that the earliest primates may have pos-
sessed only very small conules (which would better fit with the later enlarge-
ment of conules in some groups of primates, e.g., microchoerids and
parapithecids). Similar changes in our interpretation of the polarity of other
dental traits might occur. The primitive primate dental morphotype is at pres-
ent in a state of great uncertainty. In this context, a better understanding of
the polarity of dental traits in plesiadapiforms, already well advanced by Silcox
(2001), is still critical. It should help us understand polarities in early “pri-
matelike” dentitions.

It was argued in the introduction that, confronted with very large and con-
tradictory data sets, the best strategy is to progressively delineate those data
that are likely to be misleading, and to eliminate them, or consider only their
possibly informative part. Our knowledge of postcranial characters in plesi-
adapiform families and in other early archontans is still not complete enough
to extract secure phylogenetic signals. This means that the forelimb axial
skeleton and the hindlimb data sets in Simmons (1993), largely generated
from Beard (1993a,b), should be completely reassessed (in agreement with
Szalay and Lucas, 1993, 1996; Sargis, 2002). The tarsal evidence appears
more convincing; however, it needs to be tested through the detailed study
of Carpolestes tarsals. Despite the carpal autapomorphies found in the living
Ptilocercus (Statford and Thorington, 1998), further work on the carpals
should also provide phylogenetic signal.

Many of the changes in cranial and dental character interpretations men-
tioned above resulted from the study of new fossils (e.g., the beautiful skulls
of paromomyids and the dental remains of eosimiids). This shows one more
time the critical importance of historical information to reach better phyloge-
netical hypotheses (e.g., Gauthier et al., 1988; Donoghue et al., 1989). Soft
anatomical characters are less useful for the deciphering of ancient branching
events because we usually do not have enough information on their patterns
of evolution (frequency of convergences, reversals, factors involved, etc.). We
must try to integrate lessons from the fossil record when searching for those
few characters that provide the best phylogenetic signal. We should also examine
the adaptive significance of those characters and carefully scrutinize alternative
scenarios of their morphofunctional transformation. Such a strategy differs
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from conducting a parsimony analysis of as many characters as possible. Other
anatomical evidence and molecular studies will help confirm or contradict
the tupaiid hypothesis; however, ultimately, a denser record of dental and tarsal
characters will lead to a richer documentation of the scenario, or to its
refutation.

Primate Morphotype Locomotor Mode

The realization that scandentians, as best represented by Ptilocercus, are prob-
ably the closest sister group of primates, has implications for scenarios of pri-
mate origins. The present author has always been reluctant to accept the
leaping part of the grasp-leaping theory (Dagosto, 1988, 1990; Szalay and
Dagosto, 1980, 1988; Szalay and Delson, 1979), for a variety of reasons: (1)
the fact that leaping is a behavior that strongly shapes morphology and would
subsequently leave strong anatomical signals (e.g., clongated tarsals in
Otolemuyr crassicandatus); (2) grasp-leaping would presumably require power-
ful grasping hands, which, as believed, were not present in the primate ances-
tral morphotype, or a rapid shift to vertical supports and vertical clinging and
leaping (leaping on horizontal supports seems mechanically problematic with
regard to landing with grasping hands); and (3) grasp-leaping would imply the
coordinated reversal of a lot of characters in the early simiiforms, something
considered very unlikely during the basal phase of an adaptive radiation. This
locomotor reversal was considered likely because it was presumed to be linked
to a shift from grasp-leaping toward a more quadrupedal above-branch loco-
motion, probably also linked with an increase in size (Dagosto, 1990; Gebo,
1986). Taking Ptilocercus as a primitive reference would diminish the support
for this view because some of the primitive primate characters (e.g., elongated
astragalus with a relatively high body) presumed to reflect grasp-leaping are
present in Ptilocercus, while frequent leaping is not; however, it would be
important to better document the locomotion of Pzilocercus (expert climber,
hopping on the ground, Nowak, 1999; see Le Gros Clark, 1926; Stafford and
Thorington, 1998; Sargis, 2001). More importantly, the description of the
small tarsals from the Shanghuang fissures provides arguments in favor of the
author’s view (contra Gebo et al., 2001). One astragalar character in particu-
lar, the reduced medial facet, is considered by Gebo et al. (2001) to be prim-
itive for mammals but reversed from a derived prosimian state in eosimiids.
This is incredibly unlikely! Now that the character has been documented in
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Middle Eocene primates of 50-125 g, it is much more probably primitive for
primates, and also for simiiforms. A reappraisal of the tarsal characters of the
Shanghuang primates is beyond the scope of this chapter. However, a few
other characters need to be mentioned. The more salient sustentaculum of the
“protoanthropoid—new taxon” projects medially to a greater degree than in
the other taxa, rendering this calcaneum wider than the others. This character
is said to be especially “platyrrhine-like” by Gebo et al. (2001). However, it is
also Ptilocercus-like, and evidently primitive. The short distal part of the calca-
neum of the “new protoanthropoids” is also Ptilocercus-like and probably
primitive. The very circular shape of the calcaneocuboid joint in eosimiids is
Ptilocercus-like, and thus could be primitive, whereas the removed wedge on
the plantar side is derived and appears as one of the rare derived anthropoid-
like features of these tarsals. The small Shanghuang tarsals are exciting because
they document some new primitive tarsal characters that must be included
in the primate morphotype (because primitive characters are not indicative of
phylogenetic affinity, their link with simiiforms remains weak). Their compar-
ison with Ptilocercus should enlighten our understanding of early primate loco-
motor evolution and phylogeny. It is the conviction of this author that leaping
and climbing specializations are more accentuated in prosimians, which are
derived for the related characters (and many parallel acquisitions of these char-
acters are to be expected during the early radiation of primates), whereas the
more quadrupedal eosimiids and “new protoanthropoids” are more similar to
Ptilocercus, and more likely approach the primitive primate morphotype.
Simiiforms are likely primitive for many tarsal characters; however, tarsals from
early simiiforms (= “telanthropoids™) will be critical to test this hypothesis (the
posterior astragalar shelf present in Ptilocercus and eosimiids needs further
study; its absence in simiiforms might be derived). Let us simply add that the
simiiform ovoid entocuneiform facet for the first metatarsal is more likely to be
derived from a more primitive (? ptilocercine-like) morphology than reverted
from the prosimian sellar joint (contra Szalay and Dagosto, 1988).
Entocuneiforms might be too small to be found in eosimiids; however, first
metatarsals when found should test these ideas.

In sum, the primitive reference offered by Ptilocercus and the eosimiid
tarsals lead to further question the leaping component of the grasp-leaping
theory and to favor a hypothesis of rapid grasp-quadrupedalism for the prim-
itive primate morphotype locomotor mode. This would be associated with
insect manual catching. This hypothesis avoids multiple postcranial character
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reversals in the origin of simiiforms and considers leaping features as apo-
morphies developing in prosimian groups. This sketchy view should be
expanded in much more detailed scenarios (see Dagosto, this volume).

SUMMARY

Paromomyid dental characters appear incompatible with the hypothesis of a
sister group relationship between paromomyids and dermopterans (the pri-
matomorph hypothesis). All hypotheses placing dermopterans or primates
nested within plesiadapoid families are dentally quasi impossible.

Paromomyids were not gliders but more probably claw climbers having
locomotor and insect capture specializations close to those of Heterohyus and
Dactylopsila. Skull characters do not show any paromomyid-dermopteran
synapomorphy (Bloch and Silcox, 2001). The Primatomorpha hypothesis,
which now lacks postcranial support and cannot be reconciled with dental or
cranial evidence, must be abandoned.

The plesiadapiforms are a radiation of forms combining a series of primi-
tive skull characters, small orbits and large olfactory bulbs, and very derived
characters of the anterior incisors and muzzle. Despite their dental conver-
gences with primates, early acquired dental specializations exclude them of
having primates rooted within them. They are a radiation of clawed arboreal
mammals, within which Carpolestes hallucial grasping represents a remarkable
convergence with primates. Many of them are North American and they are
probably monophyletic (Kay et al., 1992; e.g., all those descended from
Purgatorius). An interesting question remains concerning the possibility that
plesiadapoids might have an independent Asiatic origin, as raised by some
phylogenetic interpretations of Chronolestes dentition; however, this would
not alter the broad picture inferred from their cranial and postcranial charac-
ters. Hence, Plesiadapiformes are best considered as an order of their own
(admittedly having an imprecise content). The evidence favoring a sister
group relationship of plesiadapiforms with primates is ambiguous.

The exclusion of plesiadapiforms from primates renders more plausible a
series of potential synapomorphies between primates and Tupaiidae. These
include characters from the basicranium, the orbit, other parts of the cranium
(Kay et al., 1992; Wible and Covert, 1987; Wible and Martin, 1993), and a
series of important characters of the astragalo—calcaneum complex. Tupaiidae
appear again to be the best available sister group of primates.



132 Marc Godinot

Large data sets of morphological characters have proven unsuitable to
clearly decipher the sister group of primates. A strategy of pruning the data
and adding as much historical information as possible seems more appropriate
than simply adding characters to the list. The likelihood of particular reversals
should be considered when evaluating alternative hypotheses.

A complex history of arboreal adaptations in the various families of plesi-
adapiforms and in early archontans is strongly implicated. More comparative
work, taking in account Ptilocercus, is needed before phylogenetic signals can
be extracted from the postcranial anatomy. However, tarsal characters are su-
fliciently understood to support the hypothesis of Ptilocercus-primate synapo-
morphy for a series of tarsal characters. The author suggests that several tarsal
characters of the cosimiids and other Shanghuang primates are primitive for
the order. These hypotheses in turn challenge the leaping aspect of the
theory of grasp-leaping as the primate morphotype locomotor mode, favor-
ing a mode closer to grasp-quadrupedalism, and not requiring multiple rever-
sals for the origin of simiiform locomotor characteristics.

Small arboreal marsupials such as Marmosa and Caluromys show similarities
with primates linked to locomotion on fine branches; however, they do not have
nails on all digits. Insect-catching in the arboreal milieu probably better explains
the acquisition of primate postcranial characterisics (powerful hallucial grasping,
nails, and the peculiar proportions of early primate hands), and visual predation
explains the cranial characters as proposed by Cartmill (1972, 1974a,b).

Soft anatomical and molecular characters should be used to test the
tupaiid—primate hypothesis. A denser record of tarsal and dental characters also
should give decisive confirmation, or refutation, of this hypothesis. The pri-
mate dental morphotype must be reassessed after discarding the plesiadapi-
forms and including the eosimiids. It is presently far from being established.

Since this essay was completed, several papers related to the subject were
published. Among them, only one would chage my view of the plesiadapiform
radiation, that is if Dralestes and the Azibiidae were Eocene African plesiadapi-
forms (Tabuce et al., 2004). However, the lingual part of the upper molars of
Dralestes is relatively narrow, suggesting that their posterolingual crest is not a
postprotocingulum homologous with that of known plesiadapiforms but more
likely represents convergent structure. Tabuce et al. (idem, p 318) recognize
that “the phylogenetic position of azibiids needs to be confirmed with more
relevant data”. The author agrees, doubts their plesiadapiform affinities, and
suggests elsewhere that they might be unexpected euprimates.
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CHAPTER FIVE

Primate Taxonomy,
Plesiadapiforms, and
Approaches to Primate
Origins
Mary T. Silcox

INTRODUCTION

In biology, there is currently a debate being waged about the basic principles
of doing taxonomy (e.g., Benton, 2000; Cantino and De Queiroz, 2000; De
Queiroz, 1994, 1997; De Queiroz and Gauthier 1990, 1992, 1994; Lee,
1996; Lidén and Oxelman, 1996; Lidén et al., 1997; Moore, 1998; Nixon
and Carpenter, 2000; Pennisi, 1996; Schander and Thollesson, 1995). This
debate stems from the common opinion that taxonomy should reflect evolu-
tion in some manner, combined with a disagreement about the practical
details of how to do this. Although some authors have provided suggestions
for making the Linnean system of taxonomy work within the context of a
cladistic approach to phylogeny reconstruction (e.g., McKenna and Bell,
1997; Nixon and Carpenter, 2000; Wiley, 1981), others have advocated
scrapping the entire Linnean system (De Queiroz, 1994; De Queiroz and
Gauthier, 1990, 1992, 1994; Gritfiths, 1976), culminating in the dissemination
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by way of the Internet of a new code for phylogenetic nomenclature, the
Phylocode (Cantino and De Queiroz, 2000). Although this document
does not yet include guidelines for species taxa, and in spite of the fact that
the Phylocode has not yet been “activated” by its authors (as of May,
2003; but see below), there are nonetheless a growing number of
instances of the principles codified by this system being applied in real tax-
onomic practice (e.g., the redefinitions of Mammalia by Rowe, 1988). As
such, even if the Phylocode is never adopted or accepted in full, it can still
be considered to represent many current ideas about the practicalities of
doing taxonomy.

In light of these debates a reconsideration of the meaning, content, and
status of the taxon name “Primates” seems timely. Anthropologists have
sometimes been criticized for ignoring taxonomic principles common to
other areas of Biology (e.g., Mayr, 1950; Simpson, 1963), and the fact that
the intense debates over taxonomic practice that have been waged in the bio-
logical literature in recent years are only rarely reflected in the contemporary
anthropological literature suggests that this problem is ongoing. One of the
central goals in understanding primate origins must be forming an under-
standing of where the group lies in relation to non-primate groups, since only
against that comparative background can the relative uniqueness of primate
features be fully understood. Without such an understanding it is impossible
to create plausible adaptive scenarios for why changes occurred in the early
evolution of the group. In light of this, it is clear that anthropologists cannot
work in a vacuum from current evolutionary and taxonomic practice as
applied to other groups of mammals.

