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PREFACE

Xi

when Robert Harrington, then the science editor for the Johns Hopkins Uni-
versity Press, invited me to write a book on fossil mammals. The need for such
a book became apparent from a graduate seminar in mammalian evolution I have
taught over the past 20 years at the Johns Hopkins University. While we have wit-
nessed the primary literature in the field increase at an astonishing pace, it became
evident that there was a real dearth of general books on the subject. Except for Sav-
age and Long’s (1986) Mammal Evolution (which is now outdated and gave only a super-
ficial account of many Paleogene groups), there was no available book that syn-
thesized basic data on the extant mammals together with a survey of the rapidly
improving mammalian fossil record to provide an overview of mammalian evolu-
tion. The Beginning of the Age of Mammals is intended to help fill this void by present-
ing an in-depth account of current knowledge about mammalian evolution in the
Early Cenozoic. It is designed to provide both graduate and undergraduate students
with a comprehensive summary of the diversity and rich history of mammals,
focusing on the early radiations of living clades and their archaic contemporaries. I
hope it may serve as a useful reference for professionals as well.
This is a book about fossils. The focus is on the anatomy preserved in the fossil
record, and what it implies about relationships, phylogeny, evolution, behavior, paleo-

THIS BOOK IS THE OUTCOME of a decade-long project that began

ecology, and related issues. Other topics, such as geology, paleoflora, climate, and
molecular systematics are discussed where they are pertinent, but they are subsidiary
to the principal objective, which is to summarize the mammalian fossil record. I have
chosen to concentrate on the Early Cenozoic part of that record not just because that
is my personal interest, but also because it is the most critical part of the fossil record
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with regard to the origin and early adaptive radiations of al-
most all the major clades of extant mammals. Furthermore,
substantial recent advances in our knowledge of mammals
during this pivotal interval make this summary timely.

I have endeavored to survey the literature through the
end of 2004 and have added a few particularly pertinent
references that are more recent, in order to furnish a review
of all higher taxa of Paleocene and Eocene mammals that
is as current as possible. Treatment of different groups is un-
avoidably uneven, a reflection of multiple factors, including
the Early Cenozoic diversity of particular groups, the inter-
estlevel they have generated, and the intensity at which they
have been studied, especially recently. Judgments had to be
made as to what was significant enough to be included in a
review of this sort and where to include more detail. I hope
there have not been serious omissions. I have borrowed
liberally from the classification and range data presented by
McKenna and Bell (1997, 2002) and have benefited greatly
from their vast experience. Although I'have not always agreed
with their arrangement (and have noted in the text where
modifications were necessary), their monumental compila-
tion provided the essential framework, without which this
book would have been far more difficult to achieve.

One of the most important aspects of this kind of book
is the quality and scope of illustrations. Rather than prepare
new figures or redraw existing ones in an attempt at uni-
formity, I opted to reproduce the best available illustrations
of a wide diversity of fossil mammals. The drawback of this
approach is that multiple styles of illustration are often com-
bined in the same composite figure. However, I believe the
benefit of using original illustrations significantly outweighs
the aesthetic of redrawing them all in the same style, with its
inherent risk of introducing inaccuracies. For ease of com-
parison, I have taken liberties in sizing and reversing many
images, with apologies to the original artists for anomalies
of lighting that may result. I have tried to illustrate at least

one member of each Early Cenozoic family (except a few
obscure families, and some families of the highly diverse
artiodactyls and rodents). Figures were selected to give
readers an impression of the diversity of fossil mammals,
the state of the evidence, and the most important specimens
or taxa.

Throughout the book, my goal has been not just to pre-
sent current interpretations of the mammalian fossil record
but also to highlight the quality of the evidence and analy-
ses on which these inferences are based. I have tried to indi-
cate where the data are particularly sound and convincing, as
well as where the evidence is more tenuous or ambiguous.
The latter examples should be especially fruitful areas for
further research.

I hope that I have been able to impart some of my en-
thusiasm for mammalian paleontology, and to demonstrate
that fossils are not just curiosities but are the key to under-
standing the extraordinary history of life. George Gaylord
Simpson perhaps best captured the allure of paleontology in
his classic Attending Marvels, recounting his 1930-1931 Scar-
ritt Expedition to Patagonia in search of fossil mammals
(Simpson, 1965: 82):

Fossil hunting is far the most fascinating of all sports. I speak for
myself, although I do not see how any true sportsman could fail
to agree with me if he had tried bone digging. It has some dan-
ger, enough to give it zest and probably about as much as in the
average modern engineered big-game hunt, and the danger is
wholly to the hunter. It has uncertainty and excitement and all
the thrills of gambling with none of its vicious features. The
hunter never knows what his bag may be, perhaps nothing, per-
haps a creature never before seen by human eyes. Over the next
hill may lie a great discovery! It requires knowledge, skill, and
some degree of hardihood. And its results are so much more
important, more worth while, and more enduring than those
of any other sport! The fossil hunter does not kill; he resurrects.
And the result of his sport is to add to the sum of human pleas-
ure and to the treasures of human knowledge.
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Introduction

They occupy every major habitat from the equator to the poles, on land, un-

derground, in the trees, in the air, and in both fresh and marine waters. They
have invaded diverse locomotor and dietary niches, and range in size from no larger
than a bumblebee (the bumblebee bat Craseonycteris: body length 3 cm, weight 2 g)
to the largest animal that ever evolved (the blue whale Balaenoptera: body length
30 m, weight > 100,000 kg). Just over a decade ago, the principal references recog-
nized 4,327 or 4,629 extant mammal species in 21-26 orders (Corbet and Hill, 1991;
Wilson and Reeder, 1993), the discrepancy mainly in marsupial orders. The most
recent account now recognizes 29 orders of living mammals (the increase mainly re-
flecting the breakup of Insectivora), with more than 5,400 species in 1,229 genera
(Wilson and Reeder, 2005). But many times those numbers of genera and species are
extinct. Indeed, McKenna and Bell (1997) recognized more than 4,000 extinct mam-
mal genera, many of which belong to remarkable clades that left no living descen-
dants. The great majority of extinct taxa are from the Cenozoic, the last one-third of
mammalian history. What were these extinct forms like? What made them successful,
and what led to their eventual demise? How were they related to extant mammals?
When, where, and how did the ancestors of modern mammals evolve, and what fac-
tors contributed to the survival of their clades?

This book addresses those questions by focusing on the mammalian radiation
during the Paleocene and Eocene epochs, essentially the first half of the Cenozoic
Era. Although this radiation has attracted far less popular interest than that of dino-
saurs, it was a pivotal interval in the history of vertebrates, which set the stage for

M AMMALS ARE AMONG THE MOST successful animals on earth.
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the present-day mammalian fauna, as well as our own evo-
lution. Atits start, the end of the Cretaceous Period, the last
nonavian dinosaurs disappeared, leaving a vast, uninhabited
ecospace. Mammals quickly moved in, partitioning this
landscape in new ways. They were not, however, the first
mammals.

Mammals evolved from their synapsid ancestors around
the end of the Triassic Period, more than 200 million years
ago, and coexisted with dinosaurs, other archosaurs, and
various reptiles (among other creatures) for at least 140 mil-
lion years during the Mesozoic Era. But during that first two-
thirds of mammalian history, innovation was seemingly
stifled—at least, in comparison to what followed in the early
Cenozoic. Itis fair to say that mammals survived during the
Mesozoic but, with a few notable exceptions, rarely flour-
ished. The biggest mammals during that era were little
larger than a beaver, and only a few reached that size. Most
Mesozoic mammals were relatively generalized compared
to the mammals that evolved within the first 10-15 million
years of the Cenozoic—although recent discoveries hint
at greater diversity than was previously known. Kielan-
Jaworowska et al. (2004) present a thorough, current ac-
count of mammalian evolution during the Mesozoic.

Like most clades, mammals were severely affected by the
terminal Cretaceous mass extinctions. Most Mesozoic mam-
mal radiations became extinct without issue. Indeed, two-
thirds of the 35 families of Late Cretaceous mammals listed
by McKenna and Bell (1997) disappeared at the end of the
Cretaceous. In the northern Western Interior of North
America, mammalian extinctions were even more severe,
affecting 80-90% of lineages (Clemens, 2002). A small
number of clades crossed the Cretaceous/Tertiary (K/T)
boundary, most notably, several lineages of multitubercu-
lates, eutherians, and marsupials; the latter two groups
quickly dominated the vertebrate fauna on land. (Multi-
tuberculates are an extinct group of small, herbivorous
mammals that were the most successful Mesozoic mam-
mals; see Chapter 4.) Those few lineages that survived the
K/T extinctions are the mammals that ultimately gave rise
to the diversity of Cenozoic mammals.

It is notable that all three of these groups had existed for
at least as long before the K/ T boundary as after it, yet the
fossil evidence suggests that only the multituberculates ra-
diated widely during the Mesozoic. The Mesozoic was the
heyday of multituberculates. They shared the Earth with
dinosaurs for 90 million years or more, becoming diverse
and abundant in many northern faunas, only to be out-
competed by other mammals before the end of the Eocene.
Even those other mammals—metatherians and eutherians
(often grouped as therians, or crown therians)—had diverged
from a common stem by 125 million years ago. But this
divergence occurred well after the multituberculate radia-
tion was under way. Perhaps competition from multituber-
culates and other archaic mammals—as well as archosaurs—
prevented metatherians and eutherians from undergoing
major adaptive radiations during the Mesozoic. Whatever

the reason, during the Cretaceous, these groups failed to
attain anything close to the morphological or taxonomic
diversity they would achieve in the first 10-15 million years
of the Cenozoic.

THE EARLY CENOZOIC
MAMMALIAN RADIATION

The fossil record documents an extensive and rapid—
often described as “explosive”—adaptive radiation of mam-
mals during the first third of the Cenozoic, characterized by
a dramatic increase in diversity of therian mammals soon
after the mass extinctions at the end of the Cretaceous (e.g.,
McKenna and Bell, 1997; Alroy, 1999; Novacek, 1999; Archi-
bald and Deutschman, 2001). Nearly all of the modern mam-
mal orders, as well as many extinct orders, first appear in the
fossil record during this interval (Rose and Archibald, 2005).
This era was the “Beginning of the Age of Mammals™ al-
luded to by Simpson (1937c, 1948, 1967).

The adaptive radiation was particularly intense soon af-
ter the final extinction of nonavian dinosaurs at the K/T
boundary. In the famous Hell Creek section of Montana,
for instance, Archibald (1983) found that diversity increased
from an average of about 20 mammal species immediately
following the K/T boundary to 33 species within the first
half-million years, 47 after 1 million years, and 70 after 2-3
million years. For the same intervals, the number of genera
rose from about 14 to 30, then 36, and finally 52. Although
some of these numbers could be inflated as a result of re-
working (discovered subsequent to Archibald’s analysis),
the overall pattern was upheld in a more recent study by
Clemens (2002), who reported that 70% of early Puercan
mammals of Montana were alien species new to the north-
ern Western Interior of North America. Similarly, Lille-
graven and Eberle (1999) observed a significant mammalian
radiation, particularly involving condylarths, at the begin-
ning of the Cenozoic (after the disappearance of nonavian
dinosaurs) in the Hanna Basin of southern Wyoming. Only
nine mammal species, including just two eutherians, were
present in uppermost Cretaceous strata. By contrast, 35
species (75% of them eutherians), almost all presumed im-
migrants, were recorded from the earliest Paleocene. They
further reported that “major experimentations in dental
morphology and increasing ranges of body sizes had devel-
oped within 400,000 years of the [K/T] boundary” (Lille-
graven and Eberle, 1999: 691).

Based on ranges provided by McKenna and Bell (1997),
52 families of mammals are known worldwide from the early
Paleocene, but only eight of them continued from the Late
Cretaceous—more than 80% were new (Fig. 1.1). Only five
therian families are known to have crossed the K/T bound-
ary, two of which are present in late Paleocene or Eocene
sediments but have not yet been found in the early Paleo-
cene. Ona more local level, Lofgren (1995) reported that the
survival rate of mammalian species across the K/T bound-
ary in the Hell Creek area of Montana was only about 10%.



Thus there appears to have been a sharp decline in mam-
malian diversity at the end of the Cretaceous, followed by a
fairly rapid rise in diversity soon after the K/'T boundary.

Although the geographic source of many of the new-
comers is uncertain, it is important to note that many early
Paleocene metatherians and eutherians can plausibly be
derived either from other early Paleocene forms or from
known Late Cretaceous therian families (including some
that did not cross the boundary). For these mammals, it is
not necessary to postulate long periods of unrecorded evo-
lution. But it is questionable whether all the diversity that
emerged in the Paleocene can be traced to the small num-
ber of lineages that we know crossed the K/T boundary.
Could the alien species of the northern Western Interior rep-
resent clades that were evolving in areas that have not been
sampled? And if so, could these clades have existed for a sub-
stantial period during the Mesozoic? The answers to these
questions are unknown. However, as shown in Fig. 1.1, the
fossil record documents that family-level diversity continued
to increase through the middle Eocene, then declined some-
what into the early Oligocene, after which it rose again to
an all-time high in the middle Miocene (a standing diversity
of 162 families). Notably, up to the middle Eocene, the num-
ber of new families equaled or exceeded the number that
continued from the previous interval.

The present volume is an attempt to summarize cur-
rent knowledge of the record of this extensive Paleocene-
Eocene radiation and the roles of mammals in the world of
the Early Cenozoic, which are essential for understanding
the structure and composition of present-day ecosystems.
This volume focuses on the fossil evidence of these early
mammals and what their anatomy indicates about inter-
relationships, evolution, and ways of life. First it is neces-
sary, however, to touch on several issues that affect the in-
terpretation of that record. These include the timing of the
radiation, how phylogenetic relationships are established, the

Introduction 3

Fig. 1.1. Family diversity of mammals
from the Cretaceous to the present.
Bars indicate the number of families
recorded from each interval; the shaded
portion denotes the number of those
families also present in the immediately
preceding interval. Key: Cret., Cretaceous;
E, early; L, late; M, middle; Olig.,
Oligocene; Pal., Paleocene; Plei.,
Pleistocene; Plio., Pliocene, R., Recent.
(Compiled from McKenna and Bell,
1997, with minor modifications.)

interrelationships and classification of mammals, and the
chronologic framework of the Early Cenozoic.

TIMING OF THE
CROWN-THERIAN RADIATION

The question of when the therian radiation took place
is a contentious issue, whose answer depends on the kind of
data employed—paleontological (morphological) or molec-
ular. There are three principal models of the timing of ori-
gin and diversification of placental mammals (Archibald
and Deutschman, 2001), which also apply generally to the
therian radiation (Fig. 1.2):

1. The explosive model, in which mammalian orders both
originated and diversified in a short period of about
10 million years after the K/'T boundary (see also
Alroy, 1999; Benton, 1999; Foote et al., 1999);

2. The long-fuse model, in which mammalian intraordinal
diversification was mostly post-Cretaceous, but inter-
ordinal divergence took place in the Cretaceous, when
stem taxa of the orders existed (Douady and Douzery,
2003; Springer et al., 2003); and

3. The short-fuse model, in which ordinal origin and diver-
sification occurred well back in the Cretaceous (e.g.,
Springer, 1997; Kumar and Hedges, 1998).

Paleontological evidence generally supports either the ex-
plosive model or the long-fuse model, whereas molecular
evidence generally supports the short-fuse model.

Let us consider the molecular evidence first. Although
this book is about the fossil record, the impact of recent mo-
lecular studies on our understanding of mammalian inter-
relationships and divergence times has been substantial and
cannot be ignored. It is chiefly molecular evidence (genetic
distance, as measured by differences in nucleotide sequences
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Late Cenozoic
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Fig. 1.2. Models of the eutherian mammalian radiation: (A) explosive; (B) long
fuse; (C) short fuse. Key: E, Eutheria; e, eutherian stem taxon; io, stem taxon
to more than one ordinal crown group; o, ordinal stem taxon; P, Placentalia;
X,Y,Z, placental orders. (From Archibald and Deutschman, 2001).

of mitochondrial and nuclear genes) that has been used to
suggest that many therian mammal orders originated and
diversified during the Cretaceous, some of them more than
100 million years ago (e.g., Hedges et al., 1996; Springer,
1997; Kumar and Hedges, 1998; Easteal, 1999; Adkins et al.,
2003). According to this hypothesis, it was the break-up
of land masses, not invasion of vacated niches following
K/T extinctions, that accounts for the mammalian radia-
tion (Hedges et al., 1996; Eizirik et al., 2001). Other recent
molecular studies, however, have produced later divergence
times, much closer to the K/ T boundary or even early in the
Cenozoic, which are more consistent with the fossil record
(Table 1.1; Huchon et al., 2002; Springer et al., 2003).

It is often claimed that molecular evidence is more reli-
able (if not infallible) for assessing divergence times and re-
lationships than is the fossil record, leading some molecular
systematists to dismiss fossil evidence entirely. But discor-
dant divergence estimates in different studies—and their vari-
ance with the fossil record or with anatomical evidence—
raise questions about their dependability. The literature
contains many examples of molecular divergence times and
phylogenetic conclusions that have subsequently been dis-
credited. Discrepancies in divergence estimates may result
from various factors, including the choice of molecular
sequences and taxa used, calibration dates, phylogenetic
methods applied, and the assumption of a constant rate of
molecular change (Bromham et al., 1999; Smith and Peter-

son, 2002; Springer et al., 2003; Graur and Martin, 2004). It
is now known that rates of molecular evolution are hetero-
geneous both between and within lineages, and at different
gene loci (e.g., Ayala, 1997; Smith and Peterson, 2002). More-
over, it appears that molecular clock-based estimates con-
sistently overestimate divergence times (Rodriguez-Trelles
etal., 2002). In view of these potential problems, divergence
estimates based on molecular data should be viewed with
caution.

The fossil record provides the only direct evidence of the
occurrence of mammalian orders in the past. But fossils
merely indicate the minimum age of a clade, which is likely
to be younger than its origin (i.e., its divergence from a sis-
ter group or ancestor). Nearly all “modern” orders—those
with living representatives—are first seen in the fossil record
after the K/'T boundary, apparently supporting the explo-
sive model, or possibly the long-fuse model. Indeed, only
four extant orders of mammals are potentially known from
the Cretaceous, and the ordinal assignments of the relevant
fossils are far from secure. They include the monotreme
order Platypoda and two living orders of marsupials, Di-
delphimorphia and Paucituberculata (McKenna and Bell,
1997). Among placental mammals, only a single extant or-
der, Lipotyphla, has so far been tentatively identified in the
Late Cretaceous of the northern continents. There is a pos-
sible Early Cretaceous record of Lipotyphla from Australia,
but it is highly controversial.

Several other Cretaceous fossils might be related to the
Cenozoic radiation, but all are too distant morphologically
and phylogenetically to be assigned to modern orders. No-
table among them are zalambdalestids and zhelestids, the
oldest of which are about 85 million years old. Zalamb-
dalestids are considered by some experts to be stem mem-
bers of the superordinal clade (Anagalida) that includes
rodents, lagomorphs, and possibly elephant-shrews (Macro-
scelidea), whereas zhelestids have been considered to be
basal ungulatomorphs (at the base of the ungulate radia-
tion). But recent phylogenetic analyses based on new mor-
phological evidence have challenged these hypotheses. Even
if the original assessments were correct, they would at best
place a minimum age of 85 million years on some super-
ordinal divergences, which would be consistent with the
long-fuse model. Other therians of similar age can be iden-
tified as metatherians or eutherians, but they are so primitive
that they are not assignable to extant orders or even super-
ordinal clades. It is not until the latest Cretaceous (Maas-
trichtian or Lancian), the last 5 million years or so before the
K/T boundary, that a small number of lineages are present
that could represent “modern” clades or stem taxa of extant
orders. Thus, taken at face value, the fossil record seems to
provide overwhelming evidence that most modern orders
did not evolve until the Early Cenozoic.

Robertson et al. (2004) proposed an intriguing scenario
that could explain the “explosive” appearance of the early
Cenozoic mammalian radiation. They postulated that the
terminal Cretaceous bolide impact resulted in a short-term
(hours-long) global heat pulse that “would have killed un-
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Table 1.1. Estimated age of divergence (in My) of selected placental clades

Kumar Divergence 95% credibility
Taxon and Hedges estimates interval Fossils
Placentalia 173 102-131 91-148 125 (85)*
Euarchontoglires >112 85-88 77-94 64
Xenarthra 129 £ 19 66-72 60-79 58
Eulipotyphla — 73-79 69-84 66°
Chiroptera — 6566 61-69 52
Primates — 77-95 70-105 64 (55)°
Carnivora 8314 55-56 50-61 62-64
Cetartiodactyla 83+4 64 6265 55
Paenungulata 1057 57-62 54-65 54-55
Perissodactyla 83+4 56 54-58 55
Rodentia >112+4 70-74 63-81 56
Lagomorpha 91£2 51-71 42-81 48

Notes: Based on molecular sequences of nuclear genes (Kumar and Hedges, 1998) and both nuclear and
mitochondrial genes (Springer et al., 2003; middle two columns). The last column shows the approximate
age of the oldest known fossils for each clade. Fossil occurrences are discussed in later chapters.

2125 Ma estimate based on Eomaia, a basal eutherian; oldest plausible placentals are zalambdalestids and
zhelestids from 85 Ma, but even their placental status is controversial.

b Batodon; could be much older if Paranyctoides or Otlestes are eulipotyphlans.

¢Older estimate based on plesiadapiforms; younger estimate based on euprimates.

sheltered organisms directly” (Robertson et al., 2004: 760).
They further speculated that a small number of Cretaceous
mammal lineages found shelter in subterranean burrows or
in the water and survived the heat pulse. In their scenario,
it was these lineages that ultimately gave rise to the Ceno-
zoic mammalian radiation. This scenario supports the long-
fuse model.

Several other possible explanations for the absence of
modern orders in the Cretaceous have been advanced (Foote
et al., 1999). Some researchers have claimed that the Creta-
ceous fossil record is too incomplete to reveal whether the
mammalian radiation occurred during the Cretaceous or
subsequently (e.g., Easteal, 1999; Smith and Peterson, 2002).
Alternatively, it has been argued that Cretaceous fossils of
modern orders might actually exist but are unrecognized
because they lack any distinguishing characters. In other
words, genetic divergence may have preceded morphologi-
cal divergence (Cooper and Fortey, 1998; Tavaré et al., 2002).
Neither argument is very convincing. The possibility that
mammals were diversifying somewhere with a poor fossil
record, such as Africa or Antarctica (dubbed the “Garden of
Eden” hypothesis by Foote et al., 1999), of course cannot
be ruled out. Our knowledge of Cretaceous faunas re-
mains limited both geographically and temporally, and the
possibility exists that none of the explorations to date has
sampled the locations or habitats where the antecedents of
modern orders were evolving (see Clemens, 2002, for a re-
cent discussion). Nevertheless, it is also notable that the
fossil record of Cretaceous mammals has increased expo-
nentially in recent years, extending into areas and continents
where the record was formerly blank; yet no new evidence
of the presence of extant orders has materialized. Instead,
an array of mostly archaic Mesozoic clades has emerged.
Therefore, it is reasonable to conclude that fossils of extant

orders have not been discovered in the Cretaceous because
they had not yet evolved (Benton, 1999; Foote et al., 1999;
Novacek, 1999).

It is also true that if molecular and morphological evo-
lution were decoupled, it might be impossible to recognize
early ordinal representatives (in analogy with the genetic but
not morphological separation of sibling species). However,
no precedent is known for such a lengthy period of signifi-
cant genetic evolution without concomitant anatomical
change, and the fossil record argues against it. Although gaps
remain in our knowledge of the origin of many orders, the
past decade or so has seen the discovery of many remarkable
fossils that appear to document post-Cretaceous transitional
stages in the origin of orders, including Rodentia, Lago-
morpha, Proboscidea, Sirenia, Cetacea, and Macroscelidea.

Both fossil and molecular evidence are pertinent to re-
solving the timing of the therian radiation. Better under-
standing of both are necessary to resolve remaining con-
flicts. It will also be important to understand the actual
effects on the mammalian fauna of physical events, such as
the terminal Cretaceous bolide impact.

MAMMALIAN PHYLOGENY,
INTERRELATIONSHIPS,
AND CLASSIFICATION

There is only one true phylogeny of mammals, and de-
ciphering it is the challenge of mammalian systematics. All
phylogenetic studies are works in progress, based on the
evidence at hand or, more often, subsets of the available
evidence. They should be regarded as hypotheses based on
that evidence. Some are better (and presumably more reli-
able) than others, but none is likely to be the last word on
the subject. Each hypothesis is only as good as the evidence
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itisbased on, the characters chosen, how carefully those char-
acters have been examined, and the phylogenetic methods
and assumptions employed.

Determining Relationships:
The Evidence of Evolution

Two fundamental kinds of evidence are used to deter-
mine relationships and phylogeny of mammals and other
organisms: anatomical and molecular (genetic). Anatomical
evidence usually includes features of the skeleton, dentition,
or soft anatomy. Molecular evidence typically consists of
sequences of proteins or segments of mitochondrial or nu-
clear genes. Until the last 25 years or so, mammalian rela-
tionships were usually based largely or entirely on anatom-
ical features. The extent of similarity was often the chief
criterion, and the distinction between specialized or derived
(apomorphic) and primitive (plesiomorphic) features was
often blurred. However, it is now virtually universally ac-
cepted that only shared derived features or synapomorphies
—specialized traits inherited from a common ancestor—are
significant for establishing close relationship, whereas shared
primitive features (symplesiomorphies) do not reflect spe-
cial relationship.