Thus, it seems prudent to consider how Primates would stand in the con-
text of the new system if the Phylocode were enacted, and how our common
conceptions of what this term means could be dealt with in this framework.
Even if the Phylocode is never accepted by all, it is worth considering the rel-
ative merits of the philosophical position that it represents. This has particu-
lar relevance in relation to the inclusion or exclusion of plesiadapiforms from
the order Primates, since a determination of whether or not this cluster of
extinct forms can be designated as primates depends not only on the sup-
ported pattern of relationships but also the taxonomic philosophy being
applied. Finally it must be asked whether or not these disagreements over tax-
onomic approach influence the way in which we do, and should, ask questions
about primate origins.
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BACKGROUND ON TAXONOMIC DEBATES
Problems with Combining Cladistics and Linnean Taxonomy

The Linnean system of taxonomy is based on hierarchically internested sets of
ranks. Common membership in a group indicated by a particular taxonomic
name is shown by common usage of that name for the members of the
group—therefore, all mammals are included in Mammalia. Although this may
seem trivial, the result is that the taxonomy communicates a hypothesis about
common group membership and, in an evolutionary context, common
descent. The result is that Linnean taxonomic names can and often do pro-
vide an indication of the pattern of relationships thought to underlie the tax-
onomy. Therefore, when a cladist, such as M. C. McKenna (see McKenna and
Bell, 1997, and below), includes a particular cluster of forms in Primates, the
implication is that these are a monophyletic group or clade (Hennig, 1966)
that shares a most recent common ancestor not shared by other forms.

In an evolutionary context, a Linnean approach to taxonomy allows, or
even requires, some kind of hypothesis about how animals are related, and
uses ranks to indicate how these relationships are internested. This element of
the system creates some problems when it comes to a strict cladistic approach.
The first is the multiplication of names necessary if all, or even a significant
proportion, of nodes from a hypothesis of relationships are to be named.
McKenna and Bell (1997), for example, needed to employ numerous unfa-
miliar ranks (e.g., infralegion, magnorder, mirorder, etc.) between the tradi-
tional ranks to accommodate all the groupings that they wished to recognize.
Second, any change in the pattern of inferred relationships requires a cascade
of changes in the taxonomic designations of not only the taxon in question,
but of all taxa surrounding it on the phylogenetic tree. This is necessary to fit
the taxonomy to the available ranks, and in some cases to accommodate the
required (i.e., by the International Code of Zoological Nomenclature) end-
ings to rank designations for any taxon reclassified at or below the family level.
For example, if workers wish to name a node that sits between available ranks,
shifting of taxa up- and downstream to fit the taxonomy to the tree is
required. If this necessitates changing a previously recognized family into a
subfamily, the ending of the group name must change to indicate this (i.c.,
from “idae” to “inae”).

Third, a philosophical objection has been raised to the way in which Linnean
names are designated, in using types and in being based on a list of characters
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(diagnoses) to indicate membership. This approach has been labeled “essential-
ist” and “Aristotelian” (De Queiroz, 1994; De Queiroz and Gauthier, 1990),
and has been criticized based on the impossibility of defining taxa using lists of
characters if they are to be considered individuals in a strict philosophical sense
(Ghiselin, 1984). The basis for this view is that characters are mutable, and that
some nonmutable aspects of a taxon should be pointed to if they are going to
be properly defined. Rowe (1987) indicated that a nonmutable aspect of any
evolutionary group is the most recent common ancestor from which it evolved,
and that the definition of a taxon should be based on delineating the group aris-
ing from a particular common ancestor rather than a list of diagnosing charac-
ters. Although in cladistically applied Linnean taxonomy groups are generally
monophyletic (that is, they share a common ancestor not shared by other
forms—this corresponds to the usage of the term “holophyletic” by some work-
ers, e.g., Szalay et al., 1987), the definition or diagnosis of this group does not
aim to specifically indicate that common ancestor. In the Linnean system there
is nothing inherent in the way in which names are applied, therefore, to prevent
the usage of paraphyletic groupings, since it is not mandated that common
ancestry be demonstrated for a group to be recognized.

Fourth, the lack of consistent use of taxonomic ranks can lead to problems
when data is analyzed at any level higher than the species. For example, De
Queiroz and Gauthier (1994 ) enumerate several instances of nonsensical results
that have come from workers tallying data across the family level without
accounting for the fact that families can be very different in their composition.

Finally, the binominal system implies that the name of a species (the fun-
damental unit of evolution) is dependent on a hypothesis of relationships,
indicated by membership in a particular genus, which may change.
Combining a rank designation (genus) with a fundamental biological entity
(species) is considered inappropriate by some because of the potential insta-
bility that it causes at the most basic level of taxonomy (Cantino et al., 1999;
De Queiroz and Gauthier, 1992).

Phylogenetic Taxonomy’s Solutions to the Problems Posed
by Linnean Taxonomy

Phylogenetic taxonomy (De Queiroz 1994; De Queiroz and Gauthier, 1990,
1992, 1994), as codified in the Phylocode (Cantino and De Queiroz, 2000),
is a rankless system of taxonomy, implying that it avoids all of the problems
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(multiplication of names, cascading rank changes, shifting taxon name end-
ings, inappropriate comparisons based on rank) that arise because of the
Linnean system being based on a set of internested ranks. What this implies,
of course, is a different set of priorities about what taxonomy should be com-
municating from those who wish to at least partially mirror the pattern of
relationships. Workers who object to phylogenetic taxonomy list as one of
their key criteria for a nomenclatural system “high hierarchical information
content” (Lidén et al., 1997: 735). Phylogenetic taxonomists, on the other
hand, prioritize giving clades and species “names that explicitly and unam-
biguously refer to those entities and do not change with time” (Cantino and
De Queiroz, 2000: 3), at the expense of having interrelationships between
the names themselves communicate anything about the hierarchical pattern
of relationships.

Names in phylogenetic taxonomy must be associated with a particular
ancestor, so that membership in a group implies common descent by neces-
sity. In this case the distinction between definition and diagnosis is clear—the
definition of the taxon is a statement indicating to which ancestor the name
refers, while the diagnosis is a list of characters that can be used to recognize
members of the group. Within the context of the Phylocode the name is tied
to the definition, which is fixed, while elements of the diagnosis can change.
There are three ways that the ancestor associated with a taxonomic name can
be designated, depending on the desired composition of the taxon being
labeled (Cantino and De Queiroz, 2000; De Queiroz and Gauthier, 1990,
1992, 1994; see Figure 1). The first is a node-based definition (Figure 1A):
“the clade stemming from the most recent common ancestor of two other
taxa” (De Queiroz and Gauthier, 1990: 310). A special case of the node-
based definition is the crown-clade of Jeffries (1979), in which both of the
taxa specified are extant. This approach has been applied to Mammalia (De
Queiroz, 1994; Rowe, 1988; Wible, 1991), leading to the definition of this
taxon as all the members of the clade stemming from the most recent com-
mon ancestor of extant Monotremata and Theria (Rowe, 1988). A similar
approach for Primates could define the group as all members of the clade
originating with the common ancestor of extant Strepsirhini and Haplorhini
(assuming that both of these groups are monophyletic). Alternatively, a node
(but not crown) clade could be defined based on the clade stemming from
the most recent common ancestor of Purgatorius and Haplorhini (see discus-
sion given in a later section).
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Node-based definition Stem-based definition Apomorphy-based definition

(A) (B) (©)
Figure 1. Types of taxonomic definitions advocated by Phylogenetic Taxonomy. The
dashed shape surrounds the group being indicated by a taxonomic label. (A) Node-
based definition: The taxonomic label refers to the clade deriving from the most recent
common ancestor of Y and Z, but not any of the stem taxa from the lineage preceding
that taxon. (B) Stem-based definition: The taxonomic label refers to the entire closed
descent community (Ax, 1985) including not only the products of the most recent
common ancestor of Y and Z, but also all taxa more closely related to this common
ancestor than to X. (C) Apomorphy-based definition: In this case an apomorphy
(indicated by the solid black bar) is used to delineate a common ancestor to the group
indicated by the taxonomic label. The implication is that those members of the stem
lineage that possess this apomorphy would be included, while those lacking it would be

excluded, making this an intermediate between the node and stem based approaches.

The second type of definition under the Phylocode is the stem-based
approach in which taxa are considered to belong to a “closed descent com-
munity,” (Ax, 1985; Figure 1B) or encompassing “all those entities sharing a
more recent common ancestor with one recognized taxon than with another”
(De Queiroz and Gauthier, 1990: 310). A useful example of this is Anthro-
poidea, for which a stem-based definition could be constructed based on the
clade including Catarrhini and all organisms that share a more recent com-
mon ancestor with Catarrhini than with Tarsius (modified from Williams and
Kay, 1995; but see Wyss and Flynn, 1995). For Primates it would be possible
to formulate the following definition: the clade consisting of Haplorhini and
all organisms that share a more recent common ancestor with Haplorhini
than with Scandentia. The precise composition of the resulting group will
depend, of course, on the pattern of relationships supported in the systematic
“gap” between haplorhines and scandentians, as discussed in later section.

The third type of definition is apomorphy-based: “the clade stemming
from the first ancestor to possess a particular synapomorphy” (De Queiroz
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and Gauthier, 1990: 310, Figure 1C). Unlike a more traditional approach,
in which the characters themselves are diagnosing the taxon, in this case the
derived feature chosen serves merely to identify a particular ancestor. One
might define Aves, for example, as the clade stemming from the first animal
to possess wings homologous with those in Archacopteryx. This implies that
you cannot safely use more than a single character to identify the common
ancestor, since it is impossible to be sure that the features did not arise in a
step-like fashion. For example, until recently it would have seemed quite
reasonable to identify the common ancestor of Aves as the first taxon with
wings and with feathers. With the discovery of a number of feathered
dinosaurs lacking wings (e.g., Sinosauropteryx Ji and Ji, 1996), this became
a problematic definition because the two features (feathers and wings) arose
at different times, implying that the definition would point to two different
ancestors. Using a complex characteristic that may have arisen in a step-like
fashion could also lead to problems in attempts to identify a single ancestor.
Wings might, therefore, be a poor choice since they are complex structures
with many parts that likely did not appear in an instant. In fact, a recent dis-
covery of an apparently non-avian dinosaur with four wing-like structures
(Xu et al., 2003) demonstrates how complicated even this simple example
could become. The same argument can be made for most characters con-
sidered “significant enough” to be the indicator apomorphy for a clade.

For Primates, one possibility would be to define the group as the clade
stemming from the first species to possess a petrosal bulla synapomorphic
with that in Haplorhini. There are several reasons why this is not a viable
approach, however, as detailed in later section.

By associating taxonomic names with the common ancestor of a mono-
phyletic group, names cannot be applied to non-monophyletic taxa under the
rules of the Phylocode, making it impossible to accidentally (or intentionally)
name paraphyletic or polyphyletic taxa. In addition to doing away with ranks,
phylogenetic taxonomy will presumably require uninominal names for species
(Cantino et al., 1999; as it stands the Phylocode does not include guidelines
for the species level) or, at least, that the first part of the binominal name
not be considered to indicate anything about phylogenetic affinity or group
membership. In this case, the species could include a “forename” or
“praecnomen” (following the terminology of Griffiths, 1976) rather than a
genus name as the first part of the binominal.
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Other Taxonomic Priorities

Two conflicting priorities for taxonomy have been mentioned previously: hier-
archical information content, and stability in the entities to which names refer.
There are, unquestionably, other priorities that can be considered key in assign-
ing names to groups of taxa. In particular, some nomina have been viewed as
bearing an implied significance that extends beyond their correct application
according to taxonomic rules. A good example of this is the genus name Homo.
Workers wanting to apply this name have generally sought some standard of
humanity by which to judge the appropriateness of referring a taxon to our own
genus. Louis Leakey and coworkers, for example, considered the ability to make
tools key to recognition of human status when they named the species Homo
habilis in 1964. Wood and Collard (1999) have sought to recognize a major
adaptive shift with membership in the genus Homo, requiring that taxa desig-
nated with this nomen show such features as a human-like pattern of develop-
ment and postcranial features associated with obligate bipedalism. Proponents
of this view require that taxa not only be evolutionarily congruous, but also
adaptively coherent. Of course, this approach is not terribly helpful to desig-
nating the taxonomic position of forms that fall outside of the key taxon in
question. Wood and Collard, for example, while arguing for the removal of
Homo habilis and Homo rudolfensis from the genus Homo, suggest only that
these species be transferred to Awustralopithecus, making that genus even more
paraphyletic, and poorly defined adaptively, than it is likely to be in the context
of its commonly accepted composition. Such an approach is fine if you are only
interested in the very tip of the phylogenetic tree, but is manifestly inappropri-
ate if the goal is to actually place the “end taxa” in an evolutionary context. The
relationships among the members of the genus Awustralopithecus are important
to understanding the evolutionary background against which features of Homo
must be assessed, in the same way the relationships of archontans (or euar-
chontans) that are not definitively primates are vital to an understanding of the
adaptive sequence that went into building primates of modern aspect.
Another set of taxonomic priorities must also be recognized: stability and
continuity through time. Although phylogenetic taxonomy considers stability
a key priority, the type of stability that it fosters is more metaphysical than
practical (Nixon and Carpenter, 2000). In fact, De Queiroz and Gauthier
(1990: 312) explicitly state: “The use of phylogenetic definitions will eftec-
tively initiate a new era in biological taxonomy. In this new era there will be,
in one sense, no existing taxa (named entities), for the names have not yet
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been tied explicitly to the entities through phylogenetic definitions” (empha-
sis added). Some authors, upon recognizing that traditionally applied taxo-
nomic labels may refer to paraphyletic taxa, have nonetheless consciously
retained them, prioritizing historical stability above other considerations
(e.g., Silcox, 2001; Silcox et al., 2001; Van Valen, 1994). Such paraphyletic
taxa have been called “metataxa” by Archibald (1994), and “natural para-
phyletic groups” by Van Valen (1994), and often exist as a series of primitive
branches off the stem leading to some cohesive monophyletic group. As such
“natural paraphyletic groups” can be recognizable and diagnosable, if only
by primitive or intermediate traits. The carpolestid genus Elphidotarsius,
for example, includes a cluster of animals that can be differentiated from
non-carpolestid by the presence of a mitten-shaped, blade-like P,, and from
more derived carpolestids by fewer apical cuspules on the P, and a less
expanded P?and P* (Rose, 1975; Silcox, 2001; Silcox et al. 2001).