In practice it is not always self-evident whether a trait
is primitive or derived. This distinction, the polarity of the
trait, is always relative to previous or later conditions, hence
its correct determination depends to some extent on the
phylogeny we are trying to decipher. It follows that the
same character can be derived relative to more primitive
taxa and primitive with respect to more advanced taxa. Cir-
cularity is avoided by using many independent characters to
determine phylogeny; nevertheless, polarity is usually an a
priori judgment, based on predetermined ingroup and out-
group taxa. The choice of such taxa (and their character
states) ultimately determines the polarity of characters in
the ingroup. Thus a change in perceived relationships can
resultin a change in character polarity. The polarity of some
characters is relatively obvious. For example, modification
of the forelimbs into wings in bats is an apomorphic condi-
tion among mammals, a synapomorphy of all bats, and at
the same time a symplesiomorphy of the genera within
any family of bats. Less obvious is the polarity of transverse
crests or cross-lophs on the upper molars of some basal peris-
sodactyls. This feature has been considered either primitive
or derived, depending on the presumed sister-group of peris-
sodactyls. The terms “primitive” or “plesiomorphic” versus
“derived” or “apomorphic” are sometimes extended to taxa,
to reflect their general morphological condition, but they
are more properly restricted to characters.

Of course, not all derived features shared by two animals
necessarily reflect close relationship. It is well known that
similar anatomical features have independently evolved re-
peatedly in evolution. Such iterative evolution is often asso-
ciated with similar function, and it occurs both in groups
with no close relationship (convergence) and in closely allied
lineages with a common ancestor that lacked the derived

trait (parallelism). Independent evolution of similar traits
is called homoplasy. The challenge for systematists is dis-
tinguishing synapomorphic from homoplastic traits. This
problem has long been realized by morphologists, and ex-
amples of morphological homoplasy abound. In some cases
it is easily recognized by the lack of homology of the simi-
lar trait or by significant differences in other characters. For
instance, there is ample evidence to demonstrate that the
Pleistocene saber-toothed cat Smilodon was convergent to
the Miocene saber-toothed marsupial Thylacosmilus, that
creodonts and borhyaenid marsupials were dentally conver-
gent to Carnivora, and that remarkably similar running and
gliding adaptations evolved multiple times independently.
But whether the specialized three-ossicle middle ear evolved
only once in mammals or multiple times convergently is
more ambiguous and may require additional evidence (see
Chapter 4 for new evidence suggesting multiple origins).
Despite widespread assumption to the contrary, molecular
sequences are also susceptible to homoplasy, as recent ex-
amples demonstrate (e.g., Bull et al., 1997; Pecon Slattery
et al., 2000).

Monophyly and Paraphyly

Just as synapomorphic features indicate common ances-
try (monophyletic origin), the extent and distinctiveness of
synapomorphies reflect proximity of relationship. The term
“monophyletic” was long used to indicate descent from a
common ancestor, but following Hennig (1966), mono-
phyly now usually connotes not just single origin but also
inclusion of all descendants from that ancestor (holophyly
of Ashlock, 1971). Monophyletic groups or taxa are called
clades. Groups believed to have evolved from more than one
ancestor are referred to as polyphyletic and, once demon-
strated, are rejected. Such was the case with the original
concept of Edentata, which consisted of xenarthrans, pan-
golins, and aardvarks. Each is now known to constitute a dis-
tinct order with a separate origin. However, bats, pinnipeds,
rodents, odontocetes, and Mammalia itself have all been
claimed to be diphyletic or polyphyletic at some time dur-
ing the past several decades, but recent analyses once again
suggest that all are monophyletic.

The term paraphyletic is often applied to groups that
are monophyletic in origin but do not include all descen-
dants. Such groups lack unique synapomorphies. Some
authors prefer to avoid paraphyletic taxa, or to enclose their
names in quotation marks. That convention is not adopted
here. Although at first glance elimination of paraphyletic
groups would seem to streamline taxonomy, it may instead
introduce new problems, including a highly cumbersome
hierarchy and taxonomic instability. These problems arise
in part because some taxa once thought to be paraphyletic,
whenbetter known, are now regarded as monophyletic, and
vice versa. Some groups seem to be obviously paraphyletic
(e.g., the current conception of condylarths, the stem group
of many ungulate orders), but for many others, their status
is less clear. For example, phenacodontid condylarths could



be either the monophyletic sister taxon of perissodactyls and
paenungulates or their paraphyletic stem group. Mesony-
chia, for the last 30 years regarded as the paraphyletic stem
group of Cetacea, is now considered by some to be a mono-
phyletic side branch, as Cetacea appear to be more closely
related to artiodactyls. Artiodactyla, long held to be one of
the most stable monophyletic groups, could in fact be para-
phyletic unless Cetacea are included. These examples high-
light the uncertainty of identifying and verifying paraphyly,
even in the face of a good fossil record.

Carroll (1988: 13) concluded that as many as half of all
species are paraphyletic and that “the existence of para-
phyletic groups is an inevitable result of the process of evo-
lution.” In fact, it is often the paraphyletic taxa—especially
those that gave rise to descendants that diverged suffi-
ciently to be assigned to separate higher taxa—that are of
greatest evolutionary interest. Undoubtedly we have only
begun to recognize which taxa are paraphyletic. Conse-
quently no attempt is made in this text to eliminate para-
phyletic groups. Some, such as Condylarthra, Plesiadapi-
formes, Miacoidea, and Palaeanodonta, are retained for
convenience, and their probable paraphyletic nature noted,
pending a better understanding of their relationships.

Phylogeny and Classification

Phylogenetic inferences ideally should be based on all
available evidence, but practical considerations restrict most
analyses. The majority of studies have been based on either
morphological traits or molecular sequences, and usually on
only a subset of those data partitions. For example, analyses
of fossil taxa are necessarily limited to the anatomy of the
hard parts, because soft anatomy and molecular data are not
available. In addition, the outcome of phylogenetic analysis
may vary depending on such factors as the choice of taxa,
outgroups, and characters, the description and scoring of
those characters, weighting of characters, and methods used.
Consequently there are many reasons not to accept phylo-
genetic hypotheses uncritically.

Recent attempts to combine morphological and mo-
lecular data, optimistically called “total evidence” analysis,
suffer from our ignorance of how to analyze such disparate
characters meaningfully. How do individual base-pairs in a
gene sequence compare with specific anatomical features,
and should they be equally weighted in phylogenetic analy-
ses? Total evidence analyses commonly treat individual
base-pairs (sometimes even noninformative base-pairs) as
equivalent to anatomical characters. Because a single gene
segment may consist of hundreds of base-pairs, this practice
almost always results in the molecular characters far out-
numbering anatomical characters and potentially biasing
the outcome.

Another approach to combining data partitions is called
“supertree” analysis. This method constructs a phylogeny
based on multiple “source trees” drawn from individual phy-
logenetic analyses of morphological or molecular data (e.g.,
Sanderson et al., 1998; Liu et al., 2001). It is not clear, how-

Introduction 7

ever, that this approach is superior to the individual analy-
ses on which it is based. Some of the weaknesses of this ap-
proach were summarized by Springer and de Jong (2001).
Phylogenetic analyses typically use such methods as par-
simony for morphological data sets and maximum likeli-
hood or Bayesian analysis for molecular data sets. Which
method is more likely to yield the most accurate tree is de-
batable, but it is probable that evolution does not always
proceed parsimoniously. The results of these analyses are
presented in cladograms that depict hypothetical relation-
ships in branching patterns. The best resolved patterns are
dichotomous; unresolved relationships are shown as mul-
tiple branches from the same point or node (polytomies).
This text focuses on the morphological evidence for mam-
malian relationships, although mention is made of con-
trasting phylogenetic arrangements suggested by molecular
analyses. Most chapters include both classifications and
cladograms. Although both are based on relationships, their
goals are somewhat different. Cladograms place taxa in phy-
logenetic context by depicting hypotheses of relationship;
consequently they are inherently more mutable. A classifi-
cation provides a systematic framework and should therefore
retain stability to the extent possible while remaining “con-
sistent with the relationships used as its basis” (Simpson,
1961: 110; see also Mayr, 1969). Most classifications adopted
in individual chapters loosely follow the classification of
McKenna and Bell (1997, 2002). Minor modifications, such
as changes in rank, are present throughout the book; but
where significant departures from that classification are
made, they are noted in the text or tables. For ease of refer-
ence, families and genera known from the Paleocene or
Eocene are shown in boldface in the tables accompanying
Chapter 5 and beyond. The cladograms presented reflect ei-
ther individual conclusions or a consensus of recent studies,
and they do not always precisely mirror the classifications.
The taxonomy employed in this volume represents a
compromise between cladistic and traditional classifica-
tions, while attempting to present a consensus view of inter-
relationships. Such a compromise is necessary in order to
use taxonomic ranks that reflect relationship and indicate
roughly equivalent groupings, and at the same time avoid
the nomenclatural problems inherent in a nested hierarchy
(McKenna and Bell, 1997). The standard Linnaean categories,
as modified by McKenna and Bell (1997), remain useful and
are employed here, although unranked taxa between named
ranks are necessary in a few cases (e.g., Catarrhini and
Platyrrhini in the classification of Primates). As pointed out
by McKenna and Bell (1997), among others, taxa of the same
rank (apart from species) are not commensurate. For ex-
ample, it is not possible to establish that a family in one
order is an equivalent unit to families in other orders (or in
the same order, for that matter). Nor are the orders them-
selves equivalent. Nevertheless, the taxonomic hierarchy
does provide a useful relative measure of affinity within
groups and of the distance between them.
As recognized in this volume, higher taxa are primarily
stem-based. A stem-based taxon consists of all taxa that
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Fig. 1.3. Stem-based versus crown-group definition of taxa, illustrated by
the Proboscidea. A crown-group definition limits Proboscidea to node B,
equivalent to the extant family Elephantidae. Using a stem-based definition,
Proboscidea includes all taxa more closely related to living elephants than
to Sirenia or Desmostylia or Embrithopoda, as indicated here at node A.
This stem-based definition is adopted in the most recent study of primitive
proboscideans (Gheerbrant, Sudre, et al., 2005) and is followed here. See
Chapter 13 for details of the proboscidean and tethythere radiations.

share a more recent common ancestor with a specified form
than with another taxon (e.g., De Queiroz and Gauthier,
1992). For example, Proboscidea is considered to include
all taxa more closely related to extant elephants than to sire-
nians (Fig. 1.3). Therefore, using a stem-based definition, ex-
tinct moeritheriids and gomphotheres are proboscideans.
This convention leaves open the possibility that other un-
known stem-taxa may exist and could lie phylogenetically
outside the known taxa, yet still lie closer to elephants than
to any other major clade. Such was the case when the older
and more primitive numidotheriids were discovered.

A node-based taxon is defined as all descendants of the
most recent common ancestor of two specified taxa. In the
example above, a node-based Proboscidea could be arbi-
trarily recognized at the common ancestor of numidotheres
and other proboscideans, or of moeritheres and other pro-
boscideans (thus excluding numidotheres). A special category
of node-based taxa, which has been applied by some au-
thors to mammalian orders, is the crown-group. A crown-
group is defined as all descendants of the common ancestor
of the living members of a specified taxon (Jefferies, 1979;
De Queiroz and Gauthier, 1992). By such a definition, nearly
all fossil groups are excluded from Proboscidea, and other
well-known basal forms are excluded from higher taxa to
which they have long been attributed and with which they
share common ancestry and diagnostic anatomical features
(Lucas, 1992; McKenna and Bell, 1997). Stem-based taxa are
here considered more useful than node-based taxa for ref-
erence to the Early Cenozoic mammalian radiation.

The synoptic classification of mammals used in this book
is given in Table 1.2. Mammalian relationships based on
morphology are shown in Fig. 1.4, and those based on mo-
lecular data in Fig. 1.5. Although the discrepancies between
morphological and molecular-based phylogenies have gar-
nered considerable attention, it is important to note that

there is substantial agreement between most morphologi-
cal and molecular-based phylogenies (Archibald, 2003). This
consensus underscores the significance of the discords that
do exist. The two kinds of evidence have been particularly
at odds with regard to two conventional orders, Lipotyphla
and Artiodactyla, molecular data suggesting that neither is
monophyletic. According to molecular analyses, the tradi-
tional lipotyphlan families Tenrecidae and Chrysochloridae
form a monophyletic group together with Macroscelidea,
Tubulidentata, Proboscidea, Sirenia, and Hyracoidea, which
has been called Afrotheria. No morphological evidence sup-
porting Afrotheria has been found. Molecular studies also
indicate that the order Cetacea is nested within Artiodactyla
as the sister group of hippopotamids. These debates are fur-
ther discussed in the relevant chapters in this volume.

Disagreements also exist at the superordinal level, but
the anatomical evidence for higher-level groupings is weak.
Thus gene sequences support recognition of four main
clades of placental mammals: Afrotheria, Xenarthra, Laura-
siatheria (eulipotyphlans, bats, carnivores, pangolins, peris-
sodactyls, artiodactyls, and whales), and Euarchontoglires
(primates, tree shrews, flying lemurs, rodents, and lago-
morphs), the last two of which form the clade Boreoeu-
theria (e.g., Eizirik et al., 2001; Madsen et al., 2001; Murphy
et al., 2001; Scally et al., 2001; Amrine-Madsen et al.,
2003; Nikaido etal., 2003; Springer et al., 2003, 2005). Eizirik
etal. (2001) concluded that this superordinal divergence oc-
curred during the Late Cretaceous (about 65-104 Ma) and
speculated that it was related to the separation of Africa
from South America. These studies further suggest that
Afrotheria was the first clade to diverge, followed by
Xenarthra (usually considered the most primitive, based on
morphology). However, morphological evidence suggests
that most of the afrothere groups are nested within the un-
gulate radiation and are not closely related to tenrecs and
chrysochlorids (see Chapters 13 and 15). This inconsistency
implies that either the morphological or molecular data
must be misleading. Methodological problems that canlead
to erroneous phylogenetic conclusions in molecular analy-
ses have been reviewed by Sanderson and Shaffer (2002) and
are not further discussed here.

Notwithstanding the substantial contribution molecular
systematics has made to our understanding of mammalian
relationships, anatomical evidence from fossils plays the
predominant role in resolving the phylogenetic positions
of extinct taxa and clades for which molecular data are
unavailable.

GEOCHRONOLOGY AND
BIOCHRONOLOGY OF THE
EARLY CENOZOIC

The Paleocene and Eocene epochs make up the first
31 million years of the Tertiary Period of the Cenozoic Era
(from 65 Ma to 34 Ma; Fig. 1.6). The chronology of the
Paleocene and Eocene used here (Fig. 1.7) is based primarily
on that of Berggren et al. (1995b) and McKenna and Bell



Table 1.2. Synoptic higher-level classification of Mammalia used in this book

Class MAMMALIA
tAdelobasileus, tHadrocodium
tSinoconodontidae
tKuehneotheriidae
Order MORGANUCODONTA
Order fDOCODONTA
Order 1SHUOTHERIDIA
Order fEUTRICONODONTA
Order fGONDWANATHERIA
Subclass AUSTRALOSPHENIDA
Order tAUSKTRIBOSPHENIDA
Order MONOTREMATA'!
Subclass fALLOTHERIA
Order fHARAMIYIDA
Order fMULTITUBERCULATA
Subclass TRECHNOTHERIA?
Superorder fSYMMETRODONTA
Superorder {DRYOLESTOIDEA
Order {DRYOLESTIDA
Order fAMPHITHERIIDA
Superorder ZATHERIA
Order {PERAMURA
Subclass BOREOSPHENIDA?
Order fAEGIALODONTIA
Infraclass METATHERIA
Order 1DELTATHEROIDA
Order tASIADELPHIA
Cohort MARSUPIALIA
Magnorder AMERIDELPHIA (American marsupials)
Order DIDELPHIMORPHA (opossums)
Order PAUCITUBERCULATA (rat opossums, polydolopids, argyrolagids, and kin)
Order 1SPARASSODONTA (borhyaenids)
Magnorder AUSTRALIDELPHIA (Australian marsupials)
Superorder MICROBIOTHERIA
Superorder EOMETATHERIA
Order NOTORYCTEMORPHIA (marsupial moles)
Grandorder DASYUROMORPHIA (marsupial mice and cats, numbats, Tasmanian wolf, Tasmanian devil)
Grandorder SYNDACTYLI
Order PERAMELIA (bandicoots)
Order DIPROTODONTIA (kangaroos, phalangers, wombats, koalas, sugar gliders)
Infraclass EUTHERIA
‘tEomaia, tMontanalestes, tProkennalestes, tMurtoilestes
Order TASIORYCTITHERIA
Cohort PLACENTALIA (placental mammals)
Order 1BIBYMALAGASIA
Order XENARTHRA (edentates: armadillos, sloths, anteaters)
Superorder INSECTIVORA
Order tLEPTICTIDA
Order LIPOTYPHLA (moles, shrews, hedgehogs, tenrecs, golden moles)
Superorder TANAGALIDA*
tZalambdalestidae®
TAnagalidae
TPseudictopidae
Order MACROSCELIDEA (elephant shrews)
Grandorder GLIRES
Mirorder DUPLICIDENTATA
Order fMIMOTONIDA
Order LAGOMORPHA (rabbits, hares, pikas)
Mirorder SIMPLICIDENTATA
TSinomylus
Order tMIXODONTIA
Order RODENTIA (squirrels, beavers, rats, mice, gophers, porcupines, gerbils, guinea pigs, chinchillas, capybaras, etc.)
Superorder FERAE*
Order fCREODONTA
Order CARNIVORA (carnivores: cats, dogs, bears, raccoons, hyenas, weasels, otters, badgers, civets, mongooses, seals, walruses)
continued
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Table 1.2. Continued

Mirorder tCIMOLESTA®

tDidymoconidae
+tWyolestidae

Order tDIDELPHODONTA

Order TAPATOTHERIA (apatemyids)

Order $TAENIODONTA

Order TILLODONTIA

Order {PANTODONTA

Order PANTOLESTA

Order PHOLIDOTA (pangolins or scaly-anteaters)

Superorder ARCHONTA
Order CHIROPTERA? (bats)
Grandorder EUARCHONTA

Order DERMOPTERA (“flying lemurs” or colugos)

Order SCANDENTIA (tree shrews)

Order PRIMATES (plesiadapiforms, lemurs, lorises, tarsiers, monkeys, apes, humans)

Superorder UNGULATOMORPHA®
tZhelestidae®

Grandorder UNGULATA® (ungulates: hoofed mammals)

Order fCONDYLARTHRA®

Order TUBULIDENTATA (aardvarks)
Order tDINOCERATA (uintatheres)
Order fARCTOSTYLOPIDA

Order ARTIODACTYLA (even-toed ungulates: pigs, hippos, camels, deer, giraffes, antelope, gazelles, sheep, goats, cattle, etc.)

Mirorder CETE
Order fMESONYCHIA
Order CETACEA!? (whales, dolphins)

Mirorder {MERIDIUNGULATA® (endemic South American ungulates)

Order tLITOPTERNA
Order fNOTOUNGULATA
Order ASTRAPOTHERIA
Order tXENUNGULATA
Order PYROTHERIA
Mirorder ALTUNGULATA

Order PERISSODACTYLA (horses, tapirs, rhinos, fchalicotheres, ftitanotheres)

Order PAENUNGULATA
Suborder HYRACOIDEA (hyraxes)
Suborder TETHYTHERIA
Infraorder fEMBRITHOPODA

Infraorder SIRENIA (sea cows, dugongs)
Infraorder PROBOSCIDEA (elephants)

Notes: Classification is modified mainly after McKenna and Bell (1997) and Kielan-Jaworowska et al. (2004). This table and all others presented in this book represent a compro-

mise between traditional and cladistic classifications and are an attempt to provide a consensus view. Ordinal-level and higher taxa are shown in upper case; unassigned taxa

immediately below a higher taxon are either plesiomorphic or of uncertain phylogenetic position within that taxon. Many taxa are probably paraphyletic, but no attempt is
made in the tables to differentiate them from those believed to be monophyletic; instead these distinctions are discussed in the text. The dagger (1) denotes extinct taxa.

"McKenna and Bell (1997) assigned monotremes to the subclass Prototheria and recognized two orders, Platypoda (platypuses) and Tachyglossa (echidnas).

2Trechnotheria is essentially equivalent to the concept of Holotheria.
3 Essentially equivalent to Tribosphenida.

“Several taxa considered grandorders by McKenna and Bell (1997) are considered superorders here.

°May be basal eutherians.

¢Monophyly of Cimolesta and interrelationships of its constituents are very uncertain.

7Relationship of Chiroptera to other archontans is in dispute.

8Monophyly questionable.

?Monophyly of Zhelestidae and their relationship to ungulates are controversial.
1°May be nested in Artiodactyla.

(1997), with modifications as indicated in the following dis-
cussion. Geologic periods and epochs may be subdivided
into successive stages/ages (chronostratigraphic and geo-
chronologic units) and, in the case of the Cenozoic epochs,
land-mammal ages (a biochronologic unit). Land-mammal
ages “describe the age and succession of events in mam-
malian evolution” based on characteristic mammal assem-

blages, lineage segments, or in some cases first or last ap-
pearances (Woodburne, 2004: xiv; see also Walsh, 1998, for
an insightful discussion of the definition of land-mammal
ages). Although absolute dates have been placed on many of
these units using a combination of magnetostratigraphy
and radiometric methods, such as high-precision “°Ar/?°Ar
dating (Berggren et al., 1995b; Gradstein et al., 1995, 2004),
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precise dating of some intervals remains tenuous and in some
cases controversial.

Geologic time applies worldwide, whereas land-mammal
ages are specific to each continent and are relatively well
constrained geochronologically only in North America
and Europe. Nevertheless, their sequence is reasonably well
understood, as is the correlation between North American
Land-Mammal Ages (NALMAs) and standard stages/ages
(more widely used in Europe than land-mammal ages). For
this reason, land-mammal ages and their subdivisions (or
stages/ages, particularly in Europe) provide a useful frame-
work for placing fossil mammals in relative chronologic

context, and they are employed throughout this volume. As
we shall see, the precise age and the correlation of Asian and
South American Land-Mammal Ages with those of North
America and Europe are more controversial.

Hundreds of radiometric dates are now available for the
Mesozoic, permitting a relatively accurate estimate of the
age of the oldest known mammals (Gradstein et al., 1995,
2004). Based on these data, mammals first appeared at least
205-210 million years ago, and perhaps as much as 225 mil-
lion years ago (see Chapter 4). They survived alongside dino-
saurs for the first 145 million years of their history, up to the
K/T boundary at about 65 million years ago, when the last
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nonavian dinosaurs became extinct. The K/T boundary,
and thus the base of the Paleocene, is situated near the top
of geomagnetic polarity chron C29r and has been dated at
65.0 million years ago (Swisher et al., 1992, 1993; Gradstein
et al., 1995) or, most recently, 65.5 million years ago (Grad-
stein et al., 2004).

Paleocene/Eocene Boundary

The Paleocene/Eocene boundary is situated in the lower
part of polarity chron C24r, but its precise position and age
have been contentious. Dates range from about 54.8 (Berg-
gren etal., 1995b) to 55.8 million years ago (Gradstein et al.,
2004) in various reports over the past decade or so, most
centering around 55.0 million years ago. The debate here,
as for the Eocene/Oligocene boundary, stems partly from
the difficulty of correlating mammal-bearing continental
beds with discontiguous marine strata on which much
of Cenozoic geochronology is based. As a result, the
Paleocene/Eocene boundary has varied relative to the
Thanetian/ Ypresian Stage /Age boundary in Europe and the
Clarkforkian/ Wasatchian Land-Mammal Age boundary in
North America. For example, different authors have con-
sidered the Clarkforkian to be entirely Paleocene, or all or
partly of early Eocene age, and the Wasatchian to be en-
tirely Eocene or to have begun during the late Paleocene.
In Europe, a stratigraphic gap was found between the
Thanetian and the Ypresian, further complicating matters
and making precise placement of the boundary uncertain.

This dilemma has been largely resolved by the recent
decision to place the beginning of the Eocene at the onset
of the isochronous, worldwide Carbon Isotope Excursion
(CIE), a major perturbation in the global carbon cycle re-
flected by a negative excursion in 8'>C (Kennett and Stott,
1991; Dupuis et al., 2003). The ultimate cause of this sudden
input of massive amounts of carbon into the atmosphere is
controversial (volcanism or comet impact are just two hy-
potheses; Bralower et al., 1997; Kent et al., 2003), but most
authorities agree that it can be traced to the release of
methane gas on the ocean floor (Dickens et al., 1995; Katz

CETARTIODACTYLA

LAURASIATHERIA

etal., 1999; Norris and Rohl, 1999; Svensen et al., 2004). The
CIE coincided with a brief period of global warming, the
Initial Eocene Thermal Maximum (also called the Paleocene-
Eocene Thermal Maximum; Sloan and Thomas, 1998; Aubry
etal., 2003) and has been recognized in both marine and ter-
restrial sediments globally. Its onset also coincides with the
beginning of the Wasatchian Land-Mammal Age in North
America and the beginning of the Ypresian Stage in Europe,
which are characterized by substantial faunal turnover,
including the abrupt appearance of perissodactyls, artio-
dactyls, euprimates, and hyaenodontid creodonts. By this
convention, the Clarkforkian is entirely of Paleocene age.
In northern Europe, cores now fill the former stratigraphic
gap and show that the CIE is situated near the base of the
“gap,” just above the Thanetian (Steurbaut et al., 2003).

Although there is now agreement on exactly where to
place the Paleocene/Eocene boundary, controversy persists
over its calibration, because no absolute (radiometric) dates
are known for this event. Consequently its age has been
interpolated based on radiometric dates tied to the geo-
magnetic polarity time scale, together with data from as-
tronomical cycle stratigraphy. Thus Aubry et al. (2003) dated
the start of the CIE at about 55.5 million years ago (but al-
lowed that it could be closer to 55.0 Ma), whereas many
other authors place it at 55.0 million years ago (e.g., Bowen
et al., 2002; Gingerich, 2003; Koch et al., 2003). However,
Rohl et al. (2003: 586) noted that their earlier estimate of
54.98 million years ago (Norris and Rohl, 1999) was “likely
to be too young by several 100 k.y.” because of inaccuracies
in the calibration points used, which suggests that the esti-
mate by Aubry et al. was closer. The most recent time scale
placed the Paleocene/Eocene boundary at 55.8 0.2 million
years ago (Gradstein et al., 2004).