PREVIOUS DEFINITIONS AND DIAGNOSES OF PRIMATES

With this background in place, it is now appropriate to turn to the question
of how Primates has been defined and diagnosed in the past, what the status
of these past approaches is in relation to current taxonomic considerations,
and the relevance of plesiadapiforms to this issue.

Mivart (1873) is generally cited as providing the first coherent definition
of the order Primates. Mivart listed a series of characters seen in extant
Primates including features unique or unusual to Primates (e.g., hallux with
a nail) together with more widely distributed features that are likely to be
primitive at a lower level (e.g., scrotal testes). Le Gros Clark (1959; see also
Napier and Napier, 1967) translated these features into a series of evolution-
ary trends, again focusing on characteristics of extant primates, and again
including both unusual primate features (e.g., elaboration of visual system)
and more primitive eutherian traits (e.g., preservation of pentadactyly).
Martin (1968, 1986) followed a similar approach in focusing on modern
primates and in using a list of characters. In contrast to previous studies, how-
ever, Martin sought to apply Hennigean principles to filter the characters so
that the diagnosing list included only synapomorphies.

These authors used a character-based approach focusing on extant forms.
The problematic aspect of this method can be seen in the difficulties faced by
Martin (1986) in trying to fit fossil adapids and omomyids into a modern
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conception of Primates. Some adapids and omomyids exhibit primitive features
missing in all modern primates, such as the retention of the first premolar.
Defining Primates based on a list of characters derived from observations of
modern primates does not allow for loss of primitive traits that were present in
the common ancestor. Such losses could occur either in the stem lineage lead-
ing to modern primates, or in parallel in groups that diverged off that ancestral
lineage (i.e., as likely occurred with the loss of P|). Any taxonomy that makes
the implicit or explicit assumption that modern primates exhaust all the forms
that the group has taken in its >65 MY history are likely to fail when faced with
the real complexities of the extinct species to be found in the fossil record.

The approach taken by these authors is most consistent with the node-
based, crown-clade method of defining taxa from phylogenetic taxonomy.
Particularly, Martin requires fossil taxa to share a preponderance of features
with extant taxa, indicating that they arose from the same common ancestor.
Martin excluded forms (e.g., plesiadapiforms) which may lay along the stem
leading to that ancestor, and which would therefore lack some or all of the fea-
tures recognized in extant forms. Martin’s justification for this approach is as
follows (1968, p. 385): “If the term ‘order’ is to express anything in concrete
terms, one should be able to picture a common ancestor with a distinct ‘total
functional pattern’ at the base of each order, distinguishing this from other
orders and providing the specific basis for the evolution of the descendants
included in the order.” Cartmill (1972, 1974, 1992) took a similar approach
to the problem in advocating an adaptational methodology for delimiting
major taxa, requiring that taxonomic boundaries mirror the pattern of major
adaptive shifts. Under this approach plesiadapiforms could be excluded from
Primates, independent of their phylogenetic position (but see Szalay, 1975),
because they lack features associated with some novel adaptive complex. How
this complex may be characterized so as to exclude all plesiadapiforms is
becoming unclear, however, particularly in light of the discovery of some key
adaptive primate features in plesiadapforms (e.g., a divergent hallux with a nail
in Carpolestes simpsoni; Bloch and Boyer, 2002). The presence of arboreal fea-
tures in Ptilocercus lowii, a scandentian that may be our best representative of
the ancestral archontan (Bloch et al., 2003; Sargis, 2002a,b, and 2006), also
complicates our understanding of the supposed adaptive uniqueness of defin-
itive primates, since it appears that arboreality has a much more ancient origin
relative to the group than had previously been assumed. The arboreal features
of plesiadapiforms also underline this (Bloch and Boyer, 2002, 2003, and
2006; Bloch et al., 2003; Boyer et al., 2001; Szalay, 1975).
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As with the example given above relating to the genus Homo, an additional
problem with this approach is that it suggests no meaningful way of reclassi-
fying those taxa that are excluded from this privileged primate status.
Particularly, Cartmill (1972, 1974, 1992) advocated removing plesiadapi-
forms to Insectivora, explicitly favoring their transfer to a wastebasket taxon.
This approach is further discussed in later section.

An additional reason why Martin (1968, 1986) felt that plesiadapiforms
could be safely excluded from Primates was his opinion that they are not, in
fact, the sister group of definitive (i.e., undisputed) Primates. If this is true, a
good case could be made for excluding the group from the order (see a later
section). Martin, however, provided no strong evidence for this, and failed to
identify either a more plausible sister-group for Primates, or a more convinc-
ing alternative placement for plesiadapiforms.

Hoftstetter (1977) expressed no such doubts about the sister group rela-
tionship between plesiadapiforms and definitive primates. Hoffstetter’s
approach was fundamentally node-based, designating Primates as the group
stretching from plesiadapiforms up to anthropoids (his Simiiformes), and
introducing the very useful term Euprimates for the group referred to until
now as “definitive primates” (i.e., Primates of modern aspect; crown-clade
Primates). MacPhee et al. (1983; see also Gingerich, 1986) also included
plesiadapiforms in Primates to avoid the information loss that they felt would
result from their removal (Gingerich, 1973, 1986; but see Gingerich, 1989).
These authors differed radically from Hoffstetter in their basic approach, how-
ever, forming boundaries based on three grades separated by morphological
novelties supposedly associated with changes in adaptive pattern. Their view of
Primates included not only plesiadapiforms, but also potentially mixodectids,
apatemyids, tupaiids, and even dermopterans. As such, these authors’ scheme
would allow for paraphyletic and even polyphyletic groupings, making this
approach explicitly opposed to the basic assumptions and goals of phylogenetic
taxonomy, so that it would be difficult or impossible to accommodate this view
in the context of the Phylocode. Although this does not immediately invalidate
this approach, Szalay et al. (1987; see also Beard, 1990b) make some very good
points about problems with this classification. Particularly, they note that of the
three “grades” recognized by MacPhee et al. (1983), the only one that was
adaptively coherent was their “Grade 3”: Anthropoidea. It is not clear what
adaptive features are supposed to link their “Grade 1” (plesiadapiforms, apate-
myids, mixodectids, tupaiids, and dermopterans) in light of the very divergent
postcranial and dental characteristics in the included taxa—consider, for
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example, the contrasting postcranial features of dermopterans and tree shrews,
and the differences in dental morphology between picrodontids and car-
polestids. As Szalay et al. (1987) note, Grade II (living and fossil “Prosimii”),
by including tarsiers, exhibits a patchwork of features present in anthropoids
and in more primitive forms. In a modern perspective, with our increased
understanding of the primitive nature of early anthropoids (i.c., cosimiids), it is
becoming clear that the discontinuities that were thought to separate these var-
ious grades were a sampling phenomenon rather than something real, so that
even “Grade 3” is no longer really adaptively coherent. This highlights a more
general point. The appearance of distinct adaptive groupings in the modern
world likely owes as much to extinction or pseudoextinction as it does to evo-
lution per se. As the fossil record continues to improve, the distinctness of such
gaps continues to degrade as more intermediates are found. This is true in
Primates as in non-primates. We now have, for example, a plesiadapiform with
a supposed defining feature of definitive Primates (a divergent hallux bearing a
nail; Bloch and Boyer, 2002, 2003, and 2006) and non-avian dinosaurs that
bear not only feathers, but multiple wings that may have been used for gliding
(Xu et al., 2003). Any taxonomy that fails to allow for the discovery and classi-
fication of such intermediates between adaptive “grades” is fundamentally
unworkable if fossils are to be classified along with living organisms.

Szalay et al.’s (1987) own approach returned to a more phylogenetic
methodology, although they explicitly advocated allowing the taxonomic
labeling of paraphyletic as well as monophyletic (their “holophyletic”) group-
ings. These authors included plesiadapiforms in Primates and used
Hoffstetter’s term Euprimates, providing lists of derived characters for the
common ancestor of each of the major divisions of the order. In spite of their
allowance for paraphyletic groupings these authors’ approach, in practice, is
most similar to the apomorphy-based technique of definition from phyloge-
netic taxonomy, in using uniquely derived features to identify the common
ancestor that sits at the base of a named group.

Wible and Covert (1987; Figure 2), writing in the same year as Szalay et al.
(1987), were unimpressed by similarities that had been noted between plesi-
adapiforms and euprimates (see later section). In an explicitly cladistic frame-
work, these authors argued that the lack of consensus about the sister group
to Euprimates implied that a stem-based approach could not be employed.
They advocated a crown-clade approach to the definition of Primates, syn-
onymizing Euprimates with Primates. Kay et al. (1992) and Beard (1993a)
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Euprimates
Scandentia
\ Plesiadapis
Dermoptera
Chiroptera

Wible and Covert, 1987

Figure 2. Wible and Covert’s (1987, redrawn from their Fig. 7a) preferred cladogram,
allying tree shrews and Euprimates to the exclusion of Plesiadapis and supporting the link
between dermopterans and chiropterans (Volitantia). Note that their use of “ Plesiadapis”
alone, rather than “Plesiadapiformes,” reflects both their almost sole reliance on cranial
data (well-known only for Plesiadapis and microsyopids at the time they were writing),
and their view that “...the affinities of microsyopids remain muddled (p. 18).”

applied a similar usage of Primates. In both of these cases the support that the
authors saw for a relationship between Dermoptera and some plesiadapiforms
made it unnecessary to include any taxa outside of Euprimates in Primates.
Beard (1991, 1993a) defined a taxon, Primatomorpha (note that this is incor-
rectly spelled “Primatamorpha” in Beard, 1993a: Figure 10.2), based on a list
of synapomorphies shared by dermopterans, some plesiadapiforms, and
Euprimates. This grouping would be consistent with a node-based type of def-
inition, as indicated by the recognition of a comparable cluster by McKenna
and Bell (1997), who favor this approach. In this case, however, McKenna and
Bell (1997) call the assemblage of taxa Primates, rather than Primatomorpha.
The inclusion of Dermoptera in their conception of Primates is interesting in
that it would force a fundamental shift in what most contemporary authors

think of as the adaptive limits of the order.

THE PHYLOGENETIC POSITION OF PLESIADAPIFORMES
Background

One of the two factors key to determining whether or not plesiadapiforms can be
considered primates is to establish the phylogenetic relationships of the group
to Euprimates. If some or all plesiadapiforms are sister taxa to Euprimates,
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then determining where to draw the primate /non-primate line depends only
on taxonomic philosophy about whether to prioritize adaptive cohesiveness,
a crown-clade model, or an apomorphy-based approach using some feature
lacking in plesiadapiforms over a stem-based approach or a nodal definition
that includes plesiadapiforms. If, however, some other group could be shown
to be the sister taxon to Euprimates, or to be more closely related to some or
all plesiadapiforms than plesiadapiforms are to Euprimates, the decision
becomes more complicated and depends on the preferred pattern of relation-
ships as well as the taxonomic philosophy employed.

Wible and Covert (1987) argued that tree shrews are a better sister taxon
to Euprimates than any plesiadapiform (Figure 2). As alluded to above, their
view of the dental evidence linking plesiadapiforms to Euprimates was that it
consists only of vague trends that are not unique in the broader context of
Eutheria. Their study lacks, however, any attempt at a detailed analysis of den-
titions. Discussion of the postcranium is similarly lacking, although this is
more forgivable since the major revision of this material (Beard, 1989) was
not completed until two years after their study was published. Wible and
Covert’s study was strongly biased toward the basicranium. It is rather ironic
to compare this study to that by Cartmill and MacPhee (1980), who argued
for the exclusion of scandentians from Primates on the basis of a similar com-
parative sample of basicrania. These ecarlier authors used plesiadapiform
basicrania as the ancestral morphotype for Primates, based on the evidence
from other systems. They noted the profound differences between scandent-
ian and plesiadapiform basicrania, and concluded that the similarities between
primates and tree shrews must, therefore, be convergent. Wible and Covert,
beginning with much of the same data, essentially excluded the importance
of non-cranial systems, and therefore came to a different conclusion.
Obviously what is needed to form a consensus between these two approaches
is an unbiased look at the cranial evidence combined with a detailed analysis
of other systems.

The possibility that some group other than Euprimates is most closely
related to plesiadapiforms was advocated by Beard (1989, 1990a, 1993a,b) and
Kay et al. (1990, 1992), who documented new postcranial and cranial material
and interpreted it to indicate a tie between Dermoptera and at least some ple-
siadapiforms. By demonstrating not only that euprimates and plesiadapiforms
are very different, but also using evidence from multiple systems that the latter
may have ties elsewhere, these studies seemed to toll a death knell to a
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euprimate—plesiadapiform relationship. This changed perspective was heralded
as a major breakthrough in popular and non-specialist accounts (e.g., Martin,
1993; Shipman, 1990; Zimmer, 1991) and seems to have been broadly
accepted by most anthropologists whose expertise lies in different areas.

Careful reading of Kay et al. and Beard’s studies reveals, however, a number
of inconsistencies between the authors’ viewpoints. Beard (1993a,b) considered
plesiadapiforms, primates, and modern dermopterans to be linked in a mono-
phyletic clade, Primatomorpha, to the exclusion of Scandentia and Chiroptera
(Figure 3A). This implies that if one were willing to include Dermoptera in
Primates one could include plesiadapiforms in Primates by simply equating
Beard’s Primatomorpha with Primates. Such a solution was indicated by
McKenna and Bell (1997; see an earlier section). Beard also considered some
plesiadapiforms (paromomyids and micromomyids) to be more closely related
to dermopterans than they are to other plesiadapiforms, implying that
Plesiadapiformes is only monophyletic if dermopterans are included.

Kay et al. (1992), on the other hand, while supporting the link between
modern dermopterans and paromomyids, presented evidence that paro-
momyids and plesiadapids form a monophyletic clade to the exclusion of
dermopterans (Figure 3B). Their position on the relationship between

Taxa not explicitly studied by Beard

|

Scandentia
Cynocephalus
Ignacius
Primates
Microchiroptera
Megachiroptera
Cynocephalus
Ignacius
Tenrec
Erinaceomorpha
Scandentia
Primates
Microchiroptera
Megachiroptera

+ Tenrec
** Erinaceomorpha

Beard, 1993 Kay et al., 1992
(A) (B)

Figure 3. (A) Relationships of the taxa included by Kay et al. (1993) taken from
Beard’s (1993a) analysis. Beard did not explicitly include any lipotyphlan insectivores,
implying that he considered them to lie outside of the ingroup. (B) Maximum parsi-
mony cladogram found by Kay et al. (1994; redrawn from their Fig. 11). The only
areas of congruence between these cladograms are the monophyly of Chiroptera and
the relationship between Cynocephalus and Ignacius, with profound differences in the
relative positions of both Scandentia and Primates (=Euprimates as employed here).
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euprimates and plesiadapiforms also differed from Beard’s view. They consid-
ered Scandentia to be the sister group of Euprimates (their Primates), and
placed plesiadapiforms and dermopterans outside of a clade linking
Scandentia, Euprimates, Chiroptera, and even lipotyphlan insectivores. In this
context there is no way to include plesiadapiforms in Primates without includ-
ing all of Archonta, lipotyphlan insectivores, and any unsampled taxa that may
lie in between the nodes represented on Kay et al.’s tree. This would be non-
sensical, since it would likely include a significant proportion of Mammalia
including rabbits and rodents at the very least (see a later section). This dis-
cussion reveals that although Beard and Kay et al.’s studies are often cited
together as supporting the plesiadapiform—dermopteran tie, in virtually all
other aspects their results are not congruent.

Although Beard and Kay et al.’s studies looked at a broader range of data
than had ever previously been brought to bear in a cladistic analysis consid-
ering the question of plesiadapiform relationships, there were nonetheless
some holes in the sampling of both taxa and characters. First and foremost
is the lack of dental data. Kay et al. included no dental data whatsoever, while
Beard (1993a) included only a single dental character, the postprotocingu-
lum, although he invoked unspecified dental evidence to link saxonellids and
carpolestids with plesiadapids on his tree. In light of the fact that the tradi-
tional association between Euprimates and plesiadapiforms had been based
on dental similarities, ruling out this relationship without considering char-
acters from the teeth seems premature. This also substantially limited the
taxon sampling with respect to plesiadapiforms, since the vast majority of
species are known only from teeth. Although both Beard (1993a) and
Kay et al. (1992) included at least some cranial data, they did not include
any characters for plesiadapiform taxa outside of Plesiadapidac and
Paromomyidae. The exclusion of the scrappy cranial material known at that
time for Palaechthon nacimienti (Kay and Cartmill, 1977) and Tinimomys
graybulliensis (Gunnell, 1989; but see MacPhee et al., 1995) is likely a prod-
uct of the fact that very few cranial characters can be scored for either of
these taxa. More surprising, however, is the exclusion of cranial material of
Microsyopidae, particularly in light of the suggestion by Szalay et al. (1987)
of a special link between microsyopids and dermopterans. At the time of the
studies by Beard (1993a) and Kay et al. (1992), excellent cranial material for
microsyopids was already well known (Gunnell, 1989; MacPhee et al., 1983,
1988; McKenna, 1966; Szalay, 1969).



Primate Taxonomy, Plesiadapiforms, and Approaches to Primate Origins 159

Beard’s (1989, 1993a) study did incorporate all of the plesiadapiform
postcranials known at that time. In this case, however, there were some holes
in the character sampling. Particularly, postcranial features that have been
used to unite Volitantia (Dermoptera + Chiroptera) were not assessed
(Simmons, 1995; Simmons and Geisler, 1998; Simmons and Quinn, 1994).

A More Comprehensive Analysis

Toward filling the gaps in these studies, the author collected data on 181
characters of the dentition (97), cranium (30), and postcranium (54).
A detailed description of these characters and a discussion of their distribution
is available elsewhere (Silcox, 2001). All the characters that have been used to
support Primatomorpha (Beard, 1993a), and Volitantia (Simmons, 1995;
Simmons and Geisler, 1998; Simmons and Quinn, 1994), that could be
considered for fossils were assessed.

In selecting taxa to study, the author included members of all 11 families of
plesiadapiforms known in 2001 (Carpolestidae, Plesiadapidae, Microsyopidae,
Paromomyidae, Picromomyidae, Purgatoriidae, Micromomyidae, Toliapinidae,
Palaechthonidae, Saxonellidae, and Picrodontidae). Plesiadapiform species to be
sampled were selected based on two criteria. First, all the basal-most members of
groups for which previous studies are informative were included (i.c.,
Elphidotarsius and Chronolestes for Carpolestidac—Simpson, 1928, 1935b; Rose,
1975, 1977, Beard and Wang, 1995; Pandemonium and Pronothodectes for
Plesiadapidac—Gingerich, 1976; Van Valen, 1994; Navajovius, Niptomomys,
and Arctodontomys for Microsyopidae—Gunnell, 1985, 1989; Paromomys
for Paromomyidae—Simpson, 1955; Bown and Rose, 1976; and Picromomys
for Picromomyidaec—Rose and Bown, 1996). For all the other families poor sam-
pling and/or a lack of consensus about the internal relationships of the group
mandated the study of all known species (Purgatoriidae, Micromomyidae,
Toliapinidae, Palaechthonidae, Saxonellidae, and Picrodontidae). Second, taxa
preserving features of the cranium or postcranium were included, even if they are
considered to be well nested within their respective families (e.g., Plesiadapis
tricuspidens). The end result was a list of 62 species of plesiadapiforms to be stud-
ied, representing about half the total number currently recognized. Represen-
tatives of Chiroptera, Dermoptera, Scandentia, Mixodectidae, Plagiomenidae,
and Euprimates were also chosen for analysis using similar criteria. Primitive
eutherians (leptictids and Asioryctes nemegtensis) were employed as outgroups.
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Data was initially collected at the species level. Cladistic analyses were run
on the three major data partitions (dental, cranial, and postcranial) at the
species level using PAUP* 4.0B (Swofford, 2001), and character distributions
were studied using MacClade 3 (Maddison and Maddison, 1992). Families
whose monophyly (all but Purgatoriidae, Palaechthonidae, and Toliapinidae
sensu Hooker et al., 1999) were well supported were then combined. In cases
where a family-level grouping could not be used, genera were employed when
a genus was supported as monophyletic (i.e., Toliapina). The resulting
dataset, using higher taxonomic groupings, was analyzed for each of the three
data partitions and in a total evidence analysis (following the reasoning of
Kluge, 1989). The discussion here will focus on this total evidence analysis,
since this approach allows all for conflicting patterns of character distribution
to compete directly. It is worth noting that the conclusions of the partitioned
analyses did not always coincide with those arising from the total evidence
analysis. Particularly, the postcranial analyses showed support for a
Paromomyidae + Volitantia clade, while the cranial analyses indicated (very
weak) support for a Microsyopidae + Volitantia grouping. The former con-
clusion is subject to revision in light of recent discoveries of new plesiadapi-
form postcranials (Boyer et al., 2001; Bloch and Boyer 2002, 2003 and 2006;
Bloch et al., 2002, 2003), and new descriptions of the extant scandentian
Ptilocercus lowii (Sargis, 2002a, b, and 2006), which were not available at the
time of data collection. A collaborative project that includes these new data is
currently underway (Bloch and Boyer, 2003; Bloch et al., 2002, 2004). The
microsyopid /volitantian node is so poorly supported as to be unconvincing
in light of the evidence from other parts of the study. The cranial analysis did
not uphold Wible and Covert’s (1987) claim of basicranial support for a
Euprimate-Scandentia clade that excludes plesiadapiforms, or Kay et al.’s
(1990, 1992) claim for cranial support of a paromomyid—dermopteran clade
that excludes Euprimates (see also Bloch and Silcox, 2001, 2006). In fact,
recent discoveries have documented one of the features that Wible and
Covert cited as being key to supporting a euprimate—scandentian clade in a
plesiadapiform (a bony tube for the internal carotid nerves in Ignacius, Silcox,
2003).

The total evidence analysis is open to criticism in that the results may
largely reflect patterns of relationships indicated by the dental data. Many
workers seem to consider dental data to be less reliable than other types of
information, on the grounds that it supposedly shows more homoplasy than
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other parts of the skeleton (see discussion in Van Valen, 1994; Silcox, 2001).
A quantitative study that actually analyzed the amount of homoplasy in dif-
ferent skeletal systems found no significant differences between dental, cra-
nial, and postcranial regions (Sanchez-Villagra and Williams, 1998). What is
more, teeth offer an important advantage over other parts of the skeleton.
While for plesiadapiforms in general the only cranial and postcranial remains
that are available belong to advanced members of different families, denti-
tions are known for very primitive as well as very derived forms. This allows
one to get closer to the actual branching points, minimizing the confounding
effects of interfamilial evolution producing convergences to other derived
forms. In other words, study of dental features avoids long branch problems
that are likely to be marked in more poorly sampled systems.

A series of heuristic searches totaling 3000 replicates, starting from different
random trees and swapping on all starting trees, was performed on the total
dataset with monophyletic higher taxa (i.e., families or genera) combined. This
dataset included 38 taxa scored for all 181 characters. The search found 20 most
parsimonious trees of length = 788 steps, Cl(consistency index) = 0.490,
RlI(retention index) = 0.521, and RC(rescaled consistency index) = 0.255. The
strict consensus tree resulting from these 20 trees was largely unresolved as a
result of a couple of “wildcard” taxa that occupied very different positions on
the various trees (i.e., Mixodectes and Eudaemonema). An effective way of deal-
ing with such wildcard taxa is to calculate an Adams consensus tree. In an Adams
consensus tree wildcard taxa appear unresolved at the highest node at which
their position can be ascertained, with no loss of resolution “upstream”. As such,
examining an Adams consensus tree provides a better view of the pattern of rela-
tionships suggested by the data, since relationships that are well documented will
be retained. The resulting Adams consensus tree is given as Figure 4.

All of the 20 most parsimonious trees include a clade that contains all
plesiadapiforms and euprimates, and that excludes Scandentia, Chiroptera,
and Dermoptera—this is also reflected in the Adams consensus tree at the
node labeled “Primates”. Rather than exhibiting a close relationship
to Paromomyidae, Dermoptera is part of a monophyletic Volitantia, which
may be more closely related to Scandentia than plesiadapiforms and Eupri-
mates. Removal of Chiroptera from the analysis (as suggested by molecular
results; Miyamoto et al., 2000; Pumo et al., 1998; Waddell et al., 1999;
Springer et al., 2006) does not impact the relationships between the remai-
ning taxa (e.g., Primatomorpha and Eudermoptera are not re-formed).
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Figure 4. Adams consensus tree resulting from 3000 replicates of a heuristic search
of the combined dental, cranial, and postcranial datasets (181 total characters) from
Silcox, 2001. Twenty most parsimonious trees were found of length =788 steps, CI
= 0.490, RI = 0.521, and RC = 0.255. The dotted lines leading to Mixodectes and
Eudaemonema indicate the lack of certainty surrounding the relationships of these
taxa—they were not included in Primates for this reason. Although Berruvius appears
in an unresolved position, this is purely a product of missing data and the available

dental evidence indicates a sister group relationship with Microsyopidae.
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Plesiadapiformes itself is not a monophyletic taxon to the exclusion of
Euprimates. This is a feature of every result (i.e., species-level, family-level,
partitioned, and total evidence) found from the various analyses run in this
study. The paraphyletic nature of Plesiadapiformes implies a fairly high level
of homoplasy in the evolution of the group, as also indicated by the relatively
low CI. The structure of this tree implies that some unusual features, such as
an I' with an apical division, evolved more than once. Although most of the
clearest evidence of homoplasy rests with the dental data partition, this effect
turns out to be a product of effective sample size (Silcox, 2001).

Three families were also not found to be monophyletic-Purgatoriidae,
Palaechthonidae, and Toliapinidae sensu Hooker et al., 1999. The former two
taxa appear to be generally primitive, paraphyletic clusters. Toliapinidae can
be rendered monophyletic if Berruvius is transterred back to the
Microsyopidae (where it had generally been considered to reside until
Hooker et al., 1999; see Gunnell, 1989; Russell, 1981).