Aubry et al. (2003) proposed that the name “Sparnacian”
be used as a new earliest Eocene stage/age to encompass the
time represented by the hiatus between classical Thanetian
and Ypresian. The term “Sparnacian” was already applied
to early Ypresian faunas by some paleomammalogists (e.g.,
Savage and Russell, 1983), but the Sparnacian stratotype, as
well as some classic Sparnacian assemblages, may not be of



MAGNETIC MAGNETIC
AGE [ FOUATY oo o epocH AGE PICKS || AGE | POLAAI |6 by ol eneom AGE PICKs [UNCERT.| | AGE | pERIOD H AGE picks || AGE Bov.
™Ma) 5 5 |3 ®a) || (Ma) [ [ i Ma) | oy | (Ma) EPoC G W) || may | EON ERA g
1 QUATER- | __HOLOCENE | 0.01 = [ 3
, ;‘ naRy [ PLEISTOCENE] CALABRIAN 8 = MAASTRICHTIAN ] C TATARIAN 2 B 543
-~ L1 PIACENZIAN i 1 713 hi 1 2 UFIMIAN-KAZANIAN b
A an PLIOCENE 36 [o2] < KUNGURIAN | 296 b
5 s ZANCLEAN 3 CAMPANIAN 250—_ S ARTINSKIAN 260 s LATE
o
N - MESSINIAN 8 wn |- - o E L 269 <
o & == SANTONIAN s [ 1o SAKMARIAN .
B = o Y t| ToRTONIAN %0 =2 o 8.0 1 =] e ASSELIAN e ] m
5 o w 2 O TURONIAN 93.5 4 250 1000:
= 2 = : CENOMANIAN 19|z GZELIAN _| | oo 10
sl (W SERRAVALLIAN 100 | W 99.0 H1 - 2| £ KASIMOVIAN w05 4 = MIDDLE
. O 8 M 148 O b 8 51 L [ moscovian [ wsod O
L= 10 Q LANGHIAN ALBIAN Tl £ 31 1IN
eo (W] = 184 {110 <C 7 g BASHKIRIAN | 4
50— Uia
= > |_ EARLY 12 e 320 = Z 323 b O
se fom BURDIGALIAN APTIAN 1Z(z SERPUKHOVIA o 1 cF
20 ®lce E LLI — z 1500 —
o %] 205 {{120 - O 121 fag . 8 s € VISEAN - Wi
ol AQUITANIAN o £ | BARREMIAN |2 342 I 16
[ceal = 127 3 — 173 B
oo w 238 1130 @) g HAUTERIVIAN . n (<_§ 2 TOURNAISIAN el O
25 e 32 (-4 354 7]
: CC_BE E L CHATTIAN 8 VALANGINIAN o7 360 L FAMENNIAN 1
9 [l 14 g 384 n
Ry 8 s |10 L aermasin 1= FRASNIAN o ] o EARLY
e ) 144 45 < 2000 —
" - GIVETIAN
30 I Bl 9] c TITHONIAN o M 380 .
o 5 RUPELIAN 150 e 151 s ] Z EIFELIAN N
L o) KIMMERIDGIAN |, [, 1 0O ! -
Y a7 O OXFORDIAN | ' = EVSIAN R | P
% s [og] L| PriasONIAN 160 = CALLOVIAN 7 J|wo4 B 400 ]
’Ci 7 164 s 1 0 PRAGHIAN -
7 (o] 3r.0 . ) BATHONIAN = 412 _
| 170 < () |wooe 169 +——i8 LOCKHOVIAN "7 9
w© - BARTONIAN - @ BAJOCIAN 420 <Z( L SLTLI)DLgI\_/IIﬁN at9 | 2590 2500
— Jz < 176 —s 1 = WENLOCKIAN |+ -
*los > R | PN o AALENIAN 180 . 4 5 428 d
bl w -5 - = =
2n b = LLANDOVERIAN LATE
45 o2 % E M 3 E ) TOARGIAN - 0 ws |10
S © LUTETIAN 190 % S 190 —g i <Z( . ASHGILLIAN | - ]
- 13 ]
“lel i Q 18 PLIENSBACHIAN | 1 15 CARADOCIAN 12
-9 — 458
PO R 90 ||, % BAY | giNEMURIAN 460 N N LLANDEILIAN aooo—] <L 3000
50 12| (< e 202 —i8 LTANVIANIAN | 454 1w
sl Q0 3 HETTANGIAN | [ 1 O a7 1T MIDDLE
= E! YPRESIAN o0 RHAETIAN 210 s || 480 g ARENIGIAN 3
5 - 548 3 O 10 ° Trewasocan T || 7 Q
NS e THANETIAN B o | e NORIAN 1 = D | SUNWAPTAN' T 0 1< 3400
- 220 . ]
g ao P3| | R Sl EE e 1,4 <
1 (dp) CARNIAN - B
ces Q t ] 207 8 i ¢ DELAMARAN® | 5% g
60 @] SELANDIAN 230 < [in) N 512 _ EARLY
27 = wl 81.0 - MIDOLE LADINIAN A B — 516 _
o = ] _— 234 o |50 O MONTEZUMAN
Rl - — = 520
2P, a( E DANIAN - CC ANISIAN 1 < 3750~
65 2l 5.0 B |— 242 9 O A I - 38007
il - 3 CARLY GLENEKIAN 245 ——t9 1 ]
il ) n TNDUAN 543 10] | 540 543 b

Fig. 1.6. Geologic time scale of the Geological Society of America, 1999. The newly adopted time scale of the International Commission on Stratigraphy (Gradstein et al., 2004) differs in relatively minor
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by Gradstein et al. (2004). © Geological Society of America 1999.
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early Ypresian age (Hooker, 1998). Consequently, Sparna-
cian was not accepted in the most recent time scale (Grad-
stein et al., 2004) and is not used in this volume. It should be
remembered that, regardless of the absolute age put on the
Paleocene/Eocene boundary, it is coincident with the onset
of the CIE.

Eocene/Oligocene Boundary

The Eocene/Oligocene boundary in Europe was long
equated with a major episode of faunal turnover called the
“Grande Coupure” (Stehlin, 1909; Savage and Russell, 1983;
Russell and Tobien, 1986; Legendre, 1987; Legendre et al.,
1991). In North America the Eocene/Oligocene boundary
was believed to correspond to the boundary between the
Duchesnean and Chadronian Land-Mammal Ages (Wood
et al., 1941). With the advent of high-precision “°Ar/?°Ar
dating and the correlation of the Eocene/Oligocene bound-
ary in the marine record with the extinction of the plank-
tonic foraminiferan family Hantkeninidae (Hooker et al.,
2004), the position of the epoch boundary has been re-
vised on both continents. The boundary is now generally
placed within magnetochron C13r at a little less than 34 mil-
lion years ago (Berggren et al., 1992, 1995b; Prothero and
Swisher, 1992; Prothero and Emry, 2004). This time coincides
with the boundary between the Priabonian and Rupelian
stages (see Fig. 1.7).

The principal faunal turnover at the Grande Coupure took
place between the Priabonian and Rupelian Stages (Paleo-
gene mammal reference levels MP 20-21; see the section on
European Land-Mammal Ages, below), although it is now
acknowledged that it was a protracted event. It involved ex-
tinction of more than 50% of the indigenous fauna, together
with an influx of numerous immigrants from Asia. Dis-
agreement persists over how closely the turnover coincided
with the Eocene/Oligocene boundary and whether it was
caused by climatic cooling or other factors (see Berggren and
Prothero, 1992; Hooker, 1992a; and Legendre and Harten-
berger, 1992, for contrasting views). However, the epoch
boundary, based on the foram extinction noted above, is
now known to be slightly older than the major cooling event
that correlates with the Grande Coupure; consequently these
events are now dated as earliest Oligocene (Hooker et al.,
2004). In fact, there were several major phases of faunal
turnover in Europe beginning in the middle Eocene and ex-
tending into the early Oligocene (Legendre, 1987; Hooker,
1992a; Legendre and Hartenberger, 1992; Franzen, 2003),
but none appears to correspond precisely with the Eocene/
Oligocene boundary as now recognized. Nevertheless, this
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revision is so new that most recent accounts continue to
place the Eocene/Oligocene boundary at the beginning
of the Rupelian Age (Paleogene mammal reference level
MP 21) at about 34 million years ago.

In North America, as a result of the revised Eocene/
Oligocene boundary, the Chadronian, long considered
equivalent to early Oligocene, is now situated in the late
Eocene. The Orellan Land-Mammal Age is early Oligocene,
and the Chadronian/Orellan boundary coincides with the
Eocene/Oligocene boundary (Prothero and Emry, 2004).

European Land-Mammal Ages

As mentioned earlier, standard ages are more widely
used for biochronology of European faunas than are the
European Land-Mammal Ages (ELMAs), and are therefore
used in this text. This preference for the former may have
come about because the ELMAs are for the most part
equivalent in time to the standard ages (“Dano-Montian” =
Danian; Cernaysian = Selandian and Thanetian; Neustrian
= most of the Ypresian; Rhenanian = the rest of the Ypre-
sian through the Bartonian; and Headonian = Priabonian;
McKenna and Bell, 1997).

For greater resolution than is afforded by the standard
ages, faunas are correlated by a series of European reference
levels, arranged in sequence by stage of evolution and first
and last appearances. In the Paleogene they are numbered
from Mammal Paleogene (MP) 1 to MP 30 (Schmidt-Kittler,
1987). Levels MP 1-5 are reserved for lower Paleocene
faunas, although only one (Hainin, Belgium) is currently
known. MP 6 is used for the late Paleocene site of Cernay,
France. When late Paleocene mammals become better
known in Europe, more levels will surely be necessary.
MP 7-10 are early Eocene (Ypresian), MP 11-16 are middle
Eocene (MP 11-13 correspond to Lutetian, MP 14-16 to
Bartonian), and MP 17-20 are late Eocene (Priabonian; e.g.,
Legendre and Hartenberger, 1992). If the Grande Coupure
actually took place in the earliest Oligocene rather than at
the Eocene/Oligocene boundary, as Hooker (1992a) ar-
gued, then MP 20 straddles the boundary.

North American Land-Mammal Ages

The sequence of NALMA:s initially proposed by Wood
et al. (1941) has been widely applied and provides a useful
and well-documented biochronology for mammals of North
America. Excellent summaries of the NALMAs and their
mammal assemblages are found in the two volumes edited
by Woodburne (1987, 2004). The NALMAs of interest in

Fig. 1.7. (opposite) Early Cenozoic mammalian geochronology and biochronology. Chart shows the time period emphasized in this book (Paleocene-Eocene),
approximate age in millions of years (Ma), and correlation with the geomagnetic polarity time scale (GPTS), standard stage/age (commonly used in Europe), and
land-mammal ages in North America (NALMA), Asia (ALMA), and South America (SALMA). White bands in GPTS column are intervals of reversed polarity (r),
which precede the normal (n, black) interval of the same number. Hatching and dashed lines in ALMA and SALMA denote uncertain boundaries. The position of
the boundary between Arshantan and Irdinmanhan ALMAs is unknown. Upper and (especially) lower limits of the Casamayoran SALMA are uncertain. The long
span shown reflects this uncertainty, and may overestimate the actual duration of this land-mammal age. (Drafted by W. v. Koenigswald and T. Smith, based on
Berggren et al., 1995b; Flynn and Swisher, 1995; McKenna and Bell, 1997; Aubry et al., 2003; Dawson, 2003; Flynn et al., 2003.)
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this volume are those of the Paleocene (Puercan, Torre-
jonian, Tiffanian, and Clarkforkian) and Eocene (Wasatchian,
Bridgerian, Uintan, Duchesnean, and Chadronian). These
land-mammal ages have been subdivided into sequential
biochrons that are variously based on first or last appear-
ances, lineage segments, abundance zones, or assemblage
zones. The North American Paleocene-Eocene record is the
most nearly continuous in the world, although it is largely
concentrated in the region of the Rocky Mountains.

In addition to the details discussed in the preceding sec-
tions, the following observations and changes concerning
the original concepts may be noted. The Paleocene Puercan
and Clarkforkian Land Mammal Ages are the shortest ages,
about 1 million years each (Lofgren et al., 2004). Of the Paleo-
cene NALMAs, however, only the Puercan is constrained
by radiometric dates, whereas the duration of the others,
including the Clarkforkian, is estimated (Clarkforkian was
considered to be only half a million years long by Wood-
burne and Swisher, 1995). The current convention of divid-
ing the Paleocene into only early and late portions (e.g.,
Berggren et al., 1995a; McKenna and Bell, 1997) results in
shifting the Torrejonian NALMA, long considered middle
Paleocene, into the early Paleocene. This practice is largely
responsible for the apparent temporal range extensions of
many mammals discussed later in the volume, although in
some cases new evidence has actually extended the range
stratigraphically lower into sediments of Puercan age. Land-
mammal age occurrences are specified in the text where
there might be confusion. The Tiffanian and Clarkforkian
together make up the late Paleocene and are believed to
account for a little more than half of Paleocene time.

The beginning of the Wasatchian Land-Mammal Age
now coincides with the onset of the global CIE, which is
also designated as the beginning of the Eocene. Although
the exact date of that event is uncertain (but most likely be-
tween 55.0 and 55.8 Ma), several “°Ar/?°Ar dates are now
known from tuffs and volcanic ashes of latest Wasatchian age
in the Bighorn and Greater Green River basins of Wyoming,
ranging from about 50.7 to 52.6 million years ago (Wing
etal., 1991; M. E. Smith etal., 2003, 2004). The Wasatchian/
Bridgerian boundary appears to be at about 50.6-51.0 mil-
lion years ago (Smith et al., 2003; Machlus et al., 2004). The
Bridgerian, long considered equivalent to the middle Eocene,
now straddles the early/middle Eocene boundary; nonethe-
less, all Bridgerian occurrences were listed as middle Eocene
by McKenna and Bell (1997), which could affect some ranges
discussed in later chapters. Numerous dates for the Bridger-
ian range up to slightly younger than 47 million years ago,
and the Bridgerian/Uintan boundary is situated in chron
C21n at about 46.7 million years ago (Smith et al., 2003).

With the shift of the Eocene/Oligocene boundary to
the beginning of the Orellan, the Chadronian (formerly early
Oligocene) is now late Eocene; and it is 3 million years long,
not 5 million, as previously believed. The Uintan and Duch-
esnean NALMAs (long considered late Eocene in age) are
now correlated with middle Eocene. Several “°Ar/?°Ar dates
on ashes and ignimbrites from Texas and New Mexico indi-

cate that the Duchesnean spanned from 37 to almost 40 mil-
lion years ago (Prothero, 1996a; Prothero and Lucas, 1996).
The Duchesnean/Chadronian boundary is situated near the
top of chron C17n.

South American Land-Mammal Ages

The South American mammalian record is relatively
incomplete, with discontinuities between all the Paleogene
South American Land-Mammal Ages (SALMAs). Neverthe-
less, a seemingly stable sequence of Cenozoic SALMAs of
presumed age has been in use for decades. In the Paleogene,
the following sequence has long been recognized: Riochican
(late Paleocene), Casamayoran (early Eocene), Mustersan
(middle Eocene), Divisaderan (middle or late Eocene), and
Deseadan (early Oligocene; Simpson, 1948; Patterson and
Pascual, 1968). Relative ages were assigned mainly by strati-
graphic position and stage of evolution, as the faunas are
entirely endemic. Over the last 30 years or so, however,
magnetostratigraphic studies coupled with radioisotopic
dates, together with new fossil discoveries, have forced sig-
nificant revisions in the SALMAs, with particular impact on
those of the Paleogene.

Three additional Paleocene land-mammal ages or sub-
ages are now recognized that precede the classic late Paleo-
cene Riochican: Itaboraian, Peligran, and Tiupampan (see
Fig. 1.7). The Tiupampan fauna was initially thought to come
from the El Molina Formation of Late Cretaceous age, but
itis now known to come from the overlying Santa Lucia For-
mation of Paleocene age (Marshall et al., 1995). The Itabo-
raian is presumed to be earlier late Paleocene (but it derives
from fissures, which are difficult to date accurately), whereas
the Tiupampan and Peligran are considered successive early
Paleocene land-mammal ages (e.g., Flynn and Swisher,
1995). The Riochican appears to correlate with late Paleo-
cene marine strata, but radiometric dates indicate only that
it is younger than 63 million years. It may correlate approx-
imately with magnetochron C25n. Low-precision radio-
metric dates confirm Paleocene age for the three underlying
ages as well, but their durations and precise placement
within the Paleocene are speculative. Recently, for example,
Marshall et al. (1997), using magnetostratigraphy, recali-
brated the Paleocene SALMAs and considered all four to
be of late Paleocene age, about 55.5-60 million years ago.
Furthermore, they concluded that the actual sequence is
Peligran-Tiupampan-Itaboraian-Riochican. Because the orig-
inal Riochican section spanned the entire late Paleocene,
they considered all four to be subages of a single late Paleo-
cene Riochican Land-Mammal Age. Most researchers, how-
ever, have accepted an early Paleocene age for the Tiupam-
pan and consider it to be the oldest Cenozoic SALMA. This
consensus is followed in this volume.

The Peligran Land-Mammal Age is especially problem-
atic. Thought to correlate approximately with the Torre-
jonian NALMA, it is founded on a new Argentine “fauna”
consisting of a few very fragmentary specimens of five mam-
malian species, together with frogs, turtles, and crocodilians



(Bonaparte et al., 1993). The mammal species include the
gondwanathere Sudamerica (an enigmatic group whose affini-
ties are very uncertain), the only non-Australian monotreme,
and three supposed condylarths, one of which could instead
be a dryolestoid. In some respects this assemblage has more
of a Mesozoic than Paleocene aspect. Whether this enig-
matic fauna proves to be older or younger than Tiupampan,
the available fossils are an inadequate basis for establishing
a land-mammal age.

Recently there has been even greater change in the
concepts of the Eocene SALMAs. New “°Ar/?°Ar dates on
rocks from the later part of the Casamayoran SALMA (Bar-
rancan subage), conventionally considered early Eocene,
yielded the surprising result that they could be as young as
late Eocene (35.3-37.6 Ma), almost 20 million years younger
than previously thought (Kay et al., 1999). This finding
would indicate that the Casamayoran extended much later
in time than previously thought and that the Mustersan
SALMA is latest Eocene. It also raises the possibility that
Riochican could be Eocene, and that there might be an even
longer gap in the South American Eocene record than has
been acknowledged. But the early Casamayoran fauna (Va-
can subage; Cifelli, 1985) is more similar to the Riochican
fauna, suggesting that the hiatus is more likely between the
Vacan and the Barrancan subages. Flynn et al. (2003) re-
interpreted the Casamayoran radioisotopic evidence to in-
dicate a minimum age of 38 million years, and indicated that
the lower boundary could be anywhere down to 54 million
years ago (see Fig. 1.7), which would equate Casamayoran
with most of the early and middle Eocene. This calculation
of its duration may be too long, but age constraints are so
poor that a more precise estimate is not yet possible.

The revised age estimates for the Casamayoran com-
press the Mustersan and Divisaderan into a short interval at
the end of the Eocene. The relative age and even the valid-
ity of the Divisaderan are especially tenuous. Finally, high-
precision “°Ar/3°Ar dates for the recently proposed Tin-
guirirican SALMA indicate that it either bridges the Eocene/
Oligocene boundary (Flynn and Swisher, 1995) or is of early
Oligocene age (Kay et al., 1999). The younger age was up-
held by Flynn et al. (2003), who dated the Tinguirirican at
31-32 million years ago but indicated that it might extend
back as far as 37.5 million years ago (latest Eocene). Radio-
metric dates also show that the Deseadan is much younger
than long believed, shifting it to late Oligocene (Flynn and
Swisher, 1995). Figure 1.7 follows Flynn et al. (2003) for the
Eocene SALMAs.

Note, however, that most of these revisions are so recent
that they were not known at the time of McKenna and Bell’s
(1997) compilation, and obviously were unknown to Simp-
son and other earlier workers. Therefore occurrences and
ranges of South American taxa in this text reflect the tradi-
tional terminology, namely, that Casamayoran was equiva-
lent to early Eocene, Mustersan and Divisaderan to middle
Eocene, and Tinguirirican to the Eocene/Oligocene bound-
ary. Wherever possible, the age of fossils is clarified with the
SALMA of origin to avoid confusion.
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Asian Land-Mammal Ages

The Asian Land-Mammal Ages (ALMAs) are the most
recently named and the most tentative. Several schemes
have been proposed over the past two decades or so. The se-
quence used here follows that of McKenna and Bell (1997),
which stems principally from Li and Ting (1983) and Russell
and Zhai (1987), although a few of the ages were initially
named by Romer (1966). Important modifications were
made by Tong et al. (1995) and Ting (1998). A comparison
of these reports reveals that there is still no consensus re-
garding the appropriate name for some of the ALMAs. With
a few exceptions, the Asian land-mammal sequence is poorly
constrained geochronologically, and the sequence has been
based largely on stage of evolution. Therefore further revi-
sions and refinements are to be expected.

There is general agreement that the Shanghuan ALMA
is early Paleocene and the Nongshanian ALMA is late Paleo-
cene. Wang et al. (1998), however, suggested that the Nong-
shanian may overlap with the late early Paleocene, partly
based on the first K-Ar date (61.63 & 0.92 Ma) from the Paleo-
cene of China. Ting (1998) resurrected the Gashatan ALMA,
named by Romer (1966), for latest Paleocene faunas that
appear to be correlative with the Clarkforkian NALMA.
Several names have been used for the first Eocene land-
mammal age in Asia, including Ulanbulakian (Romer, 1966)
and Lingchan (Li and Ting, 1983; Tong et al., 1995), but
Bumbanian, proposed by Russell and Zhai (1987), is now
generally accepted. The position of the Paleocene/Eocene
boundary relative to the Gashatan and Bumbanian ALMAs
has been controversial. However, the discovery that the CIE
(and thus the Paleocene/Eocene boundary) is situated be-
tween Gashatan and Bumbanian faunas in the Lingcha
Formation of China indicates that, at least in that section,
Gashatan is entirely late Paleocene and Bumbanian is early
Eocene (Bowen et al., 2002). The issue is not fully resolved,
however, because it has been suggested that certain other
Bumbanian faunas could be older than that of the Lingcha
Formation.

Eocene ALMAs following the Bumbanian are very poorly
constrained. There is general agreement that three ages can
be recognized during the middle Eocene—Arshantan, Irdin-
manhan, and Sharamurunian—but their boundaries are
very uncertain. The Ergilian ALMA was proposed by Rus-
sell and Zhai (1987) as the earliest Oligocene ALMA, but
it is now correlated with the late Eocene Priabonian and
Chadronian. Consequently, the Shandgolian (Russell and
Zhai’s middle Oligocene ALMA, equivalent to Ulangochuian
of Li and Ting, 1983) is early Oligocene and corresponds to
the Rupelian and Orellan Land-Mammal Ages.

PALEOGEOGRAPHIC SETTING
DURING THE BEGINNING OF
THE AGE OF MAMMALS

The evolution and dispersal of mammals during the early
Cenozoic were strongly influenced by the positions of the
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continental plates, the connections among them, the amount
and distribution of subaerial exposure, and the marine bar-
riers separating or dividing continents. The salient aspects
of paleogeography at that time summarized here are based
primarily on McKenna (1972, 1975b, 1980a, 1983) and Smith
etal. (1994).

At the end of the Cretaceous, a wide epicontinental sea
extended between the Arctic Ocean and the western At-
lantic, dividing North America into eastern and western
landmasses (Fig. 1.8A). The western portion was joined to
Asia across Beringia (site of the present-day Bering Strait),
whereas the eastern part was more closely approximated
to Greenland, which was close or joined to northwestern
Europe. North America and South America were separated
by a wide seaway that connected the Pacific and Atlantic
oceans. During the Late Cretaceous and early Paleocene, an
epeiric sea apparently divided South America into northern
and southern faunal provinces, limiting faunal exchange
between the two regions (Pascual et al., 1992; Wilson and
Arens, 2001). The southern parts of South America and
Australia were close to Antarctica but lacked subaerial con-
nections to that continent. South America and Africa were
much closer to each other than they are today, though still
separated by a sizable marine barrier. A narrow seaway split
northwestern Africa from the rest of that continent, and
the Tethys Sea (predecessor of the Mediterranean) came
between northern Africa and Europe, which consisted of
several islands. The Tethys extended eastward, south of
Asia, where it was continuous with the Indian Ocean. India
had recently separated from Madagascar and begun its drift
northward. The rest of Asia was a large landmass separated
from Europe by an epicontinental seaway (the Obik Sea to
the north and the Turgai Straits at the southern end), which
joined the Arctic Ocean to the Tethys Sea. This was the pale-
ogeographic setting at the beginning of the Age of Mammals.
Interchange of land mammals between any of the land-
masses separated by marine barriers could only have oc-
curred by Simpson’s sweepstakes dispersal (Simpson, 1953;
McKenna, 1973).

By the end of the early Paleocene a major lowering of
sea level was under way, exposing more extensive land
areas. North America was now a single landmass, as the epi-
continental sea had diminished to a narrow extension from
the Caribbean northward to the middle of the continent.
Land bridges joined North America to northern Europe and
to Asia, allowing faunal exchange. The Eurasian epiconti-
nental sea also receded, exposing land bridges or islands
between Europe and western Asia (Iakovleva et al., 2001).
India was almost halfway to its junction with Asia.

The brief interval of global warming at the beginning
of the Eocene (the Initial Eocene Thermal Maximum) re-
sulted in increased continental temperatures as well as sur-
face warming of high-latitude oceans (Sloan and Thomas,
1998). These changes turned the high-latitude North At-
lantic land bridge (and, to a lesser extent, the North Pacific
Bering bridge) into a hospitable corridor for mammalian
dispersal. Geophysical evidence in fact suggests the presence

of two North Atlantic land bridges during the late Paleocene—
early Eocene: the northern De Geer Route and the south-
ern Thulean Route (Fig. 1.8B, numbers 2 and 3). The De
Geer Route—which was probably farther south in the early
Tertiary, near the present-day Arctic Circle—joined north-
ern Scandinavia, Svalbard (including Spitsbergen), northern
Greenland, and northern Canada in the region of Ellesmere
Island, and could have served as a direct passage between
northwestern Europe and the Western Interior of North
America. The Thulean bridge would have connected the
British Isles to Greenland via the Faeroe Islands and Iceland,
a geothermal “hot spot” in the early Cenozoic (Knox, 1998).

Although little fossil evidence is known from along these
proposed land bridges, Simpson (1947: 633) long ago estab-
lished that the extent of exchange between Europe and
North America indicated that these land masses were “zoo-
geographically essentially a single region at this time.” About
50-60% of early Eocene mammal genera from northwest-
ern Europe are shared with western North America (Savage,
1971; McKenna, 1975b; Smith, 2000). In contrast, only one-
third of earliest Eocene genera were shared by northern and
southern Europe, suggesting that the continent was spo-
radically divided by some kind of barrier during the Paleo-
gene, but whether it was geographic or climatic is unknown
(Marandat, 1997). Ellesmere Island, which was within the
Arctic Circle and at about the same latitude in the Eocene
as it is today, has produced early-to-middle Eocene mam-
mals and reptiles (crocodilians) that indicate a warm climate
(Dawson et al., 1976; West et al., 1977; McKenna, 1980a).
Several of the mammalian taxa are similar at the generic or
family level to those found on both continents and suggest
dispersal across Ellesmere in both directions (Eberle and
McKenna, 2002). The effect of highly variable periods of
daylight (and seasonal darkness) on the biota at such high
latitudes remains problematic. By the middle Eocene (Lutet-
ian), faunal disparities indicate that the opening of the North
Atlantic by sea floor spreading had already interrupted the
Euramerican land bridges.

The Bering land bridge (Beringia, Fig. 1.8B, number 1)
seems to have been emergent throughout most of the
Cenozoic (Marincovich and Gladenkov, 1999). However, it
was evidently at even higher latitude (about 75° N) during
the late Paleocene and early Eocene than it is today and con-
sequently may have acted as a filter rather than a corridor
(McKenna, 2003). Nonetheless, similar taxa found on both
continents at that time (e.g., arctostylopids, uintatheres,
carpolestids, omomyids), many of which are unknown from
Europe, indicate faunal exchange. A more southern bridge
across the Aleutian area may have existed as well, but prob-
ably not before the middle Eocene (McKenna, 1983).

Europe continued to be separated from Asia for part of
the early Cenozoic by a marine barrier consisting of the
Obik Sea and, at the southern end, the Turgai Strait. Cur-
rent evidence suggests, however, that occasional subaerial
connections may have been present at the northern and
southern ends (Fig. 1.8B, numbers 4 and 5), particularly
around the Paleocene/Eocene boundary (Iakovleva et al.,
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Fig. 1.8. (A) Paleogeography during the Late Cretaceous (Maastrichtian), about 70 million years ago. Shaded regions represent subaerial landmasses; white areas are
oceans; lines show present-day coastlines. (B) Paleogeography during the early Eocene, about 53 million years ago. Numbered arrows indicate hypothesized dispersal
routes during the Early Paleogene: 1, between Asia and North America via Bering land bridge; 2, De Geer route; 3, Thulean route; 4, between Asia and Europe at
the northern end of the Obik Sea; 5, across the Turgai Strait; 6, probable sweepstakes dispersal between North and South America via Central America or perhaps a
Caribbean archipelago; 7, between southern Europe and north Africa; 8, between South America and Antarctica; 9, between Antarctica and Australia. Some routes
shown as marine barriers in this reconstruction might have been intermittently subaerial during the Early Cenozoic. (Modified from Smith et al., 1994.)

2001). A marine recession at the Eocene/Oligocene bound-
ary finally exposed significant land bridges across the former
seaway, allowing the immigrations from Asia that charac-
terized the Grande Coupure.

It is now generally thought that the Indian Plate began
to collide with Asia in the late Paleocene. Beck et al. (1998)
even hypothesized that this collision could have precipitated

the CIE (by triggering the release of organic carbon from the
northern continental shelf of India) and the concomitant
climatic and biotic changes that took place at the Paleocene/
Eocene boundary. Fossil evidence regarding the time of col-
lision is equivocal. Frogs and crocodilians of Laurasian
affinity and the mammal Deccanolestes (see Chapter 10) have
been cited as evidence of limited contact with Asia as early
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as the Late Cretaceous (e.g., Jaeger et al., 1989; Sahni and
Bajpai, 1991; Prasad et al., 1994), but other records (fishes,
turtles, and dinosaurs) imply that some animals dispersed
from Madagascar or Africa to India in the Late Cretaceous
(about 80 Ma; Sahni, 1984).

South America was isolated from other continents
through much of the Cenozoic, and most of its endemic
early Cenozoic mammal fauna seems to be derived from at
least two sweepstakes dispersal events, an earlier one (no
later than early Paleocene) from North America, and a later
event (late Eocene) from Africa. Close proximity or a pos-
sible land connection between Patagonia and the Antarctic
Peninsula is implied by the discovery in Antarctica (Seymour
Island) of a small number of typically Patagonian taxa. The
late middle Eocene age of the assemblage (Bartonian, or in
the gap between the early and late Casamayoran) suggests
that these were relict taxa that were isolated from the early
Paleogene Patagonian fauna (Reguero et al., 2002). Never-
theless, the presence in Antarctica of marsupials believed to
lie near the base of the Australian radiation supports the
hypothesis that therian mammals reached Australia through
Antarctica by the early Eocene, and probably before then
(Woodburne and Case, 1996).

Known Early Cenozoic faunas from Africa are largely
confined to a few areas of the northern Sahara, with an
important exception from the middle Eocene of Tanzania
(see Chapter 10). Although many groups appear to be en-
demic, there are hints of affinities with European faunas,
which might have dispersed between present-day Spain and
Morocco.

PALEOCENE-EOCENE CLIMATE
AND FLORA

The world of the Paleocene and Eocene was very dif-
ferent from that of today. It was much warmer and more
equable during most of that interval than at any other time
during the Cenozoic (Wing and Greenwood, 1993). Temper-
atures varied little seasonally or latitudinally, mid-latitudes
were largely frost-free, and there were no polar ice caps. Con-
ditions were generally wet or humid. A paleotemperature
curve reconstructed from deep-sea oxygen isotope records
(Zachos et al., 2001) shows that early Paleocene tempera-
tures continued as high as, or higher than, those at the end
of the Cretaceous. Following a slight decline at the start of
the late Paleocene (59—61 Ma), ocean temperatures increased
steadily through the rest of the late Paleocene and the early
Eocene (52-59 Ma) and peaked in the late early Eocene,
about 50-52 million years ago (the Early Eocene Climatic
Optimum, the warmest interval of the past 65 My). There-
after, temperatures deteriorated more or less continuously to
the end of the Eocene, when an abrupt, substantially cooler
interval corresponded approximately with the Eocene/
Oligocene boundary (or more accurately, the earliest Oligo-
cene). This interval also corresponds with the appearance of
permanent ice sheets in Antarctica for the first time in the
Cenozoic, and possibly Northern Hemisphere glaciation as

well (e.g., Coxall et al., 2005). Antarctic glaciation probably
resulted in part from changes in ocean circulation following
the isolation of Antarctica. The only significant interruption
in these overall trends was the Initial Eocene Thermal Max-
imum, the short-term global warming alluded to earlier,
which further raised temperatures for about 100,000 years
at the beginning of the Eocene (Sloan and Thomas, 1998).
A few other episodes of elevated temperature during the
early Eocene have been identified recently, but they are of
lesser magnitude (e.g., Lourens et al., 2005). The relatively
high temperatures of the Paleocene and Eocene have led to
the characterization of thisinterval asa “greenhouse,” com-
pared to the “ice house” of the post-Eocene.

Deep ocean temperatures during the Paleocene and early
Eocene, deduced from oxygen isotope ratios in benthic
foraminifera, ranged from 8 to 12° C (Zachos et al., 2001).
Continental temperatures have been estimated from the pro-
portion of leaves with entire (untoothed) margins, which
has been shown to be higher in warmer climates (Wolfe,
1979; Wilf, 1997), from multivariate analysis of leaf physiog-
nomy (Wolfe, 1993, 1994), and from oxygen isotope com-
position analyzed from paleosols and fossil teeth (Fricke et
al., 1998; Koch et al., 2003). Although estimates based on
these different methods do not always agree, the overall pat-
tern is consistent. For western North America, leaf-margin
analysis (supported by oxygen isotope data from foramini-
fera) documents an increase in mean annual temperature
(MAT) from 10 to 15-18° C during the last 0.5 million years
of the Cretaceous, followed by an abrupt drop to about
11° Cjust before the K/'T boundary (Wilf etal., 2003). MAT
remained at about 11° C through atleast the first half of the
Puercan, except for a brief, small increase immediately after
the K/ T boundary (probably of about 3° C, according to
Wilf et al., 2003, rather than the 10° C increment reported
by Wolfe, 1990). Nevertheless, these early Paleocene floras
contain palms. Somewhat later in the early Paleocene (about
early Torrejonian) temperatures rose again, and tropical rain-
forest was present in Colorado (Johnson and Ellis, 2002).

Leaf-margin analyses indicate that MAT in western
North America increased from about 13 to more than 15° C
during the last 2 million years of the Paleocene, and from
about 18° C near the beginning of the Eocene to more than
22° C during the late early Eocene (the Early Eocene Cli-
matic Optimum), with a possible brief cooler interval (dip-
ping to about 11° C) in the middle of the early Eocene
(Hickey, 1977; Wing, 1998b; Wing et al., 1999). For compar-
ison, present-day MAT in Wyoming is about 6° C, with a
much greater annual range than during the Early Cenozoic.
Oxygen isotope analyses indicate that MAT during the Ini-
tial Eocene Thermal Maximum was 3-7° C higher than just
before and just after that interval (Fricke et al., 1998; Koch
et al., 2003). Wolfe (1985) estimated that latest Paleocene
MAT was as high as 22-23° C in the northern High Plains.
He later estimated early Eocene temperatures to have been
at least 27° C at paleolatitude 45° N, and 19° C at 70° N in
North America (Wolfe, 1994). Even the lower temperature
estimates for the late Paleocene and early Eocene are within



the range for present-day subtropical and paratropical rain-
forests (Hickey, 1977). The annual temperature range was
small in the early Eocene, but increased substantially as the
climate cooled toward the end of the Eocene.

Based on his higher temperature estimates, Wolfe (1985)
inferred that tropical rainforest covered broad areas of the
continents to latitude 50° during the latest Paleocene and
early Eocene (the warmest interval of the Cenozoic), with
paratropical rainforest extending to latitude 60-65°. Broad-
leaved evergreen forest and palms extended to 70°. Far-
ther poleward (e.g., on Ellesmere Island) were low-diversity
forests of deciduous broad-leaved trees and deciduous
conifers, such as Glyptostrobus (bald cypress) and Metasequoia
(dawn redwood), which apparently were tolerant of sea-
sonal darkness. One effect of a relatively frost-free climate
at high latitudes—or, at least, a climate without persistent
frost—was that forests of these deciduous angiosperms and
conifers spread between Europe and North America, and
even across Beringia (Manchester, 1999; Tiffney, 2000). Un-
doubtedly this situation made it easier for mammals also to
disperse along these routes.

Like vertebrates, plants suffered major extinctions across
the K/T boundary (e.g., Wolfe and Upchurch, 1986). Floras
from immediately above the K/T boundary in North Amer-
ica tend to be dominated by ferns, which are among the first
plants to reappear after major environmental disruption,
such as the K/T boundary bolide impact (Wing, 1998a).
Thereafter, floral diversity increased slowly, and recovery of
angiosperms—which were decimated by the bolide impact—
took hundreds of thousands of years. Paleocene floras of
western North America are typically characterized by alow
diversity of deciduous broad-leaved trees, and many of the
taxa had very broad ranges (Wing, 1998a; Manchester, 1999).
There are more deciduous taxa than are usually present in
tropical or subtropical floras. This relative abundance could
be a result of terminal Cretaceous extinctions of evergreens,
or it may indicate that continental interiors were somewhat
cooler than has been inferred. In the late Paleocene and
early Eocene, floras consisted of mixed deciduous and ever-
green broad-leaved trees. During the climatic optimum of
the late early Eocene, there was a higher proportion of ever-
green species. Later Eocene cooling led to greater floristic
zonation, which in turn may have stimulated a general di-
etary shift among mammals (e.g., rodents, perissodactyls)
from mainly frugivory to more specialized browsing and
folivory (Collinson and Hooker, 1987). Broad-leaved ever-
green vegetation was mostly restricted to below latitude 50°,
whereas farther poleward there was mixed conifer forest
(Wolfe, 1985). Latitudinal variation in temperature was still
relatively low, however, so that rainfall had a stronger influ-
ence on vegetation patterns (Wing, 1998a). Following the
dramatic cool episode at the end of the Eocene, temperate
deciduous and conifer forests prevailed in the mid-latitudes.

The principal constituents of North American Paleocene
and Eocene floras are summarized here based on Brown
(1962), Hickey (1977), Upchurch and Wolfe (1987), Wing
(1998a,b, 2001), and Manchester (1999). Common elements
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of the Paleocene flora of the Western Interior were walnuts
and hickories (Juglandaceae), birches (Betulaceae), witch
hazels (Hamamelidaceae), elms (Ulmaceae), dogwoods (Cor-
naceae), ginkgos (Ginkgoaceae), oaks (Quercus), sycamores
(Platanus), katsuras (Cercidiphyllum), and the genera Averrhoites
(Oxalidaceae?) and Meliosma (Sabiaceae). Glyptostrobus and
Metasequoia (Taxodiaceae) predominated in backswamps.
Several of these, including Glyptostrobus, Metasequoia, Pla-
tanus, and Palaeocarpinus (Betulaceae), were present during
the Paleocene on all three northern continents (Manches-
ter, 1999). Ground cover consisted of ferns, horsetails (Equi-
setum), and other low herbaceous plants, for grasses did
not dominate in open habitats until the latest Oligocene or
earliest Miocene (Stromberg, 2005). Palms were essentially
limited to the southern half of the continent. Early Eocene
floras included many of the same taxa, but also more sub-
tropical taxa. Poplars, ginkgos, and hazelnuts were pres-
ent; relatives of laurels (Lauraceae), citrus (Rutaceae), and
sumac, mango, and cashew (Anacardiaceae) helped to form
the canopy. Still abundant in swamp forests were the wide-
spread conifers Glyptostrobus and Metasequoia. Other com-
mon swamp plants during the warm early Eocene include
palms, palmettos, cycads, tree ferns, ginger, magnolia, lau-
rel, hibiscus, and the floating fern Salvinia. Many of these
plants are similar to the largely tropical or subtropical flora
present in the early and middle Eocene of England (Collin-
son and Hooker, 1987).

Wing and Tiffney (1987) proposed that the interaction
between land vertebrates and angiosperms during the Late
Cretaceous and Early Cenozoic had profound effects on
both floras and faunas. The extinction of dinosaurs at the end
of the Cretaceous altered selective pressures on the plant
community by eliminating large herbivores. This change in
pressure, in turn, may have led to denser vegetation, inten-
sified competition among plants, and selection for larger
seeds—floral changes that would have stimulated the radi-
ation of arboreal frugivores, but might have stifled diver-
sification of larger terrestrial herbivores. Although such a
model is consistent with many Paleocene quarry assem-
blages from the northern Western Interior, it is less consis-
tent with assemblages from the San Juan Basin, New Mex-
ico, which are dominated by larger terrestrial herbivores.
The relationship between floras and faunas is complex and
not yet well understood. For example, mammalian diversity
is not always correlated with floral diversity (e.g., Wilf etal.,
1998), nor are major changes in the structure of mammal
and plant communities necessarily closely associated (Wing
and Harrington, 2001).

ORGANIZATION OF THE VOLUME

Chapter 2 provides an overview of mammalian skeletal
anatomy and the principal features of the skeleton and den-
tition that are used to interpret diet, locomotion, and other
aspects of behavior in fossil mammals. A review of the ori-
gin of mammals follows in Chapter 3, and a synopsis of
mammalian evolution during the Mesozoic in Chapter 4, as
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the background to the Early Cenozoic radiation that is the
principal focus of the book. The Multituberculata, a Meso-
zoic clade that survived into the Early Cenozoic and was a
significant constituent of many Paleocene faunas, is covered
in the latter chapter. In Chapter 5 the fossil record of Meta-
theria from the Cretaceous through the Eocene is presented.
Basal eutherians of the Cretaceous, the primitive antece-
dents of the Cenozoic placental radiation, are highlighted
in Chapter 6.

Chapters 7 through 15 summarize the Paleocene-Eocene
fossil record of eutherian mammals. In some cases perti-
nent early Oligocene groups are discussed as well. Chapters
generally group taxa that are, or have been, thought to be
monophyletic; but for some taxa the evidence for mono-
phyly is weak at best, and the association is really more one
of convenience. Cladograms and classification tables are
included in Chapters 4 through 15 to help readers place tax-
onomic groups in phylogenetic context. In the tables a dag-
ger symbol () is used to indicate extinct taxa, and families
and genera known from the Paleocene or Eocene are shown
in boldface. Unless otherwise indicated, most classifications
used in the book are modified after McKenna and Bell (1997,
2002). All Paleocene-Eocene higher taxa are listed, but
complete listings of all later Cenozoic and Recent taxa are
omitted for some of the most diverse orders.

Chapter 7 covers the primitive cimolestan “insectivores”
as well as several clades that have been associated with them

or are thought to be their descendants, including didymo-
conids, pantolestans, apatotheres, taeniodonts, tillodonts,
and pantodonts. In Chapter 8 the creodonts and carnivorans
are reviewed. Insectivora, including leptictids and lipoty-
phlans are the subject of Chapter 9. The early fossil record
of the Archonta, including bats, dermopterans, tree shrews,
and primates, is detailed in Chapter 10. Chapter 11 concerns
the xenarthrans, pangolins, and palaeanodonts—mammals
loosely grouped as “edentates,” although there is little con-
vincing evidence for relationship of the xenarthrans to the
others. Under the heading of archaic ungulates, the subject
of Chapter 12, are grouped condylarths as well as an as-
sortment of other primitive ungulates, including uintatheres,
arctostylopids, and the extinct South American ungulates
(litopterns, notoungulates, pyrotheres, astrapotheres, and
xenungulates). This grouping, too, is one of convenience
and does not imply any special relationship. Chapter 13
describes the Altungulata, which comprises perissodactyls,
hyracoids, and tethytheres (sirenians, proboscideans, and
arsinoitheres). Cetacea, archaic mesonychians, and artio-
dactyls are discussed in Chapter 14. Chapter 15 summarizes
the fossil record of Anagalida: the rodents, lagomorphs, and
possible relatives, including elephant shrews and several
fossil clades. The final chapter provides a retrospective on
mammalian evolution during the beginning of the Age of
Mammals.
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HE MAMMALIAN SKELETON HAS BEEN evolving for more than
TZOO million years, since it originated from that of nonmammalian cynodonts,

resulting in variations as different in size and adaptation as those of bats, moles,
horses, elephants, and whales. Therefore, to assume that there is a living species that
displays the “typical” mammalian skeleton would be naive and misleading. Never-
theless, all mammalian skeletons represent variations on a fundamental theme, and
in terms of the addition or loss of skeletal elements, mammals have, in general, re-
mained rather conservative. The objective of this chapter is to review the skeleton of
generalized mammals as a foundation for the discussion of mammalian dentition
and osteology throughout this book, and to briefly survey some of the variations on
this theme.

Compared to the skeletons of lower tetrapods, those of mammals are simpler
(with fewer elements, because of fusion or loss of bones) and better ossified (with
more bone and less cartilage in adults). Both conditions probably contribute to
greater mobility and speed of movement. One of the most important consequences
of thorough ossification is more precisely fitting limb joints. The articular ends of
reptile limbs are covered in cartilage. Because reptile bones grow in length through-
out life by gradual ossification of this cartilage, a distinct articular surface never
forms. By contrast, the articular ends, or epiphyses, of mammalian limb bones (and
certain bony features associated with muscle attachment, such as the femoral tro-
chanters) develop from separate centers of ossification from the one that forms the
shaft, or diaphysis. Growth in length occurs at the cartilaginous plates between the
shaft and the epiphyses, thus allowing the formation of well-defined articular sur-
faces, even in animals that are still growing.
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SKULL

The human skull consists of 28 bones (including the
three middle-ear ossicles), most of which are very tightly
articulated or fused together. This constitutes a reduction of
the cranial arrangement characteristic of primitive mam-
mals (e.g., several elements fuse to form the human tem-
poral or occipital bones). Nevertheless, mammals as a rule
have fewer skull bones than do reptiles. There are several
excellent general accounts of the anatomy of the mam-
malian skull (e.g., Romer and Parsons, 1977; Barghusen and
Hopson, 1979; Novacek, 1993) that supply detailed infor-
mation. The summary presented here is based partly on
these accounts.

The braincase of mammals is generally much larger than
that of reptiles. Besides protecting the brain, it provides a
surface of origin for the temporalis muscles (used in masti-
cation) laterally, and for neck muscles on the posterior
surface, or occiput. Additional attachment area for these
muscles is provided by the midline sagittal crest and the
transversely oriented lambdoidal (=nuchal or occipital) crest
at the top of the occiput. Typically the braincase consists of
paired frontals (fused in humans) and parietals dorsally, an
occipital at the back, and paired squamosals laterally, below
the frontals and parietals (Fig. 2.1). An interparietal may be
present between the parietals and the occipital. Develop-
mentally the occipital bone consists of several elements, in-
cluding the supraoccipital, the basioccipital, and the paired
exoccipitals (which include the occipital condyles and sur-
round the foramen magnum, through which the spinal cord
passes), but these are usually fused in adults. The squamosal
bones contain the glenoid fossa posteriorly, for articulation
with the condylar process of the dentary, and form the back
of the zygomatic arch. Anterior to the basioccipital on the
ventral surface are the basisphenoid and presphenoid; paired
alisphenoids and orbitosphenoids extend laterally from the
basisphenoid and presphenoid to form part of the lateral
wall of the braincase. Commonly these bones fuse to form
the complexly shaped sphenoid bone (as in humans). A del-
icate midline bone, the ethmoid, forms part of the floor of
the braincase and extends into the upper nasal cavity.

Situated more or less between the squamosal and the
basioccipital is the auditory region of the basicranium,
which contains the tympanic or middle-ear cavity, with its
three tiny auditory ossicles (malleus, incus, and stapes), and
the inner ear, with its bony labyrinth enclosing the cochlea
and semicircular canals. These are the organs of hearing
and balance. The ossicular chain extends from the tympanic
membrane (eardrum) laterally, to the fenestra ovalis (oval
window) on the ventrolateral wall of the petrosal, which re-
ceives the footplate of the stapes. The eardrum is usually
supported by a ringlike or tubular ectotympanic (=tympanic)
bone. Within the dense petrosal bone, or otic capsule, is the
inner ear. The cochlear canal in living mammals (except
monotremes) is coiled, resembling a snail shell. There are
always at least 13 turns (about 2% in humans). A coiled cochlea
can accommodate a longer basilar membrane—which sup-

ports the spiral organ for hearing, within the cochlea—in a
smaller space, and is therefore usually a good indicator of
auditory acuity.

In many mammals, as in humans, the petrosal, ectotym-
panic, and squamosal bones synostose to form the tempo-
ral bone. The tympanic cavity and otic capsule in mammals
are typically surrounded and protected by a bubble-like bony
structure, the auditory bulla, behind which the mastoid por-
tion of the petrosal is often exposed. The bulla, which forms
the floor of the tympanic region, is a mammalian innovation.
When present in marsupials it usually forms from the al-
isphenoid, whereas in placentals it is variously constructed
of the ectotympanic, entotympanic, petrosal, or a combi-
nation of these or other elements. The bony anatomy of the
auditory region, particularly bullar composition, and the pat-
tern of vascular grooves on the ventral surface of the pet-
rosal created by branches of the internal carotid artery (which
usually flows through this region en route to the brain) are
important considerations in mammalian systematics.

The basicranium is also important because of its nu-
merous foramina that transmit the 12 pairs of cranial nerves
and various vessels to and from the brain. The nerves and
vessels do not actually penetrate the basicranium,; instead,
during development the bone ossifies around them. Cranial
nerves (CNs) serve many vital functions: they are responsible
for the special senses, control muscles and supply sensory
innervation to the head and neck, and provide parasympa-
thetic autonomic innervation to thoracic and abdominal
viscera as well as glands and smooth muscle in the head.
They are numbered from front to back as they emerge from
the base of the brain. The configuration of the basicranial
foramina through which the nerves enter or leave the cra-
nial cavity also weighs heavily in phylogenetic interpre-
tations. The foramina and nerves may be summarized as
follows:

Cribriform plate of the ethmoid bone—A perforated bone
at the anterior floor of the braincase, through which
nerve bundles of CN I, the olfactory nerve (which pro-
vides the sense of smell), pass from the roof of the
nasal cavity to reach the olfactory bulbs of the brain.

Optic foramen—The opening that transmits CN II, the
optic nerve (the nerve of vision), through the orbito-
sphenoid to the orbit and the eyeball.

Sphenorbital foramen (=anterior lacerate foramen, supe-
rior orbital fissure)—An opening between the orbito-
sphenoid and alisphenoid through which CNs III, 1V,
V1, and VI reach the orbit. CN III (oculomotor nerve),
IV (trochlear nerve), and VI (abducent nerve) supply
muscles that move the eye; V! (the first division of the
trigeminal nerve, called the ophthalmic nerve) is sen-
sory to the eye, orbit, and forehead.