Taxonomic Implications of the Current Analysis

In light of these results the issue of whether or not to include plesiadapiforms
becomes one entirely of taxonomic philosophy. If one wishes to emphasize
adaptive cohesiveness there is no question that the euprimate clade is more
adaptively cohesive than any grouping that includes plesiadapiforms. The
common ancestor at the euprimate node can be reconstructed as possessing a
long list of newly derived characters which, together, seem to be associated
with improvements to the visual system (reduced snout; complete postorbital
bar; large optic foramina) and modifications of the postcranial skeleton for
leaping (third trochanter at the same level as the lesser trochanter; deep dis-
tal femur; long astragalar neck; humerofemoral index less than 70; distal cal-
caneus clongate; lateral side of the femoral trochlea more anteriorly
projecting than the medial side). The plesiadapiform + euprimate node is
largely supported by dental features that are less easily interpreted as a func-
tional complex (e.g., postprotocingulum present on P,, enlarged M,
hypoconulid )—this is hardly surprising, however, in light of the fact that the
basal-most plesiadapiforms are known only from teeth. A crown-clade
approach would also exclude plesiadapiforms from Primates, since all plesi-
adapiforms appear to lie outside of the clade that would include modern
Primates (although no modern Primates were actually included in the list of
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taxa studied). An apomorphy-based approach would include or exclude ple-
siadapiforms depending on which feature was chosen. As the only character
that has been identified as being unique to Primates (Wible and Covert,
1987), the presence of a petrosal bulla is likely the only choice that could
hope to garner a consensus as such a key “indicator apomorphy”. In spite of
this, the petrosal bulla is a manifestly impractical choice. First, we do not yet
know exactly how a petrosal bulla was acquired, but it seems unlikely that it
appeared in an evolutionary instant. Wible and Covert (1987), for example,
highlight similarities in scandentians and modern Primates in the expansion
of part of the petrosal, the tegmen tympani, which might indicate part of the
pathway leading from a nonpetrosal bulla to one formed exclusively by this
bone. Specifying just “presence of a petrosal bulla” as the indicator apomor-
phy has the potential, therefore, to open up questions about how much of a
petrosal bulla is adequate, particularly if fossils representing intermediate
stages do become available. Second, and more importantly, it has been
pointed out that it is impossible to demonstrate conclusively whether a fossil
has a petrosal bulla. The morphology of both Plesiadapis (Russell, 1959,
1964; Silcox, 2001; Szalay, 1972; Szalay et al., 1987) and Carpolestes (Bloch
and Silcox, 2003, 2006; Silcox, 2001) is consistent with the presence of a pet-
rosal bulla. As MacPhee et al. (1983; see also Beard and MacPhee, 1994;
MacPhee and Cartmill, 1986) point out, however, this identification cannot
be confirmed without developmental evidence, which will likely never be
available for these taxa. A character that cannot be confidently identified in
the taxa of greatest interest and dispute is singularly inappropriate as a delim-
iter for a taxonomic group. It is unlikely, however, that any other single char-
acter would be supported as a “key apomorphy” for Primates, making this
approach generally impractical for delimiting the order.

In any case, none of these options are informative about how plesiadapi-
forms should be classified if they are not to be considered Primates. One option
is to place plesiadapiforms in a wastebasket Insectivora. Cartmill (1972, 1974,
1992) has advocated this approach in the past, in spite of dental (Gidley, 1923;
Simpson, 1935a), cranial (Russell, 1959, 1964 ) and postcranial (Russell, 1964;
Szalay et al., 1975) features that were already well known at that time to be
shared by plesiadapiforms and Primates, and that are missing in insectivorans.
The end result of this re-classification might make Primates easier to define, but
makes Insectivora a meaningless, polyphyletic assemblage. This also ignores the
fact that Insectivora is not, in fact, “available” to be a wastebasket for taxa that
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anthropologists do not want to deal with. The makeup and evolutionary rela-
tionships of forms traditionally included in Insectivora (more properly
Lipotyphla) are a subject of very intense current debate. This debate has been
stirred up by molecular discoveries (e.g., Stanhope et al., 1998), which suggest
multiple origins of Insectivora, and their apparent conflict with morphological
data (e.g., Asher, 1999). If one’s only goal is to provide a clear definition of
Primates these debates may seem irrelevant—what an insectivore is, and who
they are related to, becomes an unimportant question. However, if the order is
to be understood in the broader context of mammalian evolution, these debates
are vitally important. A common finding of molecular results is that primates
are part of a clade with dermopterans and scandentians (Euarchonta; Liu and
Miyamoto, 1999; Liu et al., 2001; Pumo et al., 1998; Waddell et al., 1999) that
may be closely related to Glires (rodents + rabbits) and only very distantly
related to any traditional insectivorans (Waddell et al., 1999; Murphy et al.,
2001a,b; Madsen et al., 2001; Springer et al., 2006). As such, Insectivora
would be an entirely unsuitable place to put taxa that are closely related to mod-
ern primates (or dermopterans).

Also, we cannot simply ignore or dump into a wastebasket taxon those
forms that do not already display all the features present in extant groups, ren-
dering them by implication unimportant to questions of primate evolution. It
is these forms that will be most crucial, in fact, in helping us understand which
unusual euprimate features did actually arise as part of a particular adaptive
complex. Recent discoveries highlight this fact. It is now clear from novel dis-
coveries of plesiadapiform postcranial material that most of the features asso-
ciated with grasping predate the common ancestor of modern Primates (Bloch
and Boyer, 2002, 2003 and 2006), and evolved much earlier than characteris-
tics such as convergent orbits or the postorbital bar. As such, any adaptive sce-
nario for the origin of euprimates that links together grasping and visual
features in a single pattern of change must be incorrect, because the evolu-
tionary transitions involved occurred at significantly different points in time.

Another option would be to use Plesiadapiformes (or Proprimates; see
Gingerich, 1989) itself as a separate order. However, the fact that
Plesiadapiformes does not appear to be a monophyletic grouping implies that
it is not possible to classify that cluster as a separate order, unless one is will-
ing to provide a formal taxonomic label for a non-monophyletic group.
I would argue against this approach for two reasons. First, modern taxonomic
practice frowns on the use of non-monophyletic groupings. It is likely that
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any such taxonomy would be subject to rapid revision, or at least derision,
along these lines. Second, and more importantly, dumping these forms into a
different, common wastebasket (Plesiadapiformes or Proprimates rather than
Insectivora) still obfuscates the central point that some plesiadapiforms are
more closely related to euprimates than others. The structure of the tree, in
terms of the branches leading up to the group that is of central interest to
most (Euprimates), is actually very important, since it documents what steps
precede that node and what forms are the best models for the common eupri-
mate ancestor. Failing to recognize this taxonomically by dumping all plesi-
adapiforms into a group together, therefore suggesting that they can be
treated as a unit, would lead to obfuscation of this important point. Although
I think continuing to use “plesiadapiforms” informally is useful, I would not
advocate applying this term as a formal taxonomic label.

Applying a stem-based definition is also problematic. Primates could be
defined as the clade consisting of Euprimates and all organisms that share a
more recent common ancestor with Euprimates than with the common
ancestor of Volitantia + Scandentia. This definition assumes, however, that the
Volitantia + Scandentia clade is well supported, which is really not the case.
Particularly, some of the results of this study suggested that Scandentia might
be the basal-most group in Archonta. This would imply that a common
ancestor of Volitantia and Scandentia not shared with Euprimates never
existed. Also, this possibility means that the stem-based definition suggested
earlier in this article (i.e., the clade consisting of Haplorhini and all organisms
that share a more recent common ancestor with Haplorhini than with
Scandentia) could mandate the inclusion of Volitantia in Primates. I believe
that this would stretch the adaptive boundaries of Primates in a way unac-
ceptable to most. Finally, the assumption of the monophyly of Archonta made
for this analysis does not take into consideration recent molecular results
(e.g., Miyamoto et al., 2000; Pumo et al., 1998; Waddell et al., 1999;) that
suggest chiropterans belong in a clade with carnivores and ungulates, rather
than as part of a monophyletic Volitantia with dermopterans. In light of these
uncertainties, and although I am generally an advocate of a stem-based
approach to delimiting groups, it appears to be an impractical approach for
Primates at the current time.

I suggest that a node-based approach is the most appropriate here. If
Primates is defined as the clade stemming from the most recent common ances-
tor of Purgatorius and Euprimates (or Haplorhini, etc.), we have a solution that
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provides a satisfactory and historically consistent ordinal designation for both
plesiadapiforms and Euprimates. What is more, because Purgatorius is a very
primitive form, most future discoveries of euprimate stem taxa or plesiadapi-
forms will be easily accommodated in this definition. As such, this is essen-
tially equivalent to a stem-based definition, while avoiding the problems
created by uncertainty over the relationships of the rest of Archonta (or
Euarchonta). This definition does not rely on any characters that cannot be
assessed in fossils (e.g., the petrosal bulla), and avoids the defeatist and short-
sighted approach that dumps all difficult to classify fossils into a meaningless
wastebasket taxon.

PRIMATE TAXONOMY AND THE STUDY
OF EUPRIMATE ORIGINS

How does this debate over where to draw the primate—nonprimate boundary
relate to the study of primate origins? For most workers a key issue is the iden-
tification of those taxa that are important to elucidating the evolutionary rela-
tionships of unquestionable Primates (i.e., Euprimates), independent of
taxonomy. That is, we need to understand which forms have features that tell
us something about the common ancestor of Euprimates, and which more
primitive taxa might give us clues about the order in which euprimate features
were added through time. Those key taxa are not adapids, omomyids, or
other fossil forms whose inclusion in Primates is not debated, no matter
which definition is employed. Adapids and omomyids exhibit many features
of the cranium, postcranium, and dentition (Silcox, 2001; Szalay et al., 1987,
characters listed at “N” on Figure 5) that clearly demonstrate that they have
already markedly diverged from the primitive archontan stock. As such, these
taxa already postdate all the evolutionary events of interest—that is, the points
at which euprimate features were added to some ancestral non-euprimate
stock. It is necessary to go at least a node down to study euprimate origins,
to forms that give us information on the order, pattern, and adaptive context
in which euprimate characters were acquired—that is, to the “protoeupri-
mates” indicated on Figure 5. According to my results, these “protoeuprimate”
positions are occupied by plesiadapiforms. Therefore, no matter what you call
them, plesiadapiforms are the key taxa to this question. Whether you call
them primates, proprimates, primatomorphs or something else is irrelevant to
that fact.
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“Protoeuprimate 2” “Protoeuprimate 1” Euprimates

N-1

Characters at N = petrosal bulla,
postorbital bar, reduced snout,

nails, postcranial features for

leaping arborealism, low-crowned
molars with bunodont cusps and

broad talonid basins, etc.

Figure 5. Hypothetical cladogram indicating the stepwise acquisition of distinctive
cuprimate features (present at N) through intermediates that possess only some of
these traits (“protoeuprimates”). The author’s analysis would place plesiadapiforms in
the “protoeuprimate” positions, implying that it is these animals that will tell us about
the order in which euprimate traits were acquired. Figure modified from a slide shown
by D. Gebo at the Anthropoid Origins conference (April, 2001).

Having said that, one of the inevitable facts about taxonomy is that it directs
the way that we formulate questions about evolution. If plesiadapiforms are
excluded from the order Primates, studies aiming to consider primate origins
may omit them (e.g., Soligo and Martin, in press). This is particularly true if they
are relegated to some meaningless wastebasket taxon, which carries with it the
implication that they are fundamentally unimportant. This assertion is based in
part on my observation that, with the wide popularity of the view that plesi-
adapiforms and dermopterans are sister taxa, there is a general feeling that plesi-
adapiforms can be safely ignored by anthropologists. This is in spite of the fact
that one of the major proponents of this view, Beard, published a cladogram that
supported a closer relationships between plesiadapiforms + dermopterans and
Primates than between Primates and any other taxon (Beard, 1993a).

A decision on the question of whether or not to include plesiadapiforms in
Primates has real practical implications in terms of the way in which we ask
questions about euprimate origins. Although it is not absolutely necessary to
recognize with taxonomy the fact that plesiadapiforms are the key taxa to the
study of euprimate origins, from a practical viewpoint their classification as
primates ensures the appropriate focus when asking questions about the origins
of the group of central interest to most.
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CONCLUSIONS

Phylogenetic taxonomy has added an extremely useful refinement to the
process of classifying organisms in emphasizing the need to associate taxo-
nomic names with a pattern of relationships, and thus an ancestor, rather than
with lists of mutable characters. When dealing with the fossil record it is
inevitable that the closer to a branching point we get (and therefore to the
answers that we are most interested in), the fewer and more subtle the char-
acters differentiating groups will become. This is why classifications based
only on modern forms work poorly when applied to the > 99% of life on
Earth that has gone extinct (Raup, 1992; Schopt, 1982). Following this
reasoning Primates is defined here according to a node-based approach to
include plesiadapiforms, even though all known plesiadapiforms lack some
features seen in modern Primates. No other classificatory position available
for plesiadapiforms both conforms to modern taxonomic practice (i.e., in
rejecting non-monophyletic groups) and emphasizes their importance as the
key taxa to the study of the sequence of adaptations leading up to the origi-
nation point of Euprimates.

In spite of my enthusiasm for some of the tenets of phylogenetic taxonomy
(i.e., its methods for defining groups), I feel that by aiming to replace the
ranked Linnean system of taxonomy with a rankless system, the Phylocode
has gone too far. For biologists whose central interest is the understanding
and interpretation of evolution, using a ranked system ofters the benefit of
communicating details of the preferred phylogeny that are simply not out-
weighed by the metaphysical stability offered by the Phylocode. Also, histor-
ical stability is a consideration that should not be overlooked. By endeavoring
to start from scratch, the adoption of the Phylocode would lead to a long
period of flux, in which the central goal of taxonomy, communication, will
not be met (Benton, 2000).

The basic premise upon which the Phylocode is based seems to be that we
have, or will have very soon, a complete understanding of the phylogeny of
all organisms. If this were true it would be a relatively simple matter to apply
their guidelines to point at the nodes that we wish to name (Nixon and
Carpenter, 2000, call it the “node-pointing” system to recognize this). In
light of the fact that to date we have likely uncovered only a tiny fraction of
the species that have lived on this planet, and considering the disagreements
that still surround details of the branching pattern of known organisms, such
a view seems extremely naive. The Linnean system, in spite of all its faults,
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offers flexibility in that the taxonomist can make choices about how names
should be applied. Particularly, it the Phylocode were enacted, the term
Primates would have to be established using one of the allowed definition
types, and then registered, before it could be utilized. Once that procedure
was executed, the decision made by whoever performed this conversion
would stand for the rest of time. If this definition were found to be based on
an incorrect cladogram, the meaning of Primates as understood by most
workers could easily come into conflict with the technical definition, which
seems a problematic situation for a system intended first and foremost for
clear communication. Although the end result of the flexibility allowed under
the Linnean system is some lack of consistency, and a good deal of arguing,
this flexibility seems essential in a world where there is so much variation in
what we know for different groups, and in how widely accepted patterns of
relationships are.
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CHAPTER SIX

Jaw-Muscle Function and

the Origin of Primates

Christopher J. Vinyard, Matthew ]. Ravosa,
Susan H. Williams, Christine E. Wall, Kirk
R. Johnson, and William L. Hylander

INTRODUCTION

Anthropologists studying primate chewing have focused on the origins and
evolution of the masticatory apparatus of anthropoids and humans. We know
far less about the functional morphology and evolution of the masticatory
apparatus in the earliest euprimates (e.g., Jablonski, 1986). A more complete
understanding of masticatory apparatus function in the earliest primates
would greatly benefit studies of chewing behavior in both strepsirrhines and
haplorhines. We begin addressing this shortcoming in this chapter by asking,
“To what extent do treeshrews share similar jaw-muscle activity patterns dur-
ing chewing with living primates?” We use the small, nonprimate mammal,
Belanger’s treeshrew (Tupain belangeri), as an extant model of jaw-muscle
activity during chewing, or mastication, in early euprimates. By comparing
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living primates to this treeshrew, we can infer whether the origin of primates
involved significant changes in jaw-muscle activity patterns during chewing.
Because we can make some basic functional links between jaw-muscle activity
patterns and jaw form, our results will aid future interpretations of mastica-
tory apparatus function from jaw form in living and fossil primates.