Foramen rotundum—A hole in the alisphenoid that is the
usual pathway of CN V? (the second or maxillary divi-
sion of the trigeminal nerve) to the floor of the orbit,
where the nerve gives off sensory branches to the
maxillary sinus and upper teeth. Its termination passes



Mammalian Skeletal Structure and Adaptations 25

Fig. 2.1. Anatomy of the skull of a
primitive mammal (Monodelphis). The
dental formula exhibited by this
marsupial is 5.1.3.4/4.1.3.4. Key:

an, angular process; as, alisphenoid;
astp, alisphenoid tympanic process;

bo, basioccipital; bs, basisphenoid,;

C, canines; coc, coronoid crest; con,
mandibular condyle; cor, coronoid
process; ec, ectotympanic; eo, exoccip-
ital; fc, fenestra cochleae; fr, frontal;
frp, frontal process of the jugal;

ham, hamulus; I, incisors; inf, incisive
foramen; iof, infraorbital foramen;

ip, interparietal; ju, jugal; lac, lacrimal;
lacf, lacrimal foramen; M, molars;

maf, masseteric fossa; mapf, major
palatine foramen; mf, mental foramina;
mpf, minor palatine foramen; mx, max-
illa; na, nasal; oc, occipital condyle;

P, premolars; pa, parietal; pal, palatine;
pep, paracondylar process of the
exoccipital; pe, petrosal; pmx,
premaxilla; ppt, postpalatine torus; ps,
presphenoid; pt, pterygoid; ptp, post-
tympanic process; rtpp, rostral tympanic
process of the petrosal; so, supraoccipital;
sq, squamosal; tl, temporal line.
(Modified from Wible, 2003.)

frp

na

through the infraorbital foramen in the maxilla, emerg-
ing onto the snout or face to provide sensory innervation
to this area.

Foramen ovale—The opening that transmits CN V? (third
or mandibular division of the trigeminal nerve) through
the alisphenoid to the mouth, where it supplies the
masticatory muscles and is sensory to the cheek and
most of the tongue. One branch enters the dentary

astp ripp

ptp
v P
at
pa v A
sq eo
e

cor
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posteromedially through the mandibular foramen to
supply the lower teeth and gums, and emerges through
one or more mental foramina (anterolaterally on the
dentary) to provide sensation to the chin area.

Internal acoustic meatus—Visible only from inside the cra-
nial cavity, this opening in the petrosal bone transmits
CN VII (facial nerve) and CN VIII (vestibulocochlear
nerve) into the ear region, where the latter runs to
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ganglia in the inner ear associated with hearing and bal-
ance. After giving off several branches within the pet-
rosal (including two special sensory branches involved
with taste), CN VII emerges through the stylomastoid
foramen at the back of the basicranium to supply the
muscles of the snout or face.

Posterior lacerate foramen (=jugular foramen)—This
large foramen between the basioccipital and the otic
capsule transmits CNs IX (glossopharyngeal nerve),

X (vagus nerve), and XI (accessory nerve), as well as the
internal jugular vein. CN IX innervates aspects of the
tongue, pharynx, and middle ear, and CN X innervates
the pharynx, larynx, most palatal muscles, and thoracic
and abdominal viscera. CN XI supplies two muscles of
the neck and back (sternocleidomastoid and trapezius).

Hypoglossal canal (=anterior condyloid foramen)—Paired
or multiple openings within the foramen magnum and
just anterior to the occipital condyles, which transmit
CN XII (hypoglossal nerve) to the tongue muscles.

A few other cranial openings are of note. The carotid
canal carries the internal carotid artery into the cranial cav-
ity to supply the brain. Upon entering the basicranium, usu-
ally near the posterior lacerate foramen, the artery traverses
the carotid canal in the alisphenoid and emerges into the
cranial cavity immediately above the middle lacerate fora-
men (=lacerate foramen of human anatomy) at the front
of the alisphenoid. An opening at the front of the auditory
bulla joins the middle-ear cavity to the back of the throat via
the cartilaginous part of the auditory (eustachian) tube.

The facial skeleton or snout includes the bones around
the orbit (except the frontal), the nose, and the mouth. The
paired maxillae hold most of the upper teeth and make up
a large part of the secondary (hard) palate, a mammalian
characteristic, which separates the oral and nasal cavities.
They also usually form the front of the zygomatic arches
and often contribute to the floor or anterior rim of the or-
bit. Enclosed within each maxilla is a large cavity, or sinus,
which adjoins the nasal cavity. Similar sinuses are found in
the sphenoid, ethmoid, and occasionally the frontal and
various basicranial bones. The pneumatization created by
these sinuses reduces the weight of the skull, contributes to
vocal resonance, and at the same time provides advanta-
geous muscle attachments. The premaxillae contain the in-
cisors and form the front of the palate and the anterolateral
wall of the nasal cavity. The back of the palate consists of
the palatine bones, which also define the lower margin of
the choanae, or internal nares. The bony palate has paired
incisive foramina in front and palatine foramina at the back,
which carry nerves and vessels. In some mammals, the
incisive foramina lead to Jacobson’s organ (=vomeronasal
or accessory nasal organ). Marsupials often have additional
openings in the palate, called vacuities. Behind and above
the palatines, and anterior to the presphenoid, is a small mid-
line element, the vomer, which, together with the ethmoid,
divides the two nasal cavities. Attached to the lateral walls
of the nasal cavity are the turbinals: delicate, scroll-like struc-

tures of cartilage or bone that expand the surface area of
the nasal cavity. The lower one on each side is a separate el-
ement, the inferior turbinate (=maxilloturbinal or inferior
nasal concha). Situated medial to the maxillae and pre-
mazxillae and behind the external nares are the nasals. At the
anteromedial margin of the orbit are the lacrimal bones,
pierced by the nasolacrimal (=lacrimal) canal, which con-
tains a duct that drains lacrimal fluid from the eye into the
nose. The paired zygomatic or jugal (=malar) bones are
positioned between the maxilla and squamosal on each
side. The zygomatic thus forms the middle of the zygomatic
arch, a bony bar on the outside of the orbitotemporal fossa,
which protects the eye and provides attachment area for the
masseter muscle.

The mandible or lower jaw in mammals, which con-
tains all the lower teeth, consists of a pair of dentaries, in
contrast to the multi-element lower jaw of reptiles and non-
mammalian therapsids. The two dentaries are either joined
by ligaments or co-ossified at the front (the mandibular sym-
physis). Behind the toothrow is the ascending ramus, with a
coronoid process for attachment of the temporalis muscle,
and a condyle that articulates with the squamosal. The me-
dial side of the condylar neck is also the site of insertion of
the lateral pterygoid muscle. At the posteroinferior margin
of the jaw is the angular process, for attachment of the mas-
seter (laterally) and medial pterygoid muscles (medially).
These are all chewing muscles, supplied by CN V2.

DENTITION

Probably more than any other part of the skeleton, the
dentition of fossil mammals plays a critical role in taxon-
omy, assessment of phylogenetic position, and interpreta-
tion of behavior (primarily diet, but also such activities as
grooming, gnawing, or even digging). In part, this reflects
the durability of teeth (enamel, the hard outer layer of most
mammal teeth, is the hardest substance in the body), which
accounts for why they are generally more common than
other skeletal remains. But it is also because the dentition
usually exhibits species-specific differences, not so readily
distinguished in other parts of the skeleton, that can often
be detected even in individual teeth. Especially useful gen-
eral accounts of the dentition in vertebrates generally, and
mammals in particular, include Gregory (1922), Peyer (1968),
and Hillson (1986).

One of the characteristics of mammals (inherited from
their nonmammalian cynodont ancestors) is the regional
differentiation of the dentition into incisors (I), canines (C),
premolars (P), and molars (M), known as heterodonty
(Fig. 2.1). The postcanine teeth are collectively called cheek
teeth. Incisors are typically involved in procuring and in-
gesting food. Canines usually function for stabbing or hold-
ing prey, for aggression, or for display. Premolars hold or
prepare food for the molars, which shear, crush, and grind
the food. In most mammals, the antemolar teeth are replaced
once during life, a diagnostic mammalian condition called
diphyodonty. The first set of teeth, the deciduous or milk



teeth (indicated by “d,” such as dP4), erupts more or less in
sequence from front to back, followed by the molars, which
are actually part of the first generation of teeth. Most of the
antemolar teeth are sequentially replaced by permanent
teeth after some or all of the molars are in place.

The number of teeth present in each part of the denti-
tion varies among mammals and is an important taxonomic
characteristic. It is expressed in shorthand by the dental for-
mula, I.C.PM/L.C.PM, which specifies the number of teeth
in each quadrant, that is, on each side, above and below:.
Thus the dental formula of primitive extant placentals is
3.1.4.3/3.1.4.3 X 2 = 44; this translates to three incisors, one
canine, four premolars, and three molars in each upper and
each lower quadrant, for a total of 44 teeth. These teeth are
conventionally identified as I'?C'P'*M'?/1__C,P, M, ..
The dental formula of primitive marsupials (e.g., the opos-
sum Didelphis) is 5.1.3.4/4.1.3.4 X 2 = 50. Generalized mar-
supials typically differ from primitive living placentals, then,
in having more incisors (and more of them in the upper jaw
than in the lower), one more molar, and one less premolar.
The postcanine teeth are conventionally identified as P1-3,
M1-4 (in both upper and lower jaws), although some ac-
counts use a different numbering system. Obviously, the
number of teeth has varied considerably among mammals.
Some primitive Mesozoic types had more premolars and/
or molars than do most modern species, whereas some liv-
ing mammals have many homodont (similar) teeth (e.g.,
porpoises) and others have no teeth at all (e.g., anteaters).
As a general rule, however, no mammal has more than one
canine, and living marsupials and placentals rarely increase
the number of premolars and molars beyond the primitive
state.

Fossil evidence suggests, however, that the primitive eu-
therian dental formula was 5.1.5.3/4.1.5.3. To achieve the
dental formula common in the most generalized living pla-
centals, it is probable that incisors were lost from the back
of the series and a premolar was lost from the middle (P3),
very early in the history of placentals (McKenna, 1975a;
Novacek, 1986b). This hypothesis suggests that the four pre-
molars present in most primitive extant placentals could be
dP1.P2.P4.P5, although the last two are conventionally iden-
tified as P3 and P4. This convention has been adopted be-
cause there is little direct evidence of how the reduction to
four premolars took place, and whether it represents a single
event in eutherians or occurred multiple times. Whatever
position was lost, there is general agreement that the re-
maining teeth are probably homologous, and they continue
to be almost universally identified as (d)P1.P2.P3.P4. This
practice is also followed here, acknowledging that it is an
assumption. Nearly all Cenozoic placentals have no more
than three incisors and four premolars, hence a dental for-
mula of 3.1.4.3/3.1.4.3 may be considered the primitive con-
dition among Paleocene and Eocene mammals.

Although the dental formula is an important character-
istic of mammals, equally or more important are the ho-
mologies of the teeth. For example, an enlarged central in-
cisor evolved in many clades of mammals, but the tooth
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involved is not always homologous. In some cases it is I1,
whereas in others it is 12 or a retained deciduous I2. When
all the incisors are present, homologies are easily deter-
mined, but deciphering true homologies when the number
of incisors is reduced to one or two requires developmental
or evolutionary evidence. Unusually specialized premolars
have also arisen independently in various lineages, as demon-
strated by their occurrence at different tooth loci in differ-
ent clades.

Several positional and other descriptive terms are com-
monly used when describing teeth. Buccal refers to the ex-
ternal or lateral surface, which faces the cheek (=labial,
facing the lips, especially near the front of the jaw); lingual
denotes the internal or medial surface, toward the tongue.
The anterior end of the toothrow is also called mesial, the
posterior end distal. Tooth length is measured mesiodistally,
whereas width is measured transversely (buccolingually).
Teeth are implanted in the alveoli (sockets) of the jaw by the
root(s); the neck is approximately at the gum line, and most
of whatis exposed is the crown, usually covered by enamel.
Enamel is an extremely hard, largely inorganic substance
composed of hydroxyapatite crystallites. The underlying
dentine is an avascular tissue consisting of hydroxyapatite,
collagen, and water, and is softer than the enamel. Cemen-
tum is a bonelike tissue usually found covering the roots of
teeth, but it is also found in the crowns of the teeth of many
herbivores. Teeth with relatively low crowns are character-
ized as brachydont, whereas those with high crowns (higher
than the roots, or higher than the length or width; Simp-
son, 1970c) are hypsodont. Teeth that grow continuously
throughout life and never form roots are called hypselo-
dont (e.g., Simpson, 1970c) or euhypsodont (Mones, 1982);
these are essentially equivalent terms. The most obvious ex-
amples of hypselodont teeth are the incisors of rodents, but
the condition has evolved independently in multiple line-
ages, and at different tooth loci.

Incisors may be small to very large and ever-growing,
and the crowns vary from pointed to broad and spatulate,
chisel-like, bilobed, or multicuspate; upper incisors tend to
be larger than lowers. Canines are usually relatively large,
conical teeth, but in some forms they are reduced or lost,
whereas in others they are huge and saberlike or gliriform
(like rodent incisors) and may be ever-growing. Both inci-
sors and canines are almost always single-rooted. Premolars
may be simple with one main cusp, or more complex, some-
times closely resembling molars. They usually increase in
size and complexity posteriorly. In some mammals the pos-
terior premolars are greatly enlarged, and in this case they
may be swollen or bladelike. Despite these interesting vari-
ations in antemolar teeth, which are sometimes diagnostic
of particular taxa, the crown morphology of molars is par-
ticularly distinctive and almost always carries substantial
weight for taxonomy, phylogenetic assessment, and dietary
inference.

Extant mammals, as well as most of the fossil groups
dealt with in this book, have molars derived from the basic
tribosphenic condition that evolved in the Mesozoic ancestors
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Fig. 2.2. Structure of tribosphenic molars (anterior to the left): (A) left upper;
(B) left lower. (From Bown and Kraus, 1979.)

of marsupials and placentals. Some more primitive groups,
discussed in the chapter on Mesozoic radiations (Chapter 4),
were not yet tribosphenic. Here I focus on the structure of
tribosphenic molars (Fig. 2.2) and defer a discussion of how
tribosphenic molars evolved until Chapter 4. In general, tri-
bosphenic molars have divided roots, two for each lower
molar, located below the trigonid and talonid, and three for
each upper, under each of the three main cusps. General-
ized tribosphenic upper molars are transversely wider than
they are long, and the three main cusps form a triangle
with two cusps arranged buccally and one lingually. On the
buccal side, the paracone is anterior, the metacone poste-
rior; the lingual cusp is the protocone. Between the para-
cone-metacone and the buccal margin of the tooth is the
stylar shelf, on which smaller cusps may be present, such as
the parastyle, stylocone, mesostyle, and metastyle. Conules
(paraconule and metaconule) are commonly present be-
tween the paracone or metacone and the protocone. A
hypocone is frequently developed posterolingually, espe-
cially in herbivores, and may result in a quadrate upper mo-
lar. It is generally assumed that these cusps on adjacent teeth
of an individual are serially homologous.

Mammalian cusp nomenclature is largely topographic:
although it is probable that the three main cusps are almost
always homologous across species, this is not true for the
hypocone, mesostyle, and various other smaller cusps, which
have demonstrably arisen multiple times independently (Van
Valen, 1994a; Hunter and Jernvall, 1995). Indeed, develop-
mental evidence has shown that relatively small changes
during tooth formation can result in substantial changes in

the size or number of small cusps (Jernvall, 2000). Although
this instability helps to explain the frequent appearance of
new cusps in different clades, it also means that variations in
small cusps may have little phylogenetic significance, which
should be remembered when using minor variations in cusp
pattern as evidence for or against relationship.

Cusps are often joined by crests, and in some teeth crests
predominate. The centrocrista is the crest between the para-
cone and metacone in generalized molars. When this crest
is better developed, or when it links the centrocrista to the
parastyle, metastyle, or mesostyle, it is called the ectoloph.
Other crests are usually named with respect to the cusps
they join. For instance, the preprotocrista and postproto-
crista run anteriorly and posteriorly to the protocone, from
the paracone or paraconule, and metacone or metaconule,
respectively. Parallel transverse crests joining the paracone
to the protocone and the metacone to the hypocone are the
protoloph and metaloph, respectively. They are particularly
well developed in herbivorous forms. A low (basal) shelf on
any margin of the tooth is a cingulum.

Tribosphenic lower molars are longer than wide and
consist of a trigonid anteriorly and a talonid posteriorly. As
its name implies, the trigonid consists of three cusps, but
in tribosphenic molars these cusps are arranged in a triangle
that is inverted compared to that of the upper molars. Lower
molar features end in the suffix -id; the two lingual cusps of
the trigonid are the paraconid and metaconid, and the buc-
cal cusp is the protoconid. The trigonid is almost always
taller than the talonid. When it first evolved, the talonid was
little more than a short “heel” with a single cusp, but in tri-
bosphenic molars it usually has two or three cusps, the en-
toconid lingually, hypoconid buccally, and the hypoconulid
in between. As in the upper molars, crests commonly join
various cusps: the paracristid (or paralophid) between para-
conid and protoconid, the protocristid (sometimes called
the metacristid or metalophid in certain mammals) between
protoconid and metaconid, and the postcristid (=hypolo-
phid) between hypoconid, hypoconulid, and entoconid. The
cristid obliqua is a crest that runs from the hypoconid ante-
riorly to the back of the trigonid, often oriented obliquely
toward the metaconid. An entocristid may be present mesial
to the entoconid. The crests of the talonid usually encircle
a depression of variable size, forming a talonid basin that
occludes against the protocone. Additional talonid cusps are
sometimes present, including a metastylid behind the meta-
conid (really an accessory trigonid cusp), an entoconulid
anterior to the entoconid, or a mesoconid on the cristid obli-
qua. A basal cingulum (cingulid) is often present on the
buccal side, sometimes extending to the mesial or distal ends
but almost never lingually.

Molars with sharp or bladelike cusps or crests are de-
scribed as secodont or sectorial; specialized sectorial teeth
called carnassials are characteristic of carnivorous mam-
mals. Teeth with low, rounded cusps are bunodont. An
occlusal pattern dominated by crescentic crests with a mesio-
distal long axis is selenodont, whereas a pattern character-
ized by transverse ridges is lophodont. These and other
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Fig. 2.3. Comparison of various dentitions and molar types (not to scale): (A) brachydont and bunodont (Ellipsodon); (B) hypsodont (Notostylops); (C) sectorial
(Batodonoides); (D) lophodont (Triplopus); (E) selenodont (Poabromylus); (F) bunoselenodont and dilambdodont (Eotitanops). (A from Matthew, 1937; B from Simpson,
1948; C from Bloch et al., 1998; D from Radinsky, 1967a; E from Wilson, 1974; F from Osborn, 1929.)

modifications of the primitive tribosphenic pattern have en-
abled mammals to adapt for diverse diets (Fig. 2.3) and are
one of the keys to their success.

The microscopic structure of the enamel also provides
information relevant to phylogeny and function (e.g., Koe-
nigswald and Clemens, 1992; Koenigswald, 1997a,b). Enamel
is composed of long, needlelike crystallites of carbonate hy-
droxyapatite. In the most primitive Mesozoic mammals, the
crystallites are parallel and radiate from the enamel-dentine
junction to the surface. This relatively simple type of enamel
is called aprismatic or nonprismatic enamel. In most mam-

mals, however, the crystallites combine into bundles called
prisms, each of which is surrounded by a prism sheath, also
composed of crystallites. Although there is considerable
variation in the morphology of the prisms and their sheaths,
the significance of this variation is unknown. Groups of
prisms are often arranged in the same orientation. In some
cases all the prisms are oriented similarly and are either
arranged radially from the enamel-dentine junction (radial
enamel) or bend together (tangential enamel). In most
eutherian mammals that weigh more than a few kilograms,
the enamel consists of decussating groups of prisms that
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change orientation together, known as Hunter-Schreger
bands (HSB; see Fig. 15.14). This specialized arrangement
of prisms is thought to help strengthen the enamel, but the
functional significance of different types of HSB is poorly
understood. Although some patterns of HSB appear to
be phylogenetically significant, the extent of homoplasy can
make it difficult to distinguish them from functionally re-
lated patterns. Enamel microstructure is particularly im-
portant in rodents and is further discussed in Chapter 15.

POSTCRANIAL SKELETON

Although dental and cranial anatomy have generally re-
ceived more attention in mammalian paleontology than has
the postcranial skeleton, the skeleton is a critical source of
information on body size, locomotion, habitat preference,
and many other aspects of paleobiology. Postcranial char-
acters are also playing an increasingly significant role in phy-
logenetic analyses, as it becomes more accepted that these
features are no more subject to homoplasy than are dental
or cranial features (Sanchez-Villagra and Williams, 1998). The
skeleton (Fig. 2.4) can be divided into axial and appendicu-
lar parts. The axial skeleton comprises the skull and trunk,
including the vertebral column, sternum, and ribs. The ap-
pendicular skeleton encompasses the limbs and limb girdles.

The segmented vertebral column provides support and
flexibility and protects the spinal cord. It is also closely as-
sociated with locomotion. In mammals it is differentiated
into five regions, each with its own distinctions: cervical,
thoracic, lumbar, sacral, and caudal, abbreviated as C, T, L,
S, and Ca, respectively (Fig. 2.5). Nearly all mammals have
seven cervical vertebrae, a remarkable conservatism prob-
ably resulting from developmental constraints (Galis, 1999);
the only exceptions are found among sloths (six to nine)
and manatees (six). Other regions are much more variable.

lumbars

K}jalcaneus
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Among extant mammals, thoracic vertebrae may number
9-25 (usually 12-15), lumbars 2-21 (usually 4-7), sacrals
3-13 (usually 3-5), and caudals 3-50 (Flower, 1885; Lesser-
tisseur and Saban, 1967a; Wake, 1979). As a rule, individual
vertebrae consist of a body (centrum) and a vertebral (neu-
ral) arch bearing a median dorsal spinous process and two
pairs of articular processes (zygapophyses). The anterior
or prezygapophyses face more or less dorsally or medially,
whereas the postzygapophyses face ventrally or laterally.
From the side of the arches or centra extend the transverse
processes. Both neural arch and transverse processes tend to
be much reduced in most of the tail. In the thoracic and
lumbar regions, an additional process, the metapophysis
(mamillary process), may project from the prezygapophysis,
and an anapophysis (accessory process) may extend caudally
below the postzygapophysis.

Cervical vertebrae are distinguished by having a very
large vertebral foramen (for passage of the spinal cord) and
foramina in the transverse processes (except C7) through
which the vertebral arteries pass en route to the cranial cav-
ity. In most mammals the cervical centra tend to be short,
but in some mammals, such as the giraffe, they are very long.
The first two cervicals, called the atlas (C1) and axis (C2),
are diagnostic of mammals. The ringlike atlas, which lacks a
centrum, articulates with the occipital condyles and allows
flexion and extension of the head. The axis has an anterior
projection, the dens (odontoid process), which is a neo-
morphic addition to the atlas centrum rather than its ho-
mologue (Jenkins, 1969a). The dens is held by ligaments
against the ventral arch of the atlas, serving as a pivot for
rotation of the head-atlas complex. The neural spine of the
axis tends to be very prominent. Cervical ribs are present in
monotremes and some primitive fossil mammals.

Thoracic vertebrae are readily distinguished because they
articulate with ribs. The head (capitulum) of each rib artic-
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Fig. 2.4. Skeleton of a generalized mammal, Eocene Phenacodus. (Modified from Osborn, 1898a.)
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Fig. 2.5 Mammalian vertebrae. Key: art., articular; Ca, caudal; for., foramen; pr. or proc., process; tr., transverse. (Modified from Jayne, 1898.)

ulates at the junction of two centra, and the tubercle (tu-
berculum) of the rib articulates with the transverse process.
Thoracic vertebrae have progressively larger centra and
smaller vertebral foramina, moving caudally in the series.
The spinous processes of the anterior thoracics tend to be
high and posteriorly inclined. At the caudal end of the series,
the orientation changes, becoming somewhat anteriorly
directed. Near the end of the series is a transitional vertebra
with a vertical spine, called the anticlinal vertebra.

The lumbar vertebrae typically have the largest and
longest centra. The transverse and spinous processes are
well developed and anteriorly directed. Metapophyses and
anapophyses tend to be most prominent in this region.

The sacrum is the only part of the vertebral column in
which the individual elements are typically fused. The
number of fused vertebrae varies considerably among taxa
and sometimes involves “sacralization” of adjacent caudal
or lumbar vertebrae. The sacrum articulates with the ilia at
a tight-fitting synovial joint mainly involving the first sacral.

The tail is a particularly variable part of the vertebral col-
umn, which can differ dramatically in both vertebral num-
ber and size. The caudal centra tend to be shorter and more
robust proximally, and cylindrical and elongate distally. Prox-
imal caudals usually have neural arches, transverse processes,

and zygapophyses, which are greatly reduced or lost distally
(see, e.g., Youlatos, 2003). Haemal arches, or chevron bones,
project ventrally from between the centra in some mammals.

The ribs of extant mammals consist of a bony portion,
which articulates with the vertebral column, and a costal
cartilage (sternal rib), between the ventral end of the rib and
the sternum. The sternal ribs are normally ossified in some
primitive mammals, such as monotremes and xenarthrans.
As already mentioned, most ribs have two articular surfaces
for the vertebrae, the capitulum (which meets the demi-
facets on adjacent vertebral centra) and the tuberculum
(which articulates with the transverse process). The tuber-
cles decrease in size caudally so that only a capitulum re-
mains on some posterior ribs. Posterior ribs may join pre-
ceding ribs rather than having a separate sternal attachment,
or may be “floating,” with no attachment to the sternum.

The sternum is a segmented, midline bony structure,
which articulates with the shoulder girdle at its cranial end
and with the ribs between successive sternebrae. The first
sternebra, or manubrium, is commonly enlarged; the last is
the xiphisternum.

The limbs of mammals have diversified for a wide vari-
ety of locomotor and other functions, an appreciation of
which requires an understanding of comparative anatomy.
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An excellent comparative account of the limb skeleton of
diverse mammals is presented by Lessertisseur and Saban
(1967b). Each limb consists of the limb girdle and proximal,
intermediate, and distal segments. The shoulder (pectoral)
girdle is simplified in most mammals compared with other
tetrapods, consisting of only the scapula (Fig. 2.6) and clav-
icle; the (posterior) coracoid, formerly a separate element,
is incorporated as a process of the scapula. The clavicle
secondary forms a strut between the sternum and the scapula. The

spine scapulae, however, have no direct bony connection to the
trunk, but are suspended by muscles on the sides of the
anterior thoracic region. In living mammals, except mono-
acromion tremes, the scapular spine divides the outer surface into
supraspinous and infraspinous fossae, and an acromion pro-
cess projects from the distal end of the spine. Monotremes
are primitive, however, in retaining separate anterior and
metacromion posterior coracoids and an interclavicle, as in some therap-
sids. Moreover, they have no scapular spine and no distinct
supraspinous fossa; the anterior margin of the scapula is
homologous with the spine of other mammals. In all mam-
mals the scapula articulates with the head of the humerus
at the glenoid fossa.

Distal to the shoulder girdle the forelimb skeleton con-
sists of the humerus, the radius and ulna, and the manus
(Figs. 2.7-2.10). Many surface features of the humerus are
related to muscle attachments (e.g., greater and lesser
tuberosities [tubercles]; deltoid and pectoral crests or a com-
bined deltopectoral crest; teres tubercle; medial and lateral
epicondyles; supinator crest, also called the lateral supra-
condylar ridge or brachialis flange). So, too, are the ulnar

supraspinous fossa

infraspinous fossa

postscapular
fossa

Fig. 2.6. Scapulae of three mammals. Dagger () indicates extinct taxon. Scale
bars = 1 cm. (Modified from Rose and Emry, 1993.)
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Fig. 2.7. Left humeri of extant mammals (not to scale). Ratufa and Arctictis are arboreal, Ursus is generalized, Sus and Canis are cursorial, and Taxidea and Dasypus are
fossorial.
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Fig. 2.8. (A) Radioulnar joint of extant mammals; (B) ulnae of extant
mammals. Taxa same as in Fig. 2.7 except Tapirus (cursorial). (From O’Leary
and Rose, 1995.)

olecranon process and the bicipital tuberosity and certain
crests of the radius. The elbow is a complex joint involving
three articulations: between the humeral trochlea and the
ulna (a hinge), the humeral capitulum and the radial head
(often a pivot), and the proximal radius and ulna (a poten-
tial gliding joint; Fig. 2.8). In higher primates, as well as some
other arboreal mammals, the radius has substantial freedom
to rotate on its long axis, allowing pronation (in which the
distal radius crosses over the ulna so the palm faces down-
ward or backward) and supination (in which the radius and
ulna are parallel and the palm faces upward or forward). In
most mammals the forearm and manus are normally held
in the pronated position, and in some the elbow joint is mod-
ified to restrict or prevent supination.

The manus consists of the carpus, metacarpus, and pha-
langes (Fig. 2.10). Primitively the carpus comprises nine
elements—arranged essentially in proximal and distal rows—
some of which have been lost or fused in some mammals.
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From medial to lateral (in the typically pronated manus of
quadrupeds), the proximal row consists of scaphoid, lunate
(lunar), cuneiform (triquetrum of human anatomy), and
pisiform. Distally the radius articulates with the scaphoid
and lunate, which are fused in some mammals, such as
carnivorans, whereas the ulna usually articulates with the
cuneiform and pisiform. Composing the distal carpal row
(medial to lateral) are the trapezium, trapezoid, magnum
(capitate in humans), and unciform (hamate of humans). In
many primitive mammals a centrale is present as a separate
element, usually between the scaphoid-lunate and trapezoid-
magnum. Typically the trapezium articulates with meta-
carpall, the trapezoid with metacarpal I, the magnum with
metacarpal III, and the unciform with metacarpals IV
and V.

Distal to the carpus are the digits, generally five in num-
ber, each of which has a metacarpal, and either two pha-
langes (in digit I, the pollex or thumb) or three (all others),
resulting in a phalangeal formula of 2-3-3-3-3. The terminal
or ungual phalanges are modified to bear claws, hoofs, or
nails, and they vary considerably in form in relation to both
phylogeny and function (Fig. 2.11; see also Fig. 2.17). The
form and number of metacarpals and their phalanges also
vary considerably among mammals. The forelimbs of many
mammals have become modified in connection with other
behaviors besides locomotion.

The pelvic girdle consists of the ilium, ischium, and pu-
bis on each side, fused together to form a single innominate
(hip) bone; the innominates articulate with the vertebral
column at the sacroiliac joints, and with each other at the
pubic symphysis (Fig. 2.12). All three pelvic elements meet
and fuse within the acetabulum, which forms a socket for
the femoral head. Primitive mammals, including extant
monotremes and marsupials, also have epipubic (“marsu-
pial”) bones. Although epipubic bones have generally been
assumed to be related to pouch support, a recent study in-
dicates that they also (or alternatively) function as levers
between abdominal muscles and the femur during locomo-
tion (Reilly and White, 2003). Also associated with the pelvis
is the baculum (os penis) found in many mammals, and used
as a taxonomic character in rodents and carnivorans.

The femur, tibia and fibula, and pes (foot) make up the
hind limb skeleton (Figs. 2.13, 2.14). The femur is generally
the longest of the limb elements. It typically has three
muscular processes on the proximal half, the greater, lesser,
and third trochanters. Distally the femoral condyles artic-
ulate with the proximal tibia. The fibula may be strong and
free from the tibia (joined at each end by synovial or fibrous
joints), co-ossified at one or both ends, or reduced and vir-
tually lost. There are seven tarsal bones: the astragalus (talus),
calcaneus, navicular, cuboid, and three cuneiforms (Fig.
2.14). The astragalus (Fig. 2.15), which is supported by
the calcaneus, articulates with the tibia proximally and the
navicular distally. The navicular articulates with the three
cuneiforms (ento-, meso-, and ectocuneiform), which in turn
articulate with metatarsals I-III, respectively. The calcaneus
articulates distally with the cuboid, which usually articulates
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Fig. 2.9. Proximal and distal radius of Eocene mammals. First four columns are proximal radius in proximal and anterior views; last column is distal radius in distal
view. Differences in shape affect mobility of the radius and reflect locomotor diversity. (From Rose, 1990, and O’Leary and Rose, 1995.)

with metatarsals IV and V. Perhaps more than any other part
of the postcranial skeleton, the anatomy of the tarsals, par-
ticularly the astragalus and calcaneus, has played an impor-
tant role in the determination of phylogenetic relationships
of mammals (e.g., Matthew, 1937; Szalay, 1977, 1994). As in
the manus, there are five metapodials (called metatarsals
in the foot), and the same complement of phalanges as in
the manus. The first pedal digit is the hallux, and it is often
somewhat divergent from the other phalanges.

Several sesamoid bones are also associated with the limb
skeleton. These are generally small, nodular elements en-
cased within muscle tendons and located near joints. The
best known is, of course, the patella (knee cap). Additional
sesamoids are associated with various digital flexor tendons
in both the manus and pes of many mammals. They usually
serve to enhance leverage of the muscle in which they are
contained.

SKELETAL ADAPTATIONS

From small, probably terrestrial, carnivorous or insec-
tivorous Mesozoic ancestors, mammals have diversified to
occupy almost every major environment throughout the
world. They have evolved a remarkable diversity of skele-
tal adaptations for life in the air, in trees, on land, under
ground, and in water. Due in part to the versatile tribosphenic
molar, mammalian dentitions have become modified for
almost every conceivable diet, including leaves, grass, roots
and tubers, seeds, fruits, sap, nectar, bark, meat, fish, mol-
lusks, krill, insects and other invertebrates, and even bones.

Some mammals have relatively generalized teeth that can
handle a diet of mixed plant and animal items; they are
omnivores.

The generalized anatomy described in the preceding
section is often modified in similar ways in different clades,
in association with similar diets, habitats, and lifeways. This
tendency leads to the phenomena of convergence and
parallelism—the independent acquisition of similar mor-
phology in distantly related and closely related organisms,
respectively. The resulting resemblances are known as ho-
moplasy. Here I review some of the characteristics of the
dentition and skeleton in mammals adapted for different
lifestyles.

The dentitions of many extant insectivores, like those of
primitive Paleogene mammals, are relatively little changed
from those of their Cretaceous ancestors. They have sec-
odont teeth with high, sharp cusps, often joined by sharp,
bladelike crests. Their incisors are often enlarged and pro-
cumbent, and the trigonids of the lower molars tend to be
much higher, and commonly larger, than the talonids. Both
the ectoloph of the upper molars and the occluding lower
molar crests may be arranged in the form of a W, a condi-
tion termed dilambdodont (e.g., shrews and moles; Fig.
2.16A). Dilambdodonty promotes more efficient cutting
(Butler, 1996) and also occurs in some herbivorous lineages
(see Fig. 2.3F). In some insectivores (e.g., golden moles,
tenrecs, Solenodon) the upper molar paracone and metacone
are connate (closely appressed and joined at the base) and
set well in from the buccal margin, so the ectoloph forms a
V-shape, and the protocone is reduced; this configuration is



Fig. 2.10. Mammalian carpus and manus, exemplified by Eocene Pachyaena.
Roman numerals indicate metacarpals. Key: cen, centrale; cun, cuneiform;
lun, lunate; mag, magnum; pis, pisiform; sc, scaphoid; td, trapezoid; tm,
trapezium,; unc, unciform. (From Rose and O’Leary, 1995.)

described as zalambdodont. Zalambdodonty, or a close ap-
proximation to it, occurs in various noninsectivoran clades
as well. In highly zalambdodont forms, the metacone may
be lost and the paracone may be near the center of the
tooth; the lower molars tend to have very tall trigonids and
greatly reduced talonids (Fig. 2.16B). The paracone occludes
in the notch between trigonid and talonid (called the hypo-
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flexid), and shearing occurs predominantly between the an-
terior crest of the upper molar (preparacrista) and the back
of the trigonid (protocristid; Asher et al., 2002). Bats and
some small primates, such as tarsiers, also have insectivo-
rous dentitions.

Myrmecophagous mammals, which specialize on a diet
of ants and termites, include members of several orders.
The most extreme forms (echidna, anteaters, and pangolins)
have lost all the teeth and have shallow, delicate mandibles.
Those that retain teeth (numbat, some armadillos, aardvark,
and aardwolf; Fig. 2.16E) tend to have small, homodont
teeth, sometimes reduced in number and lacking enamel,
but some have more than the usual number of simple teeth.
The skull is often elongate and tubular, in association with
a long, protrusile tongue. Many myrmecophagous mam-
mals have evolved fossorial skeletons (see below) that en-
able them to tear into ant and termite nests.

Carnivorous (meat-eating) mammals typically have small
incisors, large canines, and one or more pairs of upper and
lower cheek teeth specialized into cutting blades called car-
nassials (Fig. 2.16C). In Carnivora the carnassials are P* and
M, but other teeth are modified into carnassials in the ex-
tinct Creodonta. The most strictly carnivorous forms, such
as cats, are termed hypercarnivores. They have long, sharp
carnassial blades and have reduced or lost the molars behind
the carnassials. Some carnivorans have evolved away from
the original carnivorous diet of their ancestors. Omnivorous
and frugivorous carnivorans, such as bears, raccoons, and
palm civets, have broad, bunodont teeth and lack specialized
carnassials. Carnivores tend to have well-developed tempo-
ralis muscles. Consequently, the skull generally has a promi-
nent sagittal crest (reduced in frugivorous forms), and the
coronoid process of the dentary is large. The mandibular
condyle is situated at about the level of the toothrow, which
maximizes power at the carnassials.

Certain specialized faunivorous diets are associated
with particularly unusual dentitions. (Faunivorous is a gen-
eral term for a diet consisting of animals of any kind.) Pis-
civorous (fish-eating) mammals, such as seals and dolphins,
often have simple, homodont, conical teeth, in some cases
greatly exceeding the normal number. Walruses and some
seals and otters (Carnivora) eat mollusks and sea urchins,
using teeth that are either peglike or broad and flat, for crush-
ing hard objects. Mysticete whales, which filter-feed on plank-
ton, have lost the teeth and replaced them with keratinous,
straining baleen plates suspended from the maxilla.

Herbivores (plant-eating mammals, including ungulates
and some rodents and primates) can usually be recognized
by their broad grinding molars, and (in ungulates) a ten-
dency toward molariform premolars. Beyond these general
similarities, however, herbivores have achieved consider-
able dental diversity. They may be brachydont or hypsodont.
Some are bunodont, but more often their molariform teeth
have multiple shearing crests; lophodonty or selenodonty is
common. The incisors of herbivores often form a cropping
apparatus that is separated from the cheek teeth by a gap,
or diastema. In some forms the upper incisors are absent
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Fig. 2.11. Ungual phalanges of some Eocene and extant mammals in lateral and dorsal views. Compare with Fig. 2.17. Scale bars = 5 mm. (From Rose, 1990.)

and the lowers work against a corneous pad covering the
premaxilla. The enamel of specialized herbivores shows
complex infolding with dentine windows and cementum.
There are several specialized kinds of herbivory. Frugi-
vores (herbivores that feed primarily on fruit; e.g., fruit bats,
some monkeys and apes, kinkajou) tend to have brachy-
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Fig. 2.12. Mammalian pelvis (innominate) and sacrum, exemplified by late
Eocene Patriomanis. (Modified from Rose and Emry, 1993.)

dont, bunodont teeth, with minimal development of shear-
ing crests. As noted above, frugivorous carnivorans lost their
shearing teeth through evolution. Some small marsupials
and primates feed on tree gum and sap, for which they have
evolved large, procumbent incisors used to gouge through
bark. As might be expected, their molars are generally very
low crowned, with indistinct surface features. Nectivorous
forms (nectar and pollen feeders), including certain bats and
marsupials, also reduce the cheek teeth, in the most extreme
case tojust a few vestigial pegs (the honey possum, Tarsipes).

Folivores are herbivores specialized for feeding on leaves.
They typically have lophodont or bilophodont (with two
transverse ridges) cheek teeth. Examples include tapirs, lan-
gurs and colobus monkeys, and the koala. In some folivores
the enamel is crenulated and multiple shearing blades are
present (Fig. 2.16D). As a result of their heritage, tree sloths
and their extinct relatives differ from other folivores in hav-
ing simple cylindrical teeth. The most specialized folivores
are grazers. Grazers have evolved various mechanisms to
cope with a diet of grass, which contains a high component
of abrasive silica phytoliths. Commonly the teeth of graz-
ers are hypsodont, with multiple lophs (selenodont, as in
ruminant artiodactyls) or complex enamel patterns (as in
horses; Fig. 2.16F). In the most specialized forms the cheek
teeth grow continuously throughout most of the life of the
animal.

The skulls of more specialized herbivores are often elon-
gate, to accommodate molarized premolars. Ungulate skulls
are often adorned with horns, antlers, or bony protuber-
ances. The herbivore mandible is deep in back, with a large
angular process where the well-developed masseter and
medial pterygoid muscles attach. The latter, particularly, are
related to transverse movement of the jaw during chewing,
which is especially important in herbivores. In contrast to



Fig. 2.13. Left femur and tibia of some extant and Eocene mammals. Distal view of femur at top. The complete fibula is shown only in the three genera on the left;
the distal fibula is indicated for Diacodexis. Tupaia is scansorial, Erinaceus is generalized terrestrial, Rhynchocyon is cursorial, Diacodexis and Hyracotherium were
cursorial, Palaeanodon was fossorial, Viverra is generalized terrestrial, and Paradoxurus is arboreal. Dagger (1) indicates an extinct Eocene taxon. Scale bars = 1 cm.

Fig. 2.14. Feet of Eocene mammals: (A) Oxyaena, generalized terrestrial; (B) Chriacus, arboreal; (C) Phenacodus, incipiently cursorial; (D) Diacodexis, cursorial/
saltatorial; (E) Hyracotherium, cursorial. Scale bars = 1 cm. (Modified from Rose, 1990.)
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Fig. 2.15. Right astragali of some extant and Eocene mammals. Distal view of the astragalar head is shown for the first four genera. Dagger (}) indicates an extinct
Eocene taxon. Left scale bars = 1 mm,; right scale bars = 5 mm.

Fig. 2.16. Some specialized mammalian dentitions: (A) dilambdodont and
insectivorous (Nesophontes); (B) zalambdodont (Solenodon); (C) hyper-
carnivorous (Dinictis); (D) dilambdodont and folivorous/frugivorous
(Cynocephalus); (E) myrmecophagous (Stegotherium); (F) hypsodont grazer
(Equus), skull and crown view of upper teeth. (A-B from McDowell, 1958;
C from Matthew, 1910b; D from MacPhee et al., 1989; E from Scott,
1903-1904; F from Gregory, 1951.)
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Fig. 2.17. Ungual phalanx shape in various behavioral guilds based on eigenshape analysis of extant mammals. At right are the mean lateral and dorsal profiles of

each locomotor group. (From MacLeod and Rose, 1993.)

the situation in carnivores, the coronoid process is typically
reduced, and the mandibular condyle is positioned well
above the toothrow in herbivores.

The postcranial skeletons of mammals also have dis-
tinctive modifications that reflect their habitat, locomotion,
or lifestyle. Particularly useful accounts of the skeletal char-
acteristics of different locomotor groups can be found in
Gambaryan (1974), Hildebrand et al. (1985), Van Valken-
burgh (1987), and Hildebrand (1995). The primitive mam-
malian skeleton, from which more specialized skeletal adap-
tations evolved, was presumably a rather generalized one
that enabled progression on uneven substrates and was,
therefore, conducive to both terrestrial and arboreal envi-
ronments. In part, this versatility resulted because most basal
mammals were very small, and for them there was probably
little difference between the varied substrates of the forest
floor and those of brush, vines, tree trunks, and branches
(Jenkins, 1974). Climbing was therefore very likely part of
their locomotor repertoire. However, some of the most an-
cient mammals for which skeletons are known were already
specialized for particular lifestyles, hence the primitive state
for mammals remains uncertain. Among living mammals,
several locomotor categories are recognized, which also re-
flect habitat (see, e.g., Eisenberg, 1981).

Many living mammals are adept climbers and spend con-
siderable time in the trees. Those that forage and shelter
in trees are considered arboreal, whereas able climbers that
also spend much of their time on the ground are scansor-
ial. Mammals in both of these categories have similar skele-
tal specializations for maximizing mobility at the shoulder,
elbow, wrist, hip, and ankle, although these modifications
tend to be more extreme in arboreal forms (Figs. 2.7, 2.13,
2.14). They can rotate the radius to supinate the forearm.
The manus and pes are typically plantigrade (with palms

and soles in contact with the substrate) and adapted for grasp-
ing, often with abducted or opposable pollex and hallux.
Some specialized arboreal mammals—including sciurids and
procyonids—have evolved anatomical modifications that
allow them to hyperinvert or “reverse” the hind feet, thus
enabling them to descend from trees headfirst or to hang
upside down (Jenkins and McClearn, 1984). The digits of
most arboreal mammals bear sharp, curved, laterally flat-
tened claws (formed of keratin), which are supported by
bony ungual phalanges of similar shape (Fig. 2.17). In ar-
boreal primates and hyracoids, however, the unguals bear
nails. The tail of arboreal mammals is usually long and may
be prehensile.

Many primates, carnivores, xenarthrans, and marsupials
are arboreal or scansorial. Some highly arboreal mammals
(e.g., dermopterans, phalangers, flying squirrels) have evolved
a skin membrane, or patagium, which enables them to glide
between tree branches. These glissant forms tend to have
delicate, elongate limb elements and specializations in the
manus and pes associated with attachment and control of
the patagium. In bats, the only volant (flying) mammals, the
forelimbs are modified to support active wings. The skele-
ton is very lightly built and delicate. The forelimb bones in
particular are very long and slender, with elongate digits
that support the wing membrane. Mobility at the shoulder,
elbow, and wrist is greatly restricted. The hind limbs are
small and very thin.

Terrestrial mammals spend most or all of their time on
the ground. Although some are able, if infrequent, climbers,
others are incapable of climbing trees. Generalized terres-
trial mammals (e.g., hedgehogs, tenrecs, civets, some bears)
lack clear modifications for specific locomotor specializa-
tions. They may show some restriction of mobility at limb
joints, but not to the extent seen in cursorial forms. Their
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foot posture ranges from plantigrade to digitigrade (sup-
ported by the digits, with palm and heel off the ground).
The claws are usually longer, not as curved, and broader
ventrally than in scansorial or arboreal forms.

There are several specialized categories of terrestrial
mammals, described in this and the following paragraphs.
Cursorial mammals are adapted for running, and their
skeletons show modifications that increase stride length and
rate, which results in greater speed (Hildebrand, 1995). They
have elongate limbs, with the intermediate and distal seg-
ments especially long and slender (Figs. 2.13, 2.14). Muscle
masses tend to be concentrated in the proximal part of the
limb to reduce the weight of the distal portion. The limb
joints are modified to restrict motion to a parasagittal plane.
The bony crests and processes for muscle attachment tend
to be reduced compared to those of climbers and diggers,
and are situated closer to the joints they affect, an adapta-
tion for speed. The clavicle is usually absent, and the ulna
and the fibula are often reduced or fused to the radius and
tibia, respectively. Runners usually have long to very long
metapodials, the lateral ones sometimes reduced or lost.
Fusion of some of the carpals or tarsals is common. Hoofs
are often present. When claws are retained, the terminal pha-
langes supporting them are longer, less curved, and broader
than in climbing mammals (Fig. 2.17). The stance of cursors
is typically either digitigrade (standing on the digits, with
the metapodials raised off the ground, as in various carni-
vores) or unguligrade (standing on the terminal phalanx or
hoof, as in most ungulates).

Saltatorial mammals are specialized for jumping, and
are usually propelled by the hind limbs (e.g., rabbits). The
skeleton generally resembles that of cursors, with similar
limitations on joint mobility, but the hind limbs are usually
much longer than the forelimbs (see, e.g., Fig. 9.4). When
the hind limbs are used together for bipedal jumping, as
in kangaroos, jerboas, and kangaroo rats, the gait is called
ricochetal. The intermembral index ([length of humerus
+ radius]/[length of femur + tibia] X 100) of ricochetal
mammals is less than 50, compared to an average index of
75 in generalized mammals (Howell, 1944). The tibia and
fibula are usually fused at one end or both ends for stability,
and the metatarsals may be exceptionally long. Some
bounding mammals have fused cervical vertebrae to pro-
vide neck stability. Such primates as tarsiers, galagos, and
some lemurs are arboreal saltators.

Very heavy terrestrial mammals are described as gravi-
portal (with limbs adapted for supporting heavy weight; see
Figs. 7.25,12.29B, 13.12, 13.23). Most graviportal mammals
are large ungulates (e.g., elephant, hippopotamus, rhinoc-
eros) and, therefore, presumably evolved from somewhat
cursorial antecedents. They stand with straight, columnar
limbs, an adaptation to minimize the stresses imposed on

the limb bones. Unlike typical cursors, the intermediate limb
segments (radius and tibia) are shorter than the proximal
segments. The manus and pes have robust, spreading digits
with short, broad phalanges and hoof-bearing unguals.

Mammals adapted for digging are fossorial (e.g., golden
moles, armadillos, badgers, pocket-gophers, various squir-
rels, other rodents). The most specialized fossorial mammals
(moles, marsupial mole) are subterranean, seeking food and
shelter underground and rarely coming to the surface. The
term “fossorial” is sometimes restricted to just these sub-
terranean dwellers, the term “semi-fossorial” being used
for diggers that live above ground. In this text the broader
usage is applied. Fossorial mammals typically have robust
skeletons with strong limb girdles and short, heavily built
limb bones (particularly the forelimb) that have prominent
crests and processes for muscle attachment (Figs. 2.7, 2.13).
The ulnar olecranon process tends to be very prominent
and long, but the functional length of the intermediate seg-
ment of the forelimb is much less than that of the proximal
segment. The elements of the manus are short and stout,
except for the claws (especially of the middle digit), which
may be greatly enlarged. Claws of diggers tend to be longer,
shallower, less curved, and ventrally wider than those of
climbers (MacLeod and Rose, 1993). Fossorial mammals that
also use the head and teeth for digging have a wedge-shaped
skull, with a broad lambdoid crest for attachment of neck
muscles. In some diggers several cervical vertebrae are fused.
The tail is generally reduced in subterranean forms.

Terrestrial mammals adapted for swimming (e.g., otters,
beavers, muskrats, capybaras) are termed semi-aquatic.
Their limb bones are usually short and stout, with promi-
nent crests and processes for muscle attachment, similar
to those of fossorial mammals. The humerus may have a
slightly S-shaped profile. Manus and pes tend to have short,
spreading digits, which are often webbed. The tail may be
long and muscular, and the hind limbs are often specialized
for propulsion.

Some mammals have become more committed to life in
the water, and are described as aquatic or natatorial (swim-
ming). Most aquatic mammals are marine, but some fre-
quent freshwater. The body of aquatic mammals is often
long and streamlined. The neck is commonly very short, and
cervical vertebrae may be fused. The forelimbs are short
and modified into paddles or flippers with elongate digits,
and, in whales, extra phalanges. The hind limbs may be
modified like the forelimbs (as in seals), reduced, or vestig-
ial (as in manatees, whales, and dolphins). Limb joint mo-
bility is often severely restricted.

The anatomical adaptations described in the preceding
paragraphs have known functional associations in extant
mammals. Applying this knowledge to fossils enables edu-
cated inferences on the lifeways of extinct mammals.
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WHAT IS A MAMMAL:?