Functional Morphology of the Primate Masticatory Apparatus

What we know about how primates chew and the relationship between form
and function of their masticatory apparatus comes from three seemingly dis-
parate research agendas. The earliest and hence most enduring efforts have
been made by scientists, dentists, and physicians focused on advancing applied
dentistry and related medical fields (e.g., Ahlgren, 1966; Bennett, 1908;
Carls66, 1952; DuBrul, 1988; Gibbs et al., 1971; Lindblom, 1960; Linden,
1998; Moller, 1966). A second group of researchers have studied the masti-
catory apparatus of humans, other primates, and more rarely nonprimates
with the goal of understanding the evolution of human teeth and jaws (e.g.,
Ashton and Zuckermann, 1954; Biegert, 1956, 1963; Daegling and Grine,
1991; Demes and Creel, 1988; DuBrul, 1977; Gregory, 1920; Jolly, 1970;
Kinzey, 1974; Rak, 1983; Robinson, 1956; Walker, 1981; Weidenreich,
1943; Wolpoft, 1973; Wood, 1981). Finally, a smaller group of researchers
have been working to describe the patterns of variation in masticatory appa-
ratus form and function among nonhuman primates (e.g., Beecher, 1977a,b,
1979; Bouvier, 1986; Daegling, 1989, 1992, 2001; Hylander, 1979a,b,
1988; Hylander et al., 1987, 1998, 2000; Kay, 1975, 1978; Luschei and
Goodwin, 1974; McNamara, 1974; Ravosa, 1991, 1996; Ravosa and
Hylander, 1994; Ross and Hylander, 2000; Smith, 1983; Teaford, 1994;
Vinyard and Ravosa, 1998; Wall, 1999). The goal of many of the researchers
in this third group is to understand the evolutionary history of the primate
masticatory apparatus and how this history relates to the patterning of func-
tional and morphological variation among primates.

We begin this review by briefly describing chewing in mammals. As part of
this description, we provide several definitions frequently used by researchers
studying chewing. We then consider the evidence linking jaw morphology
and mechanical loads, that deform the jaw during chewing. Subsequently, we
discuss the relationship between jaw loading and jaw-muscle activity patterns
and by inference, the links between jaw-muscle activity and jaw form.
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Understanding the associations among jaw loading, jaw-muscle activity and
jaw form is fundamental to reconstructing the functional morphology of the
masticatory apparatus of fossil primates. With this background in hand, we
will then consider the masticatory apparatus in the earliest euprimates and the
role that living treeshrews arguably play in studying its form and function.

Chewing

Chewing is the mechanical processing of foods in the oral cavity prior to swal-
lowing. In mammals, chewing involves cyclic patterns of jaw movement during
which foods are reduced between the opposing upper and lower postcanine
dentition (Hiiemae and Crompton, 1985). A single movement circuit of the
mandible is referred to as a chewing cycle, which can be divided into a closing
stroke, a power stroke, and an opening stroke (Hiiemae, 1978) (Figure 1).
A chewing sequence comprises multiple, sequential chewing cycles. A chewing
sequence frequently will have multiple swallows interspersed among its chewing
cycles. Finally, most mammals typically chew on one side of the jaw at a time.

Food =P
reduction

Gape (mm)

B
Closing Power Opening stroke
stroke stroke

Figure 1. The mammalian chewing cycle is divisible into a closing stroke, a power
stroke, and an opening stroke. In this idealized schematic gape (i.e., the distance
between the upper and lower incisors) is depicted along the y-axis during these dif-
ferent segments of the chewing cycle. The closing stroke begins at maximum gape
(A) Mandibular gape decreases during the closing stroke as the teeth move toward
occlusal contact. The power stroke begins at tooth-tooth or tooth-food-tooth contact
(B) Mechanical reduction of food occurs at this time. Minimum gape also takes place
during the power stroke. The opening stroke begins as the teeth move inferiorly and
out of contact (C) Gape increases during the opening stroke as the jaw opens prior to

the next closing stroke (adapted from Hiiemae, 1976).
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The opening stroke of the chewing cycle begins as the upper and lower
teeth move out of occlusal (tooth-tooth) or tooth—food-tooth contact
(Hiiemae, 1978) (Figure 1). The lower jaw moves away from the upper teeth,
primarily inferiorly, during the opening stroke. After the jaw reaches maximum
opening, the closing stroke begins with the rapid movement of the jaw supe-
riorly and often laterally to align the teeth for the upcoming power stroke. The
closing stroke ends at the commencement of occlusal or tooth—food-tooth
contact. The power stroke begins at this contact as the jaw continues to move
superiorly, medially, and often anteriorly, albeit at a slower rate (Hiiemae,
1978). Simultaneously, the masticatory apparatus experiences significant loads
as foods are mechanically reduced during the power stroke (Hylander and
Crompton, 1980, 1986). The next opening stroke begins when occlusal or
tooth—food—tooth contact is lost. The extent of jaw movement and the mag-
nitude of jaw loads in a chewing cycle are influenced by the structural and
mechanical properties of the food, as well as the relative position of the chew-
ing cycle in a chewing sequence (e.g., Agrawal et al., 1998; Chew et al., 1988;
Fish and Mendel, 1982; Hiiemae, 1978; Hylander, 1979a; Luschei and
Goodwin, 1974; Oron and Crompton, 1985; Thexton et al., 1980).

Masticatory apparvatus form and jaw loads during chewing

We begin this section by stating our basic assumption that a significant com-
ponent of the variation in mammalian jaw morphology is functionally related
to differences in chewing behavior. This is not to say that all of the morpho-
logical variation in the masticatory apparatus is related to functional differ-
ences in chewing behaviors, but rather that some measurable component is.
This explains our quantifying specific, mechanical aspects of chewing in order
to correlate functional variation with morphological variation. Both forces
and movements during chewing likely impact masticatory apparatus form, but
in this chapter, we concentrate on jaw-muscle forces that occur primarily dur-
ing the power stroke of mastication.

Numerous studies of primates, including 7z vivo and comparative mor-
phological analyses point to an association between masticatory apparatus
form on the one hand and jaw movements and forces during chewing on the
other (e.g., Bouvier, 1986; Bouvier and Hylander, 1981; Daegling, 1992;
Hylander, 1979a,b, 1984, 1988; Hylander et al., 1987, 1998, 2000; Kay,
1975, 1978; Ravosa, 1991, 1992; Ravosa et al., 2000; Strait, 1993; Taylor,
2002; Teaford and Walker, 1984; Vinyard and Ravosa, 1998; Wall, 1999).
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Researchers, however, continue to discuss the strength of this relationship
within and among primate species (Daegling, 2002; Daegling and McGraw,
2001; Hylander, 1979b; Smith, 1983, 1984; Wood, 1994). Undoubtedly,
the morphology of an individual primate’s masticatory apparatus reflects the
influence of numerous behaviors that have nothing to do with chewing (e.g.,
anterior-tooth biting, display, or ingestion). Given what we know about the
relationship between masticatory apparatus form and function, however, we
anticipate that the functional role played by the masticatory apparatus during
chewing does aftfect its form. Furthermore, we expect that these influences
may be most easily discerned via interspecific comparisons of higher order
groups of primates that differ in specific aspects of their chewing behaviors.

In vivo analyses of facial bone strains duving mastication. Researchers pos-
sess several ways to study the functional morphology of the primate mastica-
tory apparatus. It turns out that one of the most productive approaches for
understanding masticatory forces is to attach strain gages directly to the facial
bones of living animals and record their deformation or strain during chew-
ing (Daegling and Hylander, 2000; Hylander, 1979a, 1985). This approach
provides data showing how jaws are stressed or deformed during chewing.!
For the mandible, these analyses have focused on the mandibular condyle,
corpus, and symphysis—three regions of the jaw which experience significant
internal forces, or internal loads, during chewing.? We define the phrase “sig-
nificant loads” relative to an empirical observation that homotypic locations
on load-bearing elements experience relatively similar strain magnitudes, as
large as 1000-3000 pe, during habitual loading across vertebrates of diftfer-
ent body sizes and shapes (e.g., Biewener, 1982, 1989, 1990; Lanyon and
Rubin, 1985; Rubin and Lanyon, 1984; Rubin et al., 1992, 1994).

The mandibular condyles on both the working side (chewing side) and bal-
ancing side (nonchewing side) of the jaw are typically loaded in compression

! When an external force is applied to a structure, the structure deforms as it resists this force. This defor-
mation, or internal force, is measured by the stress created within the structure, while the displacement
created within the structure is measured Dy its strain. Stress (a) is defined as force per unit area and is gen-
erally expressed in Newtons (N) per meter or Pascals (N/m). Strain (e) is a dimensionless unit measuring
the amount of displacement or change in length (AL) divided by the original length (L) of a structure
(AL/L). Strain is often expressed in microstrain (fe) or 1x10° mm/mm, (see ¢.g., Beer and Johnston,
1977, Biewener, 1992).

2 Hylander and Johnson (1997) also demonstrated that the anterior portion of the zygomatic arch in
macaques experiences significant strains during chewing. However, we are not discussing this region
because there has not been a systematic analysis of zygomatic arch morphology among primates.
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during the power stroke of mastication (Boyd et al., 1990; Brehnan et al.,
1981; Hylander, 1979¢; Hylander and Bays, 1979). The best way to resist a
compressive force at the condyle is to increase the area of the articular surface
resisting the load simply because stress is a function of a force per unit area
(Bouvier, 1986a,b; Herring, 1985; Hylander, 1979b; Smith et al., 1983;
Vinyard, 1999; Wall, 1999).

The working-side mandibular corpus in the molar region is sheared
dorsoventrally: twisted about its long axis and bent in parasagittal and trans-
verse planes during the power stroke (Hylander, 1979a; Hylander et al.,
1987). Twisting of the corpus about its long axis appears to create the largest
stresses on the working side of the jaw during mastication (Dechow and
Hylander, 2000; Hylander, 1988). Generally, the most effective solution for
resisting twisting loads is to increase the mediolateral width of the mandibu-
lar corpus (Daegling, 1992; Hylander, 1979a,b, 1988; Ravosa, 1991, 1996;
Ravosa and Hylander, 1994).

On the balancing side, the mandibular corpus in the molar region is
sheared dorsoventrally: twisted about its long axis and bent in a parasagittal
plane during chewing (Hylander, 1979a). Parasagittal bending appears to
create the largest loads along the balancing-side corpus during chewing
(Hylander, 1988). The most effective way of providing greater resistance to
parasagittal bending moments is to increase the vertical depth of the corpus
(Daegling, 1992; Hylander, 1979a,b, 1988; Ravosa, 1991, 1996; Ravosa and
Hylander, 1994).

The primate mandibular symphysis during chewing routinely experiences
dorsoventral (DV) shearing, bending in a coronal plane and in some species lat-
eral transverse bending, or wishboning (Hylander, 1984, 1985). In species that
routinely wishbone their symphyses, this loading regime arguably generates
the largest stresses, or internal forces, at the symphysis (Hylander, 1984, 1985,
1988; Hylander et al., 1998). Fusing the left and right halves of the mandible
strengthens the symphysis by replacing relatively weaker ligaments with bone
thereby providing increased ability to resist loads. Furthermore, increasing sym-
physeal area also provides greater resistance to DV shearing. Increasing the ver-
tical (or dorsoventral) length of the symphysis offers an efficient means of
providing more resistance to symphyseal bending in a coronal plane, while
increasing the anteroposterior width of the symphysis provides an effective way
of increasing the ability to resist wishboning (Daegling, 1992; Hylander, 1984,
1985, 1988; Ravosa and Hylander, 1994; Ravosa and Simons, 1994).
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The morphological bottom line for resisting these loads is that larger
and/or denser jaws, sometimes larger in a specific direction and other times
larger in magnitude regardless of direction, offer increased resistance ability.
One of the best examples linking jaw form and jaw load-resistance ability in
primates is the comparison of strepsirrhines with mobile, unfused mandibular
symphyses to living anthropoids all with fully ossified symphyses. Hylander
(1979a) and Hylander et al. (1998) demonstrate that greater galagos, a strep-
sirrhine with an unfused symphysis, shows comparable levels of bone strain on
the working side of the mandibular corpus during vigorous chewing as com-
pared to macaques and owl monkeys—two anthropoids with fully fused sym-
physes (Table 1). Galagos, however, have much lower levels of corporal strain
on the balancing side of the jaw during chewing as compared to these two
anthropoids (Table 1). Thus, the ratio of working- to balancing-side (W/B)
corporal strain is much higher in galagos as compared to macaques and owl
monkeys (Table 1). This suggests that galagos, and perhaps all strepsirrhines
with loose, mobile symphyses, recruit relatively less muscle force from the bal-
ancing side of the jaw during chewing when compared to anthropoids with
fused symphyses (Hylander, 1977, 1979a,b; Hylander et al., 1998).