Living mammals are easily recognized by a suite of characteristics that distinguish
them from all other vertebrates. Most obvious are an external covering of hair (except
in certain highly specialized types) and nourishment of the young by milk produced
in the mother’s mammary glands. The heart has four chambers, allowing separation
of blood flow to the lungs (for reoxygenation) from circulation to the rest of the body.
There is a muscular diaphragm, related to increased oxygen consumption. Mammals
are endothermic and, consequently, generally have higher metabolic rates and higher
activity levels than are found in other vertebrates except birds. Vision, hearing, and
olfaction tend to be highly developed, and the brain (especially the cerebrum) is rel-
atively larger and more complex than in other vertebrates. Most of these features,
however, are rarely (or never) preserved in fossils.

Fortunately, many skeletal features diagnostic of extant mammals are often pre-
served in fossils. These include a single lower jaw bone, the dentary; a dentary-
squamosal articulation between the lower jaw and the skull; three middle ear ossi-
cles; diphyodonty (two sets of teeth with sequential replacement in all except some
primitive Mesozoic forms, but molars not replaced); heterodont dentition, typically
with complex molar crowns and multiple molar roots, and associated with precise
occlusion; a secondary bony palate; a single bony nasal opening; paired occipital
condyles; five regionally differentiated sections of the vertebral column, the first two
vertebrae at the cranial end modified to allow rotation; ribs usually limited to the tho-
racic region; modification of the shoulder girdle (including further reduction of the
coracoid); reorganization of the pelvic girdle (elongation of the ilium and separation
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Fig. 3.1. Evolution of mammalian
characters: transformation of jaw joint
and origin of middle-ear ossicles.

(A) The cynodont Thrinaxodon, in which
the quadrate and articular functioned
both as the jaw joint and part of the
hearing apparatus; (B) the extant
marsupial Didelphis, in which the jaw
joint is between the dentary and
squamosal, and the auditory ossicles
(modified from the quadrate and
articular of cynodonts; enlarged in
inset) are located behind the jaw joint;
(C) lower jaw of fetal mammal, showing
the developmental similarity to the
phylogenetic origin of jaw and auditory
features; (D) reconstruction of Morgan-
ucodon (compare with A); (E) occlusal
relationships in Morganucodon;

(F) medial view of the lower jaw of
Morganucodon, showing relationship of
dentary-squamosal jaw joint to
postdentary bones and auditory ossicles.
(From Crompton and Jenkins, 1979.)

of its gluteal and iliac surfaces, reorientation of the ischium
and pubis posterior to the acetabulum); and separate centers
of ossification for the shaft (diaphysis) and ends (epiphyses)
of long bones, which result in better-defined joints and de-
terminate growth (Figs. 3.1, 3.2; see also Figs. 2.1, 2.4). The
skull and postcranial skeleton of mammals generally com-
prise fewer elements than in nonmammalian tetrapods, as a
result of both fusion and loss of bones.

Although there is little difficulty in distinguishing mam-
mals from other vertebrates in present-day faunas, it has long
been recognized that the distinction breaks down when one
considers the fossil record. The transition between mam-
malian forerunners (cynodont therapsids, discussed in the
next section) and the earliest mammals now includes many

known intermediate stages (discussed in the next section
and in Chapter 4) that document the mosaic evolution of
“mammalian” traits. Consequently, how to recognize the
first mammal has become controversial: which character(s)
should be considered most important for recognizing a
mammal? Even if a node-based definition of Mammalia is
applied, practical identification of mammals (or any other
taxon) in the fossil record is ultimately based on anatomical
characters. The acquisition of a well-developed dentary-
squamosal joint as the only jaw articulation has traditionally
been considered to be the most important indication that
the mammalian boundary has been crossed, but even here
transitional forms are known that possess this articulation
in combination with a joint between the articular and the



quadrate or between the surangular and the squamosal.
Other important mammalian synapomorphies include post-
canine teeth with two or more roots, diphyodont rather than
continuous alternate tooth replacement, a petrosal promon-
torium (the bony swelling enclosing the cochlea and form-
ing the medial wall of the middle-ear cavity), and a bony
floor of the cavum epiptericum (the fossa in the braincase
that houses the sensory ganglion of the trigeminal nerve,
cranial nerve V; Miao, 1991; Kielan-Jaworowska, 1992; No-
vacek, 1993; Luo et al., 2002).

As the fossil record of the therapsid-mammal transition
improves, it has also become apparent that many “mam-
malian” characters arose independently multiple times by
convergence, making recognition of Mammalia even more
problematic. (For example, critical features that may have
evolved more than once among mammals include the three
ossicles of the middle ear and the dentary-squamosal joint.)
Rowe (1988) therefore proposed that a distinction be made
between the definition of the group, based on ancestry and
taxonomic content, and its diagnosis, based on morphology.

Adopting the “crown-group” concept (that higher taxa
should be restricted to descendants of the most recent com-
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Fig. 3.2. Evolution of mammalian
characters. (A-C) Shoulder girdles

and (D-H) pelvic girdles of cynodonts
and primitive mammals (not to scale):
(A, D) cynodont; (B, F) Morganucodon;
(C, G) echidna (extant monotreme);

(E) Oligokyphus (tritylodont); (H) Tupaia
(tree shrew, an extant placental). (From
Jenkins and Parrington, 1976.)

mon ancestor of two or more extant lineages), Rowe defined
Mammalia as all taxa stemming from the last common an-
cestor of monotremes and therian mammals. Although this
approach may seem to provide a neat solution to the ambi-
guity of what constitutes a mammal, such a restrictive def-
inition excludes many fossil groups long accepted as mam-
mals on anatomical grounds. At the same time, it necessitates
the creation of several new higher taxa (Mammaliamorpha,
Mammaliaformes) to encompass successive outgroups to
Mammalia. Perhaps most objectionable is the volatile com-
position of Mammalia that results from the instability of the
position of monotremes (e.g., Lucas, 1992). A crown-group
definition of Mammalia is no more biologically real (or less
arbitrary) than any other definition, and in this case conflicts
with widely held morphological definitions. In agreement
with most students of Mesozoic mammals, a more inclusive
stem-based definition of Mammalia is employed in this
volume (see also Luo et al., 2002; Kielan-Jaworowska et al.,
2004; Kemp, 2005), essentially equivalent to Rowe’s Mam-
maliformes. Thus Mammalia as used here includes all taxa
more closely related to monotremes and therians than to
tritheledonts or tritylodonts (see Fig. 4.2).
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THE EVOLUTIONARY TRANSITION
TO MAMMALS

The ancestors of mammals, Synapsida, diverged from
basal amniotes—protothyrid captorhinomorphs—at least
300 million years ago, in the Pennsylvanian Period. As the
oldest and most primitive amniotes, protothyrids were
also ultimately ancestral to reptiles (including lizards,
snakes, and turtles) and archosaurs (crocodilians, dinosaurs,
and birds). Synapsids include two successive radiations, the
Pennsylvanian-Permian Pelycosauria, and the largely Permo-
Triassic Therapsida (see Carroll, 1988, for an excellent
summary). Although synapsids were long classified as rep-
tiles, it is now accepted that they shared a more recent an-
cestry with mammals. Therapsids arose in the Permian from
sphenacodontid pelycosaurs (which include the carnivo-
rous “sail-backed” Dimetrodon from Texas). The Cynodon-
tia of the late Permian-Triassic were the most mammal-like
therapsids.

Note that cladistically, mammals are, therefore, succes-
sively nested within synapsids, pelycosaurs, therapsids, and
cynodonts. These names were long applied (in what is now
regarded as a paraphyletic sense) only to nonmammalian
Paleozoic and early Mesozoic representatives, excluding
mammals (e.g., Romer, 1966; Carroll, 1988). For conven-
ience, the names are used here in that sense, rather than
modifying them with the term “nonmammalian” each time
they are mentioned.

Through the Permian and Triassic, a succession of cyn-
odonts progressively acquired mammal-like anatomy, in-
cluding heterodont dentition, postcanine teeth with three
longitudinally aligned cusps, a pair of occipital condyles, a
secondary palate, differentiation in the vertebral series,
confinement of ribs mainly to the thoracic region, modified

Fig. 3.3. Skeletons of advanced
cynodonts: (A) Probelesodon;

(B) Thrinaxodon. (A from Romer and
Lewis, 1973; B from Jenkins, 1984.)

limb girdles, better-defined limb joints, and less sprawling
posture (Figs. 3.3, 3.4). Particularly important was progres-
sive enlargement of the dentary at the expense of the post-
dentary bones. Many of these features were already evident
in the well-known Early Triassic cynodont Thrinaxodon
(Jenkins, 1971). As the dentary enlarged in some advanced
cynodonts, it approached or came in contact posteriorly
with the squamosal bone, creating a secondary jaw joint
beside the old “reptilian” articular-quadrate joint. In Pro-
bainognathus this secondary jaw joint was between the suran-
gular and the squamosal (Figs. 3.4, 3.5), whereas in Diarthro-
gnathus it was between the dentary and the squamosal. The
bones of the “reptilian” jaw joint (articular and quadrate)
were probably also involved in transmitting sound to the
stapes and would eventually become the malleus and incus
of the mammalian middle ear. Concomitantly the cheek
teeth became more complex, and further modifications
of the jaw and skull permitted reorientation of the jaw
muscles. These changes led to more precise occlusion. The
accumulation of these mammal-like features in cynodonts
leaves little question that they were the progenitors of
mammals. However, it has become increasingly clear that
mammal-like specializations arose repeatedly among cyn-
odonts, making the precise ancestry of Mammalia difficult
to decipher.

The iterative evolution of mammalian characters in mul-
tiple lines of cynodonts led to the prevailing view during
much of the twentieth century that mammals constitute a
polyphyletic grade rather than a clade, a view strongly in-
fluenced by the work of George Gaylord Simpson, Everett C.
Olson, and Bryan Patterson (see Luo et al., 2002). However,
most authorities since about 1970 have concluded, as did
Gregory (1910), that Mammalia (=Mammaliaformes of
Rowe, 1988, and McKenna and Bell, 1997) is monophyletic
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Fig. 3.4. Skulls of advanced cynodonts and a basal mammal: (A) cynodont
Thrinaxodon; (B) cynodont Probainognathus; (C) Sinoconodon, a primitive
mammal. Key: a, angular; ar, articular; d, dentary; eo, exoccipital; f, frontal;
Jj, jugal; 1, lacrimal; mx, maxilla; n, nasal; p, parietal; pm, premaxilla; po,
postorbital; prf, prefrontal; q-gj, quadrate-quadratojugal; ref lam, reflected
lamina; sa, surangular; sm, septomaxilla; sq, squamosal. (A, B from Hopson
and Kitching, 2001; C from Crompton and Sun, 1985.)

(e.g., Hopson and Crompton, 1969; Crompton and Jenkins,
1973, 1979; Rougier et al., 1996a; Luo et al., 2002; Kielan-
Jaworowska et al., 2004). But as late as the 1990s some dis-
tinguished researchers still hinted at the possibility that
Mammalia as it is widely conceived could be polyphyletic
(Lillegraven and Krusat, 1991; Kielan-Jaworowska, 1992).

Some advanced cynodonts, called gomphodonts, evolved
broad, complex teeth—somewhat reminiscent of some
mammalian teeth—in association with a herbivorous diet.
Despite this apparent approach toward a mammalian den-
tition, gomphodonts were not particularly closely related to
mammals. Most early mammals were very small and had
sharp teeth indicative of an insectivorous habit, making it
much more likely that they descended from carnivorous/
insectivorous cynodonts. Furthermore, some experts now
are persuaded that the two families of gomphodonts (Tra-
versodontidae and Diademodontidae) achieved their her-
bivorously adapted dentitions in parallel.
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Many authorities accept that the late Triassic—early
Jurassic Tritheledontidae (also called ictidosaurs), includ-
ing Diarthrognathus and Pachygenelus (Fig. 3.6), are the cyn-
odonts most closely related to mammals (e.g., Hopson
and Barghusen, 1986; Shubin et al., 1991; Crompton and
Luo, 1993; Luo, 1994; Hopson and Kitching, 2001; Kielan-
Jaworowska et al., 2004). Although this hypothesis was ini-
tially based primarily on the dentition, a recent compre-
hensive analysis including cranial and postcranial skeletal
characters as well as the dentition also supports this inter-
pretation (Luo et al., 2002). Tritheledonts were small cyn-
odonts, some with skulls only a few centimeters long. The
teeth of some types, such as Pachygenelus, are similar in size
and morphology to those of morganucodontids (basal
mammals; see Chapter 4) and, like the latter, have prismatic
enamel (Gow, 1980). However, the dental formula and de-
tails of the dental anatomy and enamel microstructure sug-
gest that known tritheledonts cannot be directly ancestral to
mammals. According to Bonaparte and Barberena (2001),
postcranial and dental features suggest that the cynodonts
Therioherpeton and Prozostrodon, both from the Upper Trias-
sic of Brazil, are also closely related to mammals, although
not as closely as tritheledonts.

Alternatively, Tritylodontidae, once considered mam-
mals because of dental and general cranial resemblances to
multituberculates, have also been championed as the sister-
group of mammals (Fig. 3.7). Although some authorities
(e.g., Sues, 1985) have argued that they are more closely
related to gomphodont cynodonts, numerous synapomor-
phies seem to support a close alliance between tritylodonts
and mammals (Kemp, 1983; Wible, 1991; Rowe, 1993; Mar-
tinez etal., 1996). These include such features as cheek teeth
with multiple roots, absence of prefrontal and postorbital
bones, a partially floored cavum epiptericum (the fossa for
the trigeminal nerve ganglion), postdentary bones that are
similar to the auditory ossicles of primitive mammals, and
many other cranial characters (e.g., Sues, 1986), as well as
an odontoid process (dens) on the axis vertebra, details of
shoulder and pelvic structure, and the presence of an as-
tragalar canal. As in tritheledonts and basal mammals, the
postdentary jaw bones are reduced relative to their state in
other cynodonts. However, tritylodonts have a primitive
quadrate-articular jaw joint and enlarged incisors separated
by diastemata from the complex cheek teeth—a specialized,
rodentlike pattern. These features exclude known forms
from direct mammalian ancestry and raise the possibility
that some of the mammalian traits of tritylodonts arose
independently.

Hahn et al. (1994) proposed that the Upper Triassic Dro-
matheriidae (in which they included the South American
Therioherpeton and several other genera whose phylo-
genetic positions previously were ambiguous) were even
closer to mammals, suggesting that these animals occupied
a transitional zone between cynodonts and mammals. Like
trithelodonts, tritylodonts, and mammals, dromatheriids
(where known) lack prefrontal and postorbital bones in the
skull. The teeth have a single row of laterally compressed
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Fig. 3.5. Skull of Probainognathus,
showing enlarged dentary (d) approach-
ing the squamosal (sq) and bringing the
surangular (sa) into contact with the
squamosal. A quadrate (q)-articular

(a) jaw joint was also present. (From
Romer, 1970.)

cusps (typically three principal cusps), recalling those of
tritheledonts and morganucodontids (Fig. 3.8). Premolar and
molar morphologies can be distinguished, but the teeth lack
cingula, and their roots are incompletely divided. Most of
the genera are represented only by isolated teeth; hence
their precise phylogenetic position (and even whether they
are closely related to each other) is in dispute (e.g., Sues,
2001). Nonetheless, the current consensus is that they are
not particularly closely related to mammals.

Bonaparte et al. (2003) recently described two new gen-
era of small, advanced cynodonts (Brasilodon and Brasili-
therium) from the Late Triassic of Brazil that may be closer

to the ancestry of mammals than any other forms yet found.
Both are known from skulls, which lack the prefrontal and
postorbital bones, and Brasilitherium has morganucodontid-
like lower teeth. Their phylogenetic analysis placed these
genera closer to Morganucodon than are either tritheledonts
or tritylodonts.

Kemp (2005) recently provided an excellent summary of
the evidence for a relationship between various cynodonts
and mammals. He postulated that the choice (and probable
lack of independence) of anatomical characters used in var-
ious phylogenetic analyses may explain why a consensus on
the sister-group of mammals has eluded researchers.
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Fig. 3.7. Tritylodontids: (A) skull of Kayentatherium; (B) skeleton of Oligokyphus.
(A from Sues, 1983; B from Kiihne, 1956.)

Fig. 3.6. Lower jaws of advanced cynodonts: (A) Thrinaxodon; (B) Prozostrodon;
(C) Diarthrognathus; (D) Pachygenelus. Key: ANG, angular; ang., angle of
dentary; ART, articular; CO, coronoid; D, dentary; FPB, fossa

for postdentary bones; m. for., mandibular foramen; PA, prearticular; PAP,
prearticular process; RPC, replacing postcanine; SPL, splenial; SUR,
surangular. (A from Crompton and Parker, 1978; B from Bonaparte and
Barberena, 2001; C from Crompton, 1963; D from Crompton and Luo, 1993.)

Fig. 3.8. Dromatheriid lower teeth: (A) Pseudotriconodon; (B) Dromatherium;
(C) Microconodon; (D) Tricuspes; (E) Therioherpeton; (F) Meurthodon; (G) Tricuspes
(lower and upper teeth). Letters in A—F designate cusps. Scale applies to G.
(From Hahn et al., 1994.)
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existed with dinosaurs for about 150 million years during the Mesozoic. The

Mesozoic radiation of mammals consisted largely of groups that became ex-
tinct by the end of that era, without direct descendants; but some of them have been
identified as structural, if not actual, stages in the evolution of the therian mammals
prevalent today. Therefore a review of mammalian evolution during the Mesozoic
will help to place Early Cenozoic mammals in perspective. All three major groups of
living mammals—monotremes, metatherians, and eutherians—had evolved by the
end of the Early Cretaceous, but they were not yet diverse or abundant. The only
other group from the Mesozoic that unquestionably survived for a significant period
into the Cenozoic (but is now extinct) is the Multituberculata.

Until recently Mesozoic mammals were quite rare, and our knowledge of most
species (with a few notable exceptions) was restricted to the dentition. Over the past
decade or so, however, new data have been accumulating at an astonishing rate, pro-
moting tremendous strides in our knowledge of this early phase of mammalian evo-
lution. Nevertheless, many relationships remain contentious, and in the last several
years the field has been in a constant state of flux (see Cifelli, 2001, for a particularly
useful recent review, and Kielan-Jaworowska et al., 2004, for a comprehensive and
authoritative account). This chapter provides a brief summary of the current state
of knowledge. A current classification of Mesozoic mammals is shown in Table 4.1.

ﬁ FTER MAMMALS EMERGED FROM CYNODONTS, they co-

HISTORICAL BACKGROUND

Not so long ago, Mesozoic mammals were assigned to a relatively small number of
higher taxa, whose relationships seemed more or less understood. According to this



Table 4.1. Synoptic classification of Mesozoic mammals
(excluding Metatheria and Eutheria)

Class MAMMALIA
‘tAdelobasileus, +Hadrocodium!

tSinoconodontidae
tKuehneotheriidae

Order TMORGANUCODONTA
+tMorganucodontidae
tMegazostrodontidae

Order {DOCODONTA

Order 1SHUOTHERIDIA

Order fEUTRICONODONTA
TAmphilestidae
tTriconodontidae

TAustrotriconodontidae

Order fGONDWANATHERIA

Subclass AUSTRALOSPHENIDA
Order AUSKTRIBOSPHENIDA
Order MONOTREMATA
Subclass TALLOTHERIA
TTheroteinidae
tEleutherodontidae

Order THARAMIYIDA?
tHaramiyidae

Order {MULTITUBERCULATA

Superfamily {Plagiaulacoidea
Suborder tCIMOLODONTA
Superfamily Ptilodontoidea
Superfamily {Taeniolabidoidea
Superfamily Djadochtatherioidea
Subclass TRECHNOTHERIA
Superorder 1SYMMETRODONTA
+TAmphidontidae
tTinodontidae
tSpalacotheriidae
Superorder {DRYOLESTOIDEA
+Vincelestidae?

Order DRYOLESTIDA
fDryolestidae
tPaurodontidae

Order fAMPHITHERIIDA
TAmphitheriidae

Superorder ZATHERIA

Order {PERAMURA
fPeramuridae
TArguitheriidae
tArguimuridae

Subclass BOREOSPHENIDA

Order TAEGIALODONTIA

tAegialodontidae
Infraclass METATHERIA
Infraclass EUTHERIA

Notes: Modified after Kielan-Jaworowska et al. (2004). The dagger (}) denotes
extinct taxa.

! Hadrocodium appears to be closer to crown-group Mammalia than are morganu-
codonts or sinoconodontids, but its precise position is uncertain.

2 Haramiyids were considered to be a possible sister group of tritylodontid cyn-
odonts by Luo et al. (2002), as shown in Fig. 4.2, but are now generally considered
to be closer to mammals. Theroteinidae and Eleutherodontidae were included in
the paraphyletic Haramiyida by Butler (2000) and Butler and Hooker (2005).

? Phylogenetic position uncertain, probably a dryolestoid or a zatherian.
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view (e.g., Crompton and Jenkins, 1973, 1979), a group called
morganucodonts lay at or near the base of a dichotomy be-
tween nontherian (or prototherian) and therian mammals
(Fig. 4.1). Nontherians included the living monotremes,
whereas therians comprised all other extant mammals. On
the nontherian side, morganucodonts (then regarded as basal
triconodonts) were believed to have given rise to other tri-
conodonts, as well as to the docodonts, and questionably to
the haramiyids, which were considered possible ancestors of
the Multituberculata. Although their ancestry was unknown,
monotremes were unambiguously grouped with nontheri-
ans. Therian mammals were seen as evolving from Kuehneo-
therium, itself derived from a morganucodont or sharing a
common ancestor with morganucodonts. From Kuehneo-
therium, which was considered a basal symmetrodont, evolved
the other symmetrodonts on the one hand, and eupanto-
theres on the other. Eupantotheres were considered ancestral
to the therians—the marsupials and placentals (Fig. 4.1B).

While parts of this appealing scenario remain essentially
valid, recent discoveries and an explosion of interest in this
early episode of mammalian history have led to a great ex-
pansion of known forms, and with it, the realization that the
Mesozoic radiations of mammals were far more complex
than previously imagined. Supposed differences in brain-
case construction that were the basis of the dichotomy be-
tween nontherian and therian mammals are now known to
be inaccurate, and this bipartite division of Mammalia has
been largely abandoned (Kielan-Jaworowska, 1992). Conse-
quently, there is considerable disagreement among experts
concerning the sequence of divergence of the various early
clades and even the definition of Mammalia itself. Especially
volatile and controversial are the relationships of mono-
tremes and multituberculates to each other and to other
mammals, which vary depending on the anatomical system
analyzed. Here it is important to realize that the position
of monotremes directly affects the content of crown-group
Mammalia (Rowe, 1988). Part of the controversy stems from
the difficulty in determining which mammalian traits are
synapomorphous and which ones may have evolved mul-
tiple times independently, and on this there is little agree-
ment. This situation led Lillegraven and Krusat (1991: 43) to
conclude that “parallel development of similar features was
an all-pervasive phenomenon within early evolution of the
Mammalia, making the unravelling of phylogenetic relation-
ships among its basal groups a daunting, yet highly inter-
esting, task.” A current view of Mesozoic mammalian rela-
tionships is shown in Figure 4.2.

Among the most important characters that evolved early
in mammalian evolution and contributed to their success
are increasing brain capacity, the tribosphenic molar and
associated changes in mastication, a single jaw joint between
the dentary and the squamosal bones, a middle ear with
three ossicles (see Fig. 3.1), and changes in limb posture
related to increased activity. In the following sections, the
evolution of these key mammalian features is emphasized.

At this point it should be noted that the term “therian”
has been used both formally and informally with various
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Fig. 4.1. Temporal distribution and relationships of Mesozoic mammals. (A) View of a polyphyletic Mammalia, widely held in first half of the twentieth century and
based mainly on Simpson (1928); (B) monophyletic Mammalia, with a dichotomy between nontherian and therian clades, based on Hopson and Crompton (1969);
(C) current view of relationships, based on Luo, Crompton, and Sun (2001) and Luo et al. (2002). (From Cifelli, 2001.)

connotations. Although the basic dichotomy between Pro-
totheria (nontherians) and Theria has been largely aban-
doned, the name Theria is still generally used to refer to the
crown-group of metatherians and eutherians and their close
relatives (e.g., Rowe, 1988; Hopson, 1994; McKenna and Bell,
1997). Usage here follows this convention.

THE OLDEST MAMMALS

Arguably the oldest and most primitive known mammal
is Adelobasileus, based on the back half of a skull from the

Late Triassic (late Carnian, about 225 Ma) of Texas (Lucas
and Luo, 1993). This unique fossil predates the next oldest
mammals by at least 10 million years, and shares with later
mammals several derived features, including configuration
of certain cranial foramina, morphology of the occipital
condyles, and presence of a bony floor of the cavum epi-
ptericum. The incipient development of a promontorium
to house the cochlea is anatomically intermediate between
the conditions in cynodonts and early mammals. Unfortu-
nately, the fossil lacks teeth, a lower jaw, and other parts of
the skeleton that might corroborate its mammalian status.
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Fig. 4.2. Relationships of Mesozoic mammals. The current consensus places haramiyids (including Haramiyavia) and Multituberculata as sister taxa within Mammalia.

(Modified after Luo et al., 2002.)

Until these are found, Adelobasileus will remain a taxon of
problematic relationships.

Haramiyids and Possible Relatives

Two other families that appeared in the Late Triassic
(?Norian-Rhaetic), Haramiyidae and Theroteinidae, could be
the oldest known mammals, but are also problematic. Both
have been suggested to have possible affinities with multi-
tuberculates because of dental resemblance. Theroteini-
dae are known only from isolated teeth from France that
have complex crowns and preprismatic enamel (Sigogneau-
Russell et al., 1986; Hahn et al., 1989). They could belong to
primitive mammals or to advanced cynodonts, but similar-
ities to teeth of haramiyids and primitive multituberculates
suggest that they are probably mammals. The Middle Juras-
sic eleutherodontids (Eleutherodon), based on isolated teeth
from England and China (Kermack et al., 1998; Butler and
Hooker, 2005; Maisch et al., 2005), represent a third family
perhaps related to theroteinids or haramiyids; but it is diffi-
cult to reach definitive conclusions based on these isolated
teeth. Citing similarities in their molariform teeth, Butler
(2000) united these three families in the order Haramiyida.
If multituberculates originated from within this group, Hara-
miyida would be a paraphyletic assemblage. The grouping
of Haramiyida and Multituberculata is called Allotheria.