Primate suborder comparisons of jaw functional morphology. These difter-
ences in balancing-side corporal strains between galagos and macaques
prompted a series of morphological analyses comparing jaw shapes between
members of the two primate suborders (Hylander, 1979b; Ravosa, 1991,

Table 1. Comparison of average corporal bone strain and average masseter EMG W /B
ratios in greater galagos, macaques, and owl monkeys during chewing of hard and/or
tough foods

Species Average Average W/B Average Average
Working-side  Balancing-side Corporal W/B ratio W/B ratio
Corporal Shear Corporal Shear strain ratio®” for superficial ~ for deep
Strain (pe)” Strain (pe)” masseter EMG®  masseter EMG*
Galago 1197 216 7.00 2.2 39
Macaque 724 501 1.55 14 1.0
Owl monkey 1061 836 1.28 1.4 1.3

“Data from Hylander et al. (1998). Strain in microstrain (Ue).

"The reported W/B strain ratio is not the ratio of average working- and balancing-side shear strains
reported here, but rather the average of experimental W/B strain ratios reported in Hylander et al.
(1998).

‘Data from Hylander et al. (2000).
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Vinyard, 1999). Given that the higher balancing-side corporal strains in anthro-
poids are likely linked to increased parasagittal bending, anthropoids should
have relatively deeper mandibular corpora. Figure 2A shows that for a given
chewing moment arm length, anthropoids tend to have deeper mandibular cor-
pora than strepsirrhines with unfused symphyses (Hylander, 1979b; Ravosa,
1991). We need to remind the reader that the converse of the earlier statement
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Figure 2. Comparison of load-resistance ability in strepsirrhine and anthropoid
jaws. (A) Plot of /n corporal depth versus the /% chewing moment arm (condyle—M1
distance) in 44 anthropoids and 47 strepsirrhines. Only strepsirrhines with unfused
symphyses are included. Anthropoids are visibly transposed above strepsirrhines for
their corporal depth at a given condyle—M1 length. This transposition suggests that
anthropoids can resist relatively greater amounts of corporal bending for a given
moment arm as compared to strepsirrhines. (B) Plot of /» symphyseal area versus /n
chewing moment arm length for anthropoids and strepsirrhines. Anthropoids are
similarly transposed above strepsirrhines suggesting they have relatively greater load
resistance ability at the symphysis.
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Figure 2. (Continued) (C) Plot of /n condylar area versus /» chewing moment arm
length in anthropoids and strepsirrhines. The transposition of anthropoids above
strepsirrhines again suggests that they have relatively greater ability to resist loads at
the condyle as compared to strepsirrhines. In plots 2a-2c¢, indriids show considerable

overlap with anthropoids. (See Vinyard, 1999 for further information).

is not necessarily equally valid. That is, corporal depth in strepsirrhines may not
be linked to low balancing-side strains. This is true because, if strepsirrhines
have significantly lower balancing-side as compared to working-side strains,
then their corporal form should be related to working-side loads during chew-
ing. Balancing-side strains need to be larger and/or have a different loading
pattern than working-side strains so as to influence corporal form.

If higher balancing-side strains also indicate greater vertically-directed bal-
ancing-side jaw-muscle force recruitment (Hylander, 1977) and hence
greater DV shear at the symphysis, then anthropoids are predicted to have rel-
atively larger symphyseal areas and/or fused symphyses. While it is well
known that living anthropoids have fused symphyses, Figure 2B indicates that
they have also relatively large symphyseal areas for their moment arm length
when compared with strepsirrhines (Ravosa, 1991).3

3 A strong argument has been made that symphyseal fusion in anthropoids is related to resisting
increased transversely, rather than vertically directed forces during chewing (Ravosa and Hylander,
1994; Hylander et al., 2000). Thus, fusion would be related to resisting wishboning rather than DV
shear forces. Similarly, the relatively larger symphyses of anthropoids may reflect further structural but-
tressing to withstand wishboning forces during mastication (Hylander, 1984, 1985; Hylander et al.,
2000; Ravosa and Hylander, 1994). The corporal strain data, however, suggest that strepsirrhines expe-
rience less DV shear than anthropoids, regardless of whether anthropoid symphyseal fusion is directly
related to this loading regime. In other words, it is possible that if the anthropoid symphysis had never
needed to fuse to resist wishboning, then it might have needed to fuse or become larger in area to resist
increased DV shearing forces.
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Finally, greater recruitment of the balancing-side jaw muscles increases
reaction forces at the balancing-side condyle. Thus, anthropoids should have
relatively larger condylar areas than strepsirrhines because of the increased
forces at the balancing-side condyle. (This assumes that anthropoids and
strepsirrhines experience relatively similar working-side condylar stresses.)
Anthropoids do tend to have relatively larger condylar areas than strepsir-
rhines with unfused symphyses for a given chewing moment arm length
(Vinyard, 1999) (Figure 2C). These comparisons collectively show that vari-
ation in jaw loading between the two suborders correlates with variation in
jaw morphology. Arguably, these correlations reflect an underlying link
between jaw stresses during chewing and jaw form among primates.

Jaw loading and jaw-muscle activity patterns duving chewing

Even though #z vive strain gage studies provide unique insights into the stresses
along both sides of the jaw during chewing, they do not offer direct information
on how animals recruit specific jaw muscles. Because the jaw muscles create mas-
ticatory forces and jaw movements during chewing, we need to understand
when the various jaw muscles are active and how strongly they are recruited.
Biologists routinely use electromyography (EMG) to study jaw-muscle activity
patterns during chewing (e.g., Ahlgren, 1966; Moller, 1966; Kallen and Gans,
1972; Luschei and Goodwin, 1974; de Vree and Gans, 1976; Clark et al., 1978;
Hiiemae, 1978; Herring et al., 1979; Gorniak and Gans, 1980; Hannam and
Wood, 1981; Weijs and Dantuma, 1981; Oron and Crompton, 1985; Hylander
et al,, 1987, 2000; de Gueldre and de Vree, 1988). Electromyographic
approaches allow us to identify when these muscles are most active and in some
cases allow us to speculate on the relative amount of muscle force recruited (e.g.,
Basmajian, 1978; Gans et al., 1978; Loeb and Gans, 1986).

The relationship between jaw-muscle EMG and forces duving chewing. One
of the first questions to ask when trying to link masticatory EMG studies to
jaw form is, to what extent are jaw-muscle EMG magnitudes correlated with
forces during chewing? Many researchers have demonstrated a positive corre-
lation between the relative magnitudes of jaw-muscle EMG and submaximal
isometric bite forces (see references in Hylander and Johnson, 1989). In these
static biting situations, the jaw muscles fire under nearly isometric conditions
(i.e., with minimal jaw movement). This means that EMG activity largely
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reflects the production of muscle and reaction forces (bite force and TM]J
reaction forces) instead of some combination of masticatory force and jaw
movements. Hylander and Johnson (1989) demonstrated that the relative
magnitude of masseter EMG 1is highly correlated with the magnitude of
in vivo strains in the zygomatic arch during chewing. This result supports a
previous assertion by Weijs (1980) that relative EMG magnitude can be used
as a relative estimate of muscle force during chewing. In this situation, we
must model maximum force production during the power stroke as a “quasi-
static” event. It appears reasonable to do this because jaw muscles shorten
slowly at this time.

This link between force and jaw-muscle EMG magnitude is important in
theory, but in practical terms we find it extremely difficult to identify an indi-
vidual jaw muscle’s contribution to chewing forces. This difficulty arises
because multiple jaw muscles act both synchronously and asynchronously
during chewing and the magnitude of any one muscle’s EMG interference
pattern is not directly comparable to that of other muscles (Loeb and Gans,
1986). One solution to this problem is to scale an electrode’s EMG magni-
tude during a chewing cycle to the maximum value observed in that same
electrode across all of the other chewing cycles in an experiment and then
compare the ratio of scaled values between the working and balancing side of
a muscle pair (Dessem and Druzinsky, 1992; Hylander et al., 1992, 2000).
This working—balancing (W /B) ratio provides an estimate of the peak activ-
ity of the working-side muscle as compared to its balancing-side counterpart.
We must remember, however, that the peak activities of these two muscles are
not necessarily occurring at the same time.

There is some evidence that the W /B ratio correlates with overall force lev-
cls during chewing. Hylander et al. (1992) found that as masticatory forces
increased, as estimated by zygomatic arch strains, masseter W/B EMG ratios
tend to decrease during chewing in macaques. Thus, on average, larger forces
correlate with lower W/B EMG ratios (Hylander et al., 1992). This suggests
that macaques, and maybe other primates too, often increase force production
during chewing by recruiting relatively greater amounts of balancing-side jaw-
muscle force and thus lowering their W /B ratio. As a cautionary note, Hylander
etal. (1992) point out that this pattern is variable as some animals show no rela-
tionship between zygomatic arch strain levels and W/B EMG ratios.
Furthermore, there is greater variation in W /B ratio with foods that are casier
to chew (i.e., structurally weaker and/or less tough) because an animal can
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recruit the necessary chewing force with many different muscle combinations
(Hylander, 1979a). In conclusion, an association often exists between W,/B
EMG ratios and jaw-muscle forces, but this relationship is not an invariant one.

Suborder comparisons of W/B EMG vatios duving chewing. We can return to
our initial comparison of galagos to macaques and owl monkeys and ask
whether the W/B EMG ratios for the superficial and deep masseters show the
same interspecific pattern as seen in the W/B corporal strain ratios (Table 1).
Like the W/B corporal strain ratios, galagos have higher average masseter
W,/B EMG ratios than macaques and owl monkeys. This suggests that com-
pared to these anthropoids, galagos recruit their balancing-side masseters
relatively less strongly than they do their working-side masseters (Hylander
et al., 2000). The observed similarity between average corporal strain ratios
and masseter EMG ratios provides some evidence linking relative EMG mag-
nitude to force levels and by inference to differences in jaw form between the
two suborders (see Table 1 and Figure 2).

Hylander et al. (2000, 2002) tested two hypotheses linking balancing-side
masseter force and the presence or absence of symphyseal fusion in greater
galagos, ring-tailed lemurs, macaques, baboons and owl monkeys. Greater
galagos, with unfused symphyses, have higher average W/B ratios than the
three anthropoid species for the superficial masseters, while ring-tailed lemurs
are roughly comparable. However, the average superficial masseter W/B
ratios for individual experiments in greater galagos overlap with anthropoid
average W /B ratios across experiments. On the other hand, the deep masseter
W/B ratios are significantly higher in greater galagos and ring-tailed lemurs
as compared to anthropoids. Given the large transverse direction of pull in the
deep masseter, these results support the hypothesis that fusion of the anthro-
poid symphysis relates primarily to transversely-directed forces from the deep
masseter (Hylander et al., 2000, 2002).

We cannot completely rule out the hypothesis linking vertically-directed
forces and symphyseal fusion based solely on masseter EMG if the balancing-
side temporalis is the primary muscle generating DV shear at the symphysis
(Hylander et al., n.d.). The linking of balancing-side temporalis activity to DV
shear follows from the observations that (1) the balancing-side muscles may be
creating most of the balancing-side corporal strain (Hylander, 1977), (2) peak
balancing-side strains in the mandibular corpus occur after working-side
corporal strains (Hylander et al., 1987), and (3) the balancing-side temporalis
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muscle peaks late in the chewing sequence (Hylander and Johnson, 1994;
Weijs, 1994). These observations suggest that a comparison of temporalis
W /B ratios also may be important for evaluating the link between vertically-
directed forces and symphyseal form (Hylander et al., 2005).

The timing of peak EMG activity duving the chewing cycle. Electromygraphic
data also provide information about the timing of jaw-muscle force production
during a chewing cycle. As might be expected, EMG studies have shown that
all mammals do not fire their jaw muscles in the same sequence during chew-
ing (Weijs, 1994). That having been said, several researchers suggest that there
may be a common, primitive firing pattern found in many mammals including
several primates (Gorniak, 1985; Hiiemae, 1978; Langenbach and van Eijden,
2001; Weijs, 1994). Most of the jaw-closing muscles are thought to fire in
three, somewhat distinct, groups in this generalized model. These groups are:
(1) a vertically oriented group of symmetric closers (VSC), (2) Triplet I, and
(3) Triplet II. The VSC group includes the anterior and deep portions of the
temporalis and the zygomaticomandibularis muscles on both the working and
balancing sides. Triplet I muscles include the working-side posterior temporalis,
balancing-side medial pterygoid and balancing-side superficial masseter. Triplet
II muscles include the balancing-side posterior temporalis, working-side medial
pterygoid and working-side superficial masseter. The VSC muscles are said to
fire first in a chewing cycle and are thought to peak during the closing stroke.
Triplet I muscles peak next near the start of the power stroke and Triplet II
muscles peak after Triplet I muscles later during the power stroke (see Hylander
ct al., 2005 and Vinyard et al., 2005 for tests of this model in primates).
Hylander et al. (2000, 2002) also compared the timing of peak EMG activ-
ity of the masseters during chewing in greater galagos, ring-tailed lemurs and
anthropoids. While the working-side superficial masseter acts as part of Triplet
II, the deep masseters vary in their peak activity among species and are not
consistently linked to either Triplet. In fact, previous work demonstrates that
wishboning in the macaque mandibular symphysis largely relates to the activ-
ity of the deep masseter on the balancing side of the jaw (Hylander and
Johnson, 1994; Hylander et al., 1987). Peak activity of the balancing-side
deep masseter occurs late in the power stroke when most of the other jaw mus-
cles, particularly the ones that could counter the laterally-directed pull of the
deep masseter, have already peaked and are rapidly relaxing. To date, all other
nonhominoid anthropoids show this firing pattern for the balancing-side deep
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masseter (Hylander et al., 2000; Vinyard et al., 2001). Greater galagos and
ring-tailed lemurs, both with unfused symphyses, do not routinely exhibit this
late-peak activity of the balancing-side deep masseter (Hylander et al., 2000,
2002). Because of its late peak activity, large transverse component of pull and
significant relative recruitment in anthropoids when compared to the working-
side muscle, the balancing-side deep masseter is considered to be a significant
cause of wishboning of the anthropoid symphysis. These observations led
Hylander et al. (2000, 2002) to hypothesize that symphyseal fusion in anthro-
poids relates to this wishboning-loading regime.

In summary, we can draw some clear links between primate jaw form, inter-
nal jaw forces and jaw-muscle activity patterns during chewing. Such links may
prove particularly useful in comparisons of higher-level primate clades where it
is possible to identify distinct morphological and functional differences among
groups. Admittedly, we cannot presently derive irrefutable causal connections
between masticatory apparatus form and chewing functions. We do, however,
think that it is possible to speculate on the nature of these relationships based
on what we know about the biomechanics of chewing in primates.

Interpretations of the Masticatory Apparatus in the First Primates

The topic of primate origins has a long history of discussion. We will not
review this vast literature. Readers interested in such an appraisal should
direct their attention to both earlier publications and recent reviews that con-
sider the origin of primates in their appropriate historical context (e.g.,
Cartmill, 1974; Cartmill, 1992; Jones, 1917; Kay and Cartmill, 1977; Le
Gros Clark, 1959a,b; Martin, 1993; McKenna, 1966; Smith, 1924; Sussman,
1991; Szalay, 1968). Instead, we will review references to the evolution of the
primate masticatory apparatus during the origin of primates. We will catego-
rize these publications into two hypotheses.

The “no adaptive change” in the masticatory apparatus hypothesis

Many discussions of primate origins offer little or no consideration of the
evolution of the masticatory apparatus. For our purposes, we must argue
from lack of evidence that these authors did not believe that the masticatory
apparatus experienced noteworthy evolutionary changes during the origin of
primates.
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Some authors explicitly argued that the origin of primates did not involve
any major adaptive changes in form (e.g., Cain, 1954; Davis, 1955; Simpson,
1955, Straus, 1949; Zuckerman, 1933; 1961). For example, Simpson (1955:
268) stated that, “the order Primates ... arose by adaptive improvement and
not by any more or less clear-cut single basic adaptation.” He went on to
argue that “the most primitive primates are distinguished only arbitrarily from
primitive Insectivora.” It must be true that as we trace back a stem lineage the
evolutionary changes between reproductively isolated sister groups disappear
making taxonomic distinctions arbitrary. However, Simpson’s view seems to
envision evolution along the euprimate stem lineage as a process of accumu-
lation of unremarkable changes in form that when added together allow us to
designate something as a primate.

Washburn (1950) argued that the origin of primates involved a major
adaptive shift in the form and function of the locomotor skeleton. He suc-
cinctly characterizes this viewpoint:

“The earliest primates were distinguished from other primitive mam-
mals by the use of the hands and feet for grasping.... This basic adapta-
tion has been the foundation of the whole history of primates.... The
origin of primates was primarily a locomotor adaptation.”

(Washburn, 1950: 68)

The unequivocal nature of this statement allows us to reasonably infer that
Washburn did not envision significant changes in the masticatory apparatus
associated with the origin of primates.

These two models of primate origins both predict relatively little evolu-
tionary modification of the masticatory apparatus during the origin of pri-
mates. Thus, we would expect few changes in both the form and function of
the masticatory apparatus between many living primates and other closely-
related mammalian species. Given our intention to focus only on jaw-muscle
activity patterns during chewing in this chapter, this hypothesis predicts sig-
nificant overlap in jaw-muscle activity patterns during chewing in treeshrews
and living primates, particularly strepsirrhines.

The ‘hevbivovous feeding adaptation’ hypothesis. Szalay (1968, 1969, 1972,
1973) argued that the first primates differentiated from an ancestral stock
through feeding adaptations in a burgeoning frugivorous and herbivorous
arboreal niche.
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“It is safe to presume, however, that the various features of the early
prosimian dentition reflect a rather important shift in the nature of the
whole feeding mechanism. Sporadic finds of primate skulls in the early
Tertiary confirm this shift as a change from an insectivorous diet... to a
herbivorous one. This change in diet that concomitantly affected the
feeding mechanism was not an absolute one, as the insectivorous—
carnivorous mode of life of many recent primates of any of the suborders
testifies. Nevertheless, it is only an increasing occupation of feeding on
fruits, leaves and other herbaceous matter that explains the first radiation
of primates.” (Italics added)

(Szalay, 1968:32)

Thus, according to Szalay, the origin of primates primarily involved adap-
tive modification of the masticatory apparatus due to an increased emphasis
on plants as a food source. Despite this claim, no one has attempted a com-
prehensive comparison of masticatory apparatus form, beyond the teeth, or
jaw-muscle activity patterns between primates and closely related nonprimates.

Szalay’s discussion of the morphological changes in this feeding adaptation
focused on the dentition. He noted that the teeth became better adapted for
crushing and grinding. As part of this change, the cusps shortened and
became more bulbous and the trigonid lowered (Szalay, 1968, 1973). He fur-
ther argued that there were adaptive changes in the skull related to this
change in diet. The facial skull shortened, although he also linked this change
to evolutionary modifications of the neural, visual and olfactory systems. The
zygomatic arches broadened and became more robust to allow larger attach-
ment areas for jaw muscles. Finally, the primate masticatory apparatus evolved
more transverse movement capabilities linked to an increased emphasis on
“grinding” and “crushing” during chewing (see also Biegert, 1963; Hiiemae
and Kay, 1972; Kay and Hiiemae, 1974; Szalay, 1968, 1972, 1973).

Szalay is not alone in suggesting that primates are marked by changes in the
form and function of the masticatory apparatus. Harrison et al. (1977: 24)
suggested that “the very origin of the Primates can be attributed, in the final
analysis, to the presence of an arboreal food supply.” Harrison et al. also cite
changes in primate tooth form and function during this shift to a more her-
bivorous diet. Campbell (1974 ) suggested that primates, once freed from the
need for grasping with the anterior teeth, improved chewing efficiency by pos-
terior migration of the jaws. Biegert (1963) suggested that the masticatory
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apparatus became enlarged and specialized for grinding foods throughout pri-
mate evolution. Neither of these last two authors directly specified whether
these changes in skull form occurred during the origin of primates.

An immediate issue with the herbivorous feeding adaptation hypothesis is
that the diets of living primates and the reconstructed diets of extinct primates
broadly overlap with those of closely related nonprimates (e.g., Covert, 1986;
Emmons, 2000; Kay and Cartmill, 1977; Szalay, 1968; Van Valen, 1965).
Szalay (1968, 1975) and Szalay and Delson (1979) acknowledged this over-
lap. We know, however, that the dietary categories commonly used by biolo-
gists, such as frugivory, folivory, insectivory, do not accurately describe the
mechanical properties of the foods being consumed (e.g., Kay, 1975; Kay
et al., 1978; Lucas, 1979; Lucas and Luke, 1984; Lucas and Peter, 2000;
Lucas and Teaford, 1994; Rosenberger, 1992; Rosenberger and Kinzey,
1976; van Roosmalen, 1984; Yamashita, 1996, 1998). Obviously, it is the
foods” mechanical and structural properties that relate to the internal and
external forces during chewing rather than the broad classificatory nature of
the food. Thus, while Kay and Cartmill (1977) correctly point out that simi-
lar dietary categories are found on both sides of the primate boundary, we
cannot be certain that there was not a shift toward harder and/or tougher
foods in these diets. Potential changes in the percentages of insects, fruits and
leaves are particularly relevant to this question. At present, we simply lack this
kind of mechanical information on the diets of living animals and likely can
never collect these data for fossil taxa. Broad dietary overlap, therefore,
cannot reject the spirit of Szalay’s hypothesis suggesting that the first primates
consumed harder and tougher foods. We might, however, expect to see
evidence of these purported changes in mechanical properties of foods in the
load-resistance ability of primate jaws and/or their jaw-muscle activity
patterns in comparison to nonprimate species.

The herbivorous feeding adaptation hypothesis suggests that primates will
have increased their relative force production during chewing, particularly
transverse forces during the power stroke. The morphological implication of
this hypothesis is that primates will have relatively robust jaws in comparison
with closely related nonprimates so as to withstand these relatively larger loads
during chewing. The herbivorous feeding adaptation hypothesis does not
make a specific prediction regarding jaw-muscle recruitment patterns during
chewing. Therefore, we cannot strictly test this hypothesis by comparing jaw-
muscle EMG data from primates and treeshrews. The primary difficulty arises
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from the fact that differences in jaw-muscle activity patterns are not strictly
linked to variation in diets. Based on what we know about 7z vivo jaw-muscle
recruitment in primates, we suggest that this hypothesis would be supported
if primates recruit relatively larger amounts of balancing-side jaw muscle force
during chewing than treeshrews (i.e., primates will have lower W /B ratios).

Treeshrew Feeding Ecology and Jaw Morphology—A Reasonable
Early Primate Model?

Treeshrews represent an enigmatic group of small mammals that have bewil-
dered primatologists for over a century. This confusion persists in part because
of our poor understanding of treeshrew ecology. Emmons (2000) has provided
a much-needed field study of treeshrew behavioral ecology. Emmons (2000)
emphasizes that the ecological diversity among treeshrew species makes it diffi-
cult to summarize the behavioral ecology of the order. Among treeshrews there
are nocturnal and diurnal species, montane- and lowland-living taxa, terrestrial
and arboreal groups as well as a variety of substrate specializations among the dif-
terent species (Emmons, 2000). All treeshrew species eat fruits and insects, but
not necessarily the same ones or in the same proportions (Emmons, 1991,
2000). As early Cenozoic primates are reconstructed to have broadly similar
diets (e.g., Covert, 1986; Strait, 2001), treeshrews maybe useful as a living
model for studying the chewing behaviors of the earliest primates.

We know more about treeshrew morphology as compared to their behavioral
ecology. Several studies have focused on the morphology of the treeshrew mas-
ticatory apparatus, or at least specific parts of it (e.g., Butler, 1980; Fish, 1983;
Gregory, 1910; Hiiemae and Kay, 1973; Kay and Hiiemae, 1974; Le Gros
Clark, 1924, 1925; Mills, 1955, 1963, 1967). Treeshrews are small mammals,
ranging in size from 45 to 350 g. Compared to primates, they have long jaws
for their head size. These longer jaws are linked to their relatively longer snouts.
Butler (1980) describes treeshrew molar teeth as dilambdodont and suggests
that they “have not departed far from the primitive tribosphenic type” (Butler,
1980: 184). Hiiemae and Kay also state that treeshrew molars are well-suited for
vertical shearing as opposed to crushing and grinding (Hiiemae and Kay, 1973;
Kay and Hiiemae, 1974). They add that primate molar evolution is marked by
a shift away from predominantly molar shearing toward an increased emphasis
on crushing and grinding. This supports the argument that treeshrew teeth rep-
resent a reasonable functional model of early primate dentitions.
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We are certainly not the first researchers to utilize treeshrews as a living
functional model of early primates (e.g., Emmons, 2000; Le Gros Clark,
1959a,b; Sargis, 2001; Simpson, 1950, 1965; Tattersall, 1984). Numerous
researchers have adopted treeshrews as a model for primitive primate chewing
(see Biegert, 1956, 1963; Butler, 1980; Fish, 1983; Le Gros Clark, 1927,
1959a; Hiiemae and Kay, 1972, 1973; Jablonski, 1986; Kay and Hiiemae,
1974; Simpson, 1945; Mills, 1955). It certainly is possible, however, that
treeshrews are a poor model for primitive primates (see e.g., Martin, 1990).
We simply assume that treeshrews mimic the feeding behaviors of early pri-
mates, but we can only provide inferential evidence supporting this assump-
tion. As with all such analogies, our use of Tupain belangeri (or any other
living species for that matter) as a functional model for early primate chewing
should be viewed with caution.

Cineradiographic studies have documented complex jaw movements dur-
ing chewing in Tupaia glis (Fish and Mendel, 1982; Hiiemae and Kay, 1973;
Kay and Hiiemae, 1974). Three aspects of treeshrew jaw morphology may
explain this capacity for complex jaw movements.

First, they have highly mobile, unfused mandibular symphyses that facil-
itate independent movement of the two hemimandibles during chewing
(Fish, 1983, Fish and Mendel, 1982; Hiiemae and Kay, 1973; Kay and
Hiiemae, 1974). Second, the morphology of their temporomandibular joint
allows a range of complex jaw movements (Fish, 1983). Finally, the position
and orientation of treeshrew jaw muscles facilitate mandibular movements in
multiple directions (Fish, 1983).

We know very little about jaw-muscle activity patterns and force produc-
tion during chewing in treeshrews. There also has been little comparative
morphometric work examining the functional morphology of treeshrew jaws.
Our goal here is to begin addressing these shortcomings by characterizing
jaw-muscle activity patterns during chewing in treeshrews.

MATERIALS AND METHODS
Jaw-Muscle Electromyography
Subjects

We recorded jaw-muscle EMG patterns during chewing in five Belanger’s
treeshrews (Tupaia belangeri). All subjects were healthy adult males that
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weighed between 150 and 250 g. We habituated individuals to accepting
food prior to recording EMG data. Our goal was to record EMG data from
each treeshrew during three separate experiments. However, for reasons unre-
lated to our work, treeshrew 1 was available for only one experiment.

Electrodes and their placement

We placed fine-wire, bipolar indwelling electrodes in the left and right super-
ficial and deep masseter muscles as well as the anterior and posterior portions
of the left and right temporalis muscles (Figure 3). Prior to inserting elec-
trodes, we sedated each treeshrew with ketamine (dosage: 40-50 mg,/kg) and

Anterior

Posterior temporalis
temporalis 1cm

Deep
masseter

Superficial
masseter

Figure 3. Lateral view of a treeshrew skull and jaw muscles. The dots depict the
approximate placement of EMG electrodes in this study. In the inset, we have removed
the superficial masseter in order to show the morphology of the treeshrew deep mas-
seter. We inserted the deep masseter electrode by pushing the elect