Until recently, haramiyids were also known only from
isolated teeth. They resemble multituberculate molars in
being relatively low crowned and having two parallel, pe-
ripheral rows of cusps, longitudinally arranged and separated
by a median furrow. These teeth were presumed to be mo-

lars, but their orientation and position in the toothrow were
uncertain. Their mammalian status did not appear to be
in question, however, for they have multiple roots, pre-
prismatic enamel, and wear facets indicating precise inter-
locking occlusion, which in turn suggests diphyodont tooth
replacement (Sigogneau-Russell, 1989). Wear patterns even
seem to indicate a palinal (longitudinal and backward) chew-
ing stroke, as in multituberculates (Butler and Maclntyre,
1994).

Much more complete haramiyid fossils discovered in
Greenland (Jenkins et al., 1997) confirm that the isolated
teeth were indeed molars and clarify their orientation.
These fossils, named Haramiyavia (Fig. 4.3), also show that
the postcranial skeleton was generally similar to that of
morganucodonts, the most primitive mammals for which
the skeleton is known. The lower dentition further re-
sembles that of multituberculates in having procumbent
incisors separated from the cheek teeth by a conspicuous
diastema. According to Jenkins et al. (1997), the occlusal re-
lationships of the teeth contradict those observed in other
haramiyids and indicate a predominantly orthal (vertical)
chewing stroke. This observation might suggest that Hara-
miyavia, at least, was not as closely related to multituber-
culates as had been supposed. However, Butler (2000) sug-
gested that limited palinal movement probably did occur
during the power stroke of chewing in Haramiyavia, which
would support its position as a transitional form leading to
multituberculates. Butler (2000) placed Haramiyavia in its
own family, Haramiyaviidae.

Haramiyavia retained larger postdentary bones than did
morganucodontids, suggesting that haramiyids could be an
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Fig. 4.3. Haramiyavia, jaw and dentition: (A, B) upper dentition; (C) mandible;
(D) right maxilla with M'%; (E) right M,,. Anterior at top in D and E. Labels
designate cusps. (From Jenkins et al., 1997.)

even earlier offshoot of the mammalian stem. Unfortunately,
the jaw joint is not preserved in the fossils of Haramiyavia,
but the presence of larger postdentary bones suggests that
a quadrate-articular joint was still functional. Potentially
more significant is the evidence for orthal and palinal jaw
movements during chewing in Haramiyida and multituber-
culates. This mode of occlusion, which differs fundamen-
tally from that in other mammals, led Butler (2000; see also
Butler and Hooker, 2005) to hypothesize that allotheres di-
verged from other mammals before they evolved unilateral
shearing and transverse jaw movements—which would
be very early indeed. Primitive haramiyidans document
transitional stages in the development of palinal occlusion.
Whether haramiyidans are related to multituberculates or
represent a separate branch of primitive mammals, or even
cynodonts, remains unsettled (e.g., Butler and MacIntyre,
1994; Butler, 2000; Luo et al., 2002).

Morganucodonts, Sinoconodon,
and Kuehneotheriids

Prior to these discoveries, the oldest mammals were long
held to be those from fissure-fillings in Wales that have
usually been considered of Late Triassic (Rhaetic) age.

However, their uncertain age was indicated by the label
“Rhaeto-Liassic” often applied to these fossils, and the age
of the fissures now appears to be younger rather than older
(late Rhaetic-Liassic, or Sinemurian: latest Triassic—Early
Jurassic; Kermack et al., 1981; Clemens, 1986; Kielan-
Jaworowska, 1992). They are usually assigned to the families
Morganucodontidae and Kuehneotheriidae, which have es-
sentially triconodont-like cheek teeth. Morganucodontidae
(formerly considered to be basal “triconodonts”) are known
from teeth and skulls, whereas Kuehneotheriidae (formerly
basal “symmetrodonts”) are represented only by jaws and
teeth. Chinese deposits of similar age (Liassic) have produced
additional skulls of Morganucodon and of another primitive
form, Sinoconodon (Fig. 4.4A). These taxa, though perhaps
not the oldest, are widely considered to be the most primi-
tive mammals (Crompton and Luo, 1993). Eozostrodon, based
on two isolated teeth, has often been considered a synonym
of Morganucodon, but it is possibly a distinct morganucodon-
tid (Kielan-Jaworowska et al., 2004).

Morganucodonts (now considered to include the families
Morganucodontidae and Megazostrodontidae) were small
shrew- to mouse-sized animals (10-30 g; Jenkins and Cromp-
ton, 1979) that were widely distributed during the latest
Triassic(?)—Early Jurassic, occurring in Europe, Asia, Africa,
and North America (Fig. 4.4). The anatomy of morganu-
codonts indicates that they occupy a central position at
the base of the mammalian radiation. Kermack et al. (1973,
1981) and Jenkins and Parrington (1976) detailed the
anatomy of morganucodonts, which combines derived
mammalian traits with primitive cynodont features. The
dental formula of Morganucodon varies within and among
species: 3-5.1.4-5.3-4/4-5.1.4-5.3-5 (Kielan-Jaworowska
etal., 2004). Asin eutriconodonts, the premolars are simple,
with one main cusp, and the molar cusps are linearly arranged
(Fig. 4.5). Based on this morphology, morganucodonts were
previously regarded as primitive triconodonts; however,
the similarities are now generally considered to be plesio-
morphic. Current consensus separates morganucodonts
from eutriconodonts and places them at the base of mam-
mals, whereas eutriconodonts are thought to be closer to
therian mammals (e.g., Luo et al., 2002).

The dentary of morganucodonts is mammal-like in hav-
ing a large coronoid process and a well-developed condylar
process that articulated with the squamosal. From the lat-
eral side, this appears to be the only jaw joint, but medial to
it a functional quadrate-articular jaw joint was also still
present. In Morganucodon the angular process is situated well
anterior to that of more derived mammals, which led Jenk-
ins et al. (1983) to identify it as a pseudangular process. The
skull of Morganucodon lacks prefrontal and postorbital bones,
as in other mammals and advanced cynodonts, but primi-
tively retains a septomaxilla. Although first reported to
retain tabular bones, as in cynodonts (Kermack et al., 1981),
subsequent studies have concluded that tabulars are absent
in Morganucodon (e.g., Luo et al., 2002).

The vertebral column of morganucodonts is more re-
gionally differentiated than in cynodonts and shows other
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Fig. 4.4. Basal mammals: (A) Sinoconodon skull; (B, C) Morganucodon recon-
structed skull and lower jaw (medial view); (D) Megazostrodon skeleton.

(A from Crompton and Sun, 1985; B, C from Kermack et al., 1973 and 1981;
D from Jenkins and Parrington, 1976.)

modifications associated with mammal-like movements, in-
cluding an essentially mammalian atlas-axis complex and an
enlarged cervical canal (reflecting expansion of the spinal
cord in the region of the brachial plexus, which in turn sug-
gests more complex neural control of the forelimbs). At the
same time, the pectoral girdle is distinctly cynodont-like.
The scapula lacks a supraspinous fossa, and there are two
coracoids, although only the posterior one contributes to
the glenoid fossa. The humerus is rather therian-like at the
proximal end, with a hemispherical head and a pair of
tuberosities; but distally it has an ulnar condyle as in cyn-
odonts, rather than an ulnar trochlea as in advanced mam-
mals. The proximal and distal articulations of the humerus
are twisted relative to each other. These humeral features
suggest a sprawling stance. The pelvis is derived, as in mam-
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mals and tritylodontids, in having a long ilium with separate
gluteal and iliac surfaces and a large obturator foramen. The
femur has a spherical head and trochanters arranged as in
mammals (and tritylodontids, but not other cynodonts).
The ankle, however, shows few mammalian specializations
except for the presence of an astragalar foramen. Morphol-
ogy of the phalanges and a probably abducted hallux sug-
gest grasping ability. Together these features suggest that
morganucodonts had rather generalized skeletons that en-
abled them to climb as well as scramble on the ground.

Sinoconodon has triconodont-like cheek teeth, which dif-
fer from those of morganucodonts in lacking well-developed
cingula (Fig. 4.4A). As in morganucodonts, there is a bony
separation between the orbits, and the jaw joint is between
the squamosal and the dentary, but the postdentary bones
are more reduced than in morganucodonts (Crompton and
Sun, 1985)—a presumably derived condition. In other ways,
however, Sinoconodon seems to be more primitive than Mor-
ganucodon. Cochlear structure was more primitive (Luo et
al.,, 1995), and the absence of consistent wear facets indi-
cates that Sinoconodon lacked precise molar occlusion. It re-
sembles cynodonts in retaining a large septomaxillary bone
and multiple replacement of the incisors and canines; in ad-
dition, the posterior molars were replaced once (Zhang et
al., 1998). These features suggest that Sinoconodon diverged
from the mammalian stem earlier than morganucodontids
and could be the sister group of all other mammals (Wible,
1991; Crompton and Luo, 1993; Luo et al., 2002).

Upper teeth, internal (lingual) views

a

0.5 mm

Kuehneotherium

Thrinaxodon

Morganucodon

Fig. 4.5. Comparison of Thrinaxodon, Morganucodon, and Kuehneotherium teeth,
based on Crompton (1963) and Hopson and Crompton (1969). Letters
designate cusps. (From Jenkins, 1984.)
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Kuehneotherium (Fig. 4.5) was formerly regarded as a
basal symmetrodont belonging either to the family Tinodon-
tidae or to a separate family, Kuehneotheriidae. The current
view is that kuehneotheriids occupy a position near the base
of mammals (Cifelli, 2001; Luo et al., 2002). The lower
dental formula of Kuehneotherium is 42.1.6.4 or 5 (Gill, 1974).
As in morganucodonts and eutriconodonts, the cheek teeth
have three principal cusps, with the central one tallest. The
main cusp of the upper molars is probably homologous
with the paracone of therians, whereas that of the lowers
is thought to be homologous with the protoconid. In con-
trast to morganucodonts and eutriconodonts, however, the
cusps are not directly aligned, but form an obtuse angle,
with the front and back cusps rotated slightly lingually on
the lower teeth and buccally on the uppers, foreshadowing
the arrangement in tribosphenic therians. The upper cusps
probably represent the stylocone, paracone, and metacone
of therian molars, whereas the lowers are probably the
three trigonid cusps (followed by an incipient talonid cusp;
Patterson, 1956). Whether this cusp rotation is homologous

Fig. 4.6. Hadrocodium skull and teeth:
(A, B) restored skull; (C) lateral view of
restored dentition; (D, E) occlusion and
wear facets. (From Luo, Crompton, and
Sun, 2001.)

with that in true symmetrodonts and therians or evolved
independently is controversial. The relative position of upper
and lower cusps during occlusion also differs from that in
Morganucodon, being shifted so that each tooth opposed parts
of two others. These progressive dental features suggest
that Kuehneotherium could be closer to the stem of the ther-
ian radiation than any other Rhaeto-Liassic taxon (Cromp-
ton and Jenkins, 1979). Luo et al. (2002), however, recently
questioned the supposed close relationship between Kueh-
neotherium and extant mammals. Kuehneotherium primitively
retained much reduced postdentary bones and a double jaw
articulation, but the dentary-squamosal joint was predomi-
nant. In true symmetrodonts only the dentary-squamosal
joint was present.

Woutersia is a possible relative of Kuehneotherium known
from isolated teeth from Rhaetian deposits in France. It dif-
fers from Kuehneotherium in having cusps on the lingual
cingulum (one on upper molars, two on lowers), thus broad-
ening the teeth, a possible early adaptation for crushing
(Sigogneau-Russell and Hahn, 1995). Butler (1997) be-



lieves that it may represent a transitional form leading to
docodonts.

Hadrocodium

Luo, Crompton, and Sun (2001) described a slightly
younger animal with triconodont-like teeth, Hadrocodium,
based on a shrew-sized skull from the Sinemurian (Early
Jurassic, 195 Ma) of China (Fig. 4.6). It was one of the
smallest known mammals, estimated to have weighed
only 2 g. Hadrocodium is significant in showing several un-
expectedly progressive features for such an ancient mam-
mal. Its skull is wide posteriorly and the braincase is rela-
tively large. There is a single jaw articulation, between the
dentary and the squamosal bones; and there is no post-
dentary groove, implying that the middle-ear ossicles were
already separate from the lower jaw and attached to the
skull. These features, together with wear on the molar
teeth, suggest that the single known specimen represents
an adult or subadult (hence its small size is not attributable
to being a juvenile). Hadrocodium had a primitive incisor
count of 5/4 but had a reduced number of premolars and
molars (dental formula 5.1.2.2/4.1.2.2). The derived fea-
tures of Hadrocodium indicate that it is more closely related
to crown-group Mammalia than is either Sinoconodon or
Morganucodon, but the reduced number of cheek teeth
make Hadrocodium too specialized to be on the direct line
to therian mammals.

DOCODONTA

Although unknown before the Middle Jurassic, and
therefore not among the oldest known mammals, docodonts
are considered to be one of the most archaic mammalian
groups. Their remains were first discovered more than a
century ago in the Late Jurassic Morrison Formation of
Wyoming and Colorado, where they are found together
with the bones of giant sauropod dinosaurs. They have sub-
sequently been discovered at several sites in Europe and
Asia. A purported docodont (Reigitherium) has been reported
from the Late Cretaceous of Patagonia in South America
(Pascual et al., 2000), but this attribution is questionable
(Kielan-Jaworowska et al., 2004). Rougier, Novacek, et al.
(2003) reported new specimens of Reigitherium that show
the absence of postdentary bones as well as dental features
that suggest that it is a dryolestoid, as originally proposed
by Bonaparte (1990).

Most docodonts are known solely from the dentition,
which includes complex, broad cheek teeth. In Docodon,
the lower molars are rectangular and the buccal cusps are
higher than the lingual cusps; the upper molars are hour-
glass shaped and transversely wider than long (Fig. 4.7B).
The teeth of docodonts have been cited as evidence that
the group evolved from morganucodonts (e.g., Crompton
and Jenkins, 1979). According to this hypothesis, the wide
molars of docodonts evolved by expansion of the lingual
cingula of typical morganucodont molars. Cusps on the
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cingula eventually enlarged, and transverse crests formed,
joining them to the original (lateral) cusps. The morganu-
codont Megazostrodon, which has a well-developed lingual
cingulum and cingular cusps on the lower molars, repre-
sents a plausible morphologic stage from which docodonts
might have evolved (Crompton, 1974). As noted above, it is
also possible that docodonts evolved in a similar manner
from kuehneotheriids. Docodonts also evolved precise mo-
lar occlusion in association with their complex molar
crowns. These derived conditions are superficially similar
to those characterizing therians, but they are different
enough to indicate that they arose independently.

Insight on the phylogenetic position of docodonts is
afforded by the best-known docodont, Haldanodon, from
the Late Jurassic Guimarota lignites (swamp deposits) of
Portugal (Lillegraven and Krusat, 1991; Martin and Krebs,
2000). Haldanodon is represented by dozens of jaws, several
skulls (Fig. 4.7A), and a skeleton. Based on its robust limb
skeleton—especially the scapula with a postscapular fossa,
the broad humerus with a prominent deltopectoral crest,
an elongate ulnar olecranon process, and short and robust
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Fig. 4.7. Docodonts: (A) Haldanodon skull; (B) Docodon upper left and lower
right dentitions, anterior to left, buccal at top. (A from Lillegraven and Krusat,
1991; B from Jenkins, 1969b.)
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phalanges—Haldanodon appears to have been fossorial
(Krusat, 1991; Martin, 2005). However, its occurrence in
lignite deposits suggests that it may also have been semi-
aquatic, similar to extant desman moles. Haldanodon re-
sembles cynodonts in several plesiomorphous cranial fea-
tures that are present in more derived states in
morganucodontids. The presence in Haldanodon of a large
septomaxilla in the nasal region, retention of larger acces-
sory (“postdentary”) jaw bones and a larger stapes than in
morganucodontids, and several other cynodont-like fea-
tures could indicate that this genus was more primitive
than Morganucodon and diverged even earlier from the
mammalian stem. At the same time, several other cranial
characters of Haldanodon are derived, like those of other
early mammals. Lillegraven and Krusat suggested that Hal-
danodon could have acquired many of its “mammalian”
traits earlier than, and independently from, morganu-
codontids, which would suggest that Mammalia is poly-
phyletic. Subsequent phylogenetic analyses (e.g., Rougier
et al., 1996a; Luo et al., 2002), however, support a mono-
phyletic Mammalia that includes Haldanodon.

A new docodont recently reported from the Middle
Jurassic of China provides additional evidence on the rela-
tionships and behavior of these archaic mammals (Ji et al.,
2006). Based on a partial skeleton, Castorocauda is the largest
known docodont, almost half a meter long from the snout
to the end of the tail. Its skeleton is adapted for swimming
and burrowing, supporting the interpretation that docodonts
were semiaquatic. Phylogenetic analysis confirmed that doco-
donts are a primitive mammalian clade more derived than
morganucodonts but less derived than Hadrocodium. Casto-
rocauda is the oldest mammal preserving evidence of fur.

MULTITUBERCULATA

Multituberculates were the longest-lived order of mam-
mals except for monotremes, recorded with certainty from
Upper Jurassic through upper Eocene sediments, a time-span
of more than 100 million years (from about 155 to 40 Ma).
They have no living descendants. Isolated upper second
molars from the Middle Jurassic (Bathonian) of England,
assigned to the new genera Kermackodon and Hahnotherium,
have recently been identified as multituberculate based on
wear and inferred occlusal relationships (Butler and Hooker,
2005). This finding extends the range of the group back
another 10 million years. As noted previously, multituber-
culates may be related to Late Triassic and Jurassic hara-
miyidans, and the two groups are sometimes united in the
Allotheria to reflect this relationship. Multituberculates
were abundant in many Mesozoic and Early Cenozoic fau-
nas of the northern continents. Recent discoveries have ex-
tended their Mesozoic range into northern Africa and South
America, although they are still very rare from those regions
(and the African teeth may instead belong to haramiyidans,
according to Butler and Hooker, 2005). All were small,
mostly shrew- to rat-sized, the largest reaching the size of
a beaver.

The anatomy of multituberculates has been reviewed by
Hahn (1978), Clemens and Kielan-Jaworowska (1979), Krause
and Jenkins (1983), and Kielan-Jaworowska et al. (2004),
among others. Multituberculates are distinguished by their
unique dental complex, which includes in the lower jaw a
single enlarged, somewhat rodentlike incisor separated from
the cheek teeth by a diastema, no canine, one to four blade-
like lower premolars with oblique ridges joined to apical ser-
rations, and molars with multiple low cusps arranged in two
longitudinal rows (Figs. 4.8, 4.9). In some multituberculates,
including taeniolabidoids and djadochtatheres, the lower
incisor is very large and has enamel essentially restricted to
the labial half of the tooth. The upper series has one to three
incisors, I enlarged, usually no canine, and premolars and
molars with two or three longitudinally arranged rows of
cusps separated by longitudinal grooves. M? is medially off-
set relative to M in all but the most primitive forms. Conse-
quently the central groove of M? occludes with the lingual
cusp row of M, whereas the groove of M" occludes with the
buccal cusp row of M, (Butler and Hooker, 2005). All known
multituberculates are dentally so derived that it has not been
possible to determine the homologies of the cusps with those
of therians. The incisors and the anterior premolars were
diphyodont (with deciduous precursors), but only the most
primitive multituberculates (Paulchoffatiidae) are known
to have had both deciduous and permanent P,.In all others,
the bladelike, deciduous P, seems to have been retained
throughout life, and erupted in a unique way, by rotating
anterodorsally about 90° into position (Greenwald, 1988).

Analysis of tooth morphology and microwear indicates
that most multituberculates had a unique two-stroke mas-
ticatory cycle (Krause, 1982). First, food held in place by the
last upper premolar was sliced by the bladelike lower pre-
molar(s) as the dentary moved orthally (upward). Then the
lower jaw moved palinally (backward), grinding the food
between the molar cusp rows. Molar occlusion usually oc-
curred bilaterally, although the unfused symphysis probably
allowed occasional unilateral occlusion (Wall and Krause,
1992; Gambaryan and Kielan-Jaworowska, 1995). Unlike in
most therians, there was no transverse component in the
grinding stroke. The second part of the chewing cycle is
superficially like the grinding phase in rodents (which is
also often bilateral), but in the latter the chewing stroke is
propalinal (forward). Although multituberculates have of-
ten been considered herbivorous analogues of rodents, con-
siderations of body size and microwear suggest that they
were omnivores that consumed a variety of items, includ-
ing seeds, nuts, and small invertebrates.

The lower jaw of multituberculates is typically short and
deep. It is derived compared to that of many other Meso-
zoic mammals in consisting entirely of the dentary, which
articulates with the squamosal; there are no postdentary
bones, except for a vestigial coronoid bone in one of the ear-
liest forms, the plagiaulacid Kuehneodon. The symphysis is
unfused, which allowed the dentaries to move independently
from each other to a considerable extent. The dentary lacks
an angular process.
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Fig. 4.8. Multituberculate skulls: (A) ptilodontoid; (B, C) taeniolabidoids; (D) djadochtathere. Skull lengths are indicated. (From Kielan-Jaworowska and Hurum, 1997.)

The skull is typically low and broad, with a short, rather
wide snout and well-developed zygomatic arches, which
consist mainly of the maxilla and squamosal. The jugal,
previously thought to be absent, has been identified on the
medial side of the arch in several multituberculates (Hop-
son et al., 1989). The orbit lacked a bony floor, and the eyes
were directed laterally. Elements earlier believed to be plesio-
morphic tabular and ectopterygoid bones have since been
shown to be parts of the mastoid and alisphenoid, respec-
tively (Kielan-Jaworowska et al., 1986; Hurum, 1998). In fact,
no mammal has been shown to have tabular bones. Endo-
cranial casts show that the olfactory bulbs of multitubercu-
lates were relatively very large. The slightly curved cochlea
is also primitive; it resembles that of Morganucodon more
than the bent cochlea of monotremes, and differs markedly
from the coiled cochlea of marsupials and placentals (Kielan-
Jaworowska and Hurum, 2001). The lateral wall of the
braincase, however, composed of a reduced alisphenoid and
enlarged anterior lamina, is a derived condition shared with
monotremes (Hopson and Rougier, 1993). Moreover, multi-
tuberculates are seemingly advanced in having three mid-
dle-ear ossicles arranged like those in living mammals (Miao
and Lillegraven, 1986; Hurum et al., 1996; Rougier et al.,
1996b). Whether they are homologous with those of other
mammals or evolved independently, however, is a matter of
contention.

The postcranial skeleton, known in only a few forms, in-
dicates that multituberculates had epipubic (“marsupial”)
bones and that the limbs were abducted, probably resulting

Fig. 4.9. Multituberculate lower jaws. “Plagiaulacida” is equivalent to Plagiaula-
coidea as used in this chapter. (From Kielan-Jaworowska and Hurum, 2001.)
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in a sprawling stance (Kielan-Jaworowska and Gambaryan,
1994; Gambaryan and Kielan-Jaworowska, 1997). At least
one multituberculate, the Late Cretaceous djadochtathere
Bulganbaatar, may have had a mobile pectoral girdle and
more advanced, parasagittal forelimb posture like that of
higher therians, based on a specimen with articulated fore-
limbs (Sereno and McKenna, 1995). But Gambaryan and
Kielan-Jaworowska (1997) challenged this interpretation,
which appears to conflict with other evidence. As further
discussed below, the few known skeletons display consider-
able diversity: some multituberculates were specialized for
arboreal life, whereas others were terrestrial, and still others
were fossorial.

Multituberculates have traditionally been classified in
three suborders or superfamilies: Plagiaulacoidea (essen-
tially a primitive grade of Mesozoic multituberculates), and
the probably monophyletic Ptilodontoidea and Taeniolabi-
doidea (Clemens and Kielan-Jaworowska, 1979; Simmons,
1993). A fourth monophyletic subdivision was recently rec-
ognized: Djadochtatherioidea (=Djadochtatheria, hereafter
called djadochtatheres), which includes nearly all Late Cre-
taceous multituberculates of Mongolia (Kielan-Jaworowska
and Hurum, 1997, 2001). The last three groups comprise
the monophyletic Cimolodonta (McKenna and Bell, 1997;
Kielan-Jaworowska and Hurum, 2001). Although plagiaula-
coids are grouped essentially by primitive characters, cimo-
lodonts are united by several synapomorphies, including
the loss of I}, loss of P . and great reduction or loss of P,
(Kielan-Jaworowska and Hurum, 2001). All cimolodonts
have prismatic enamel, whereas most plagiaulacoids lacked
prisms. However, the prismatic enamel of cimolodonts
almost surely evolved independently from that of therian
mammals.

The classification of multituberculates has been espe-
cially mercurial in recent years (see the historical review
by Kielan-Jaworowska and Hurum, 2001), probably owing
chiefly to two factors—the rapid accumulation of new dis-
coveries and the exploration of relationships using cladistic
methods. Several new classifications have been proposed in
the past decade, but there is currently no generally accepted
arrangement. Although most classifications are more orless
consistent with the groups listed above, the placement of
both genera and higher taxa varies (see, for example, Kielan-
Jaworowska et al., 2004).

Plagiaulacoidea

Plagiaulacoids include the oldest and most primitive
multituberculates—families Paulchoffatiidae, Allodontidae,
Plagiaulacidae, and a few others (Kielan-Jaworowska and
Hurum, 2001; Kielan-Jaworowska et al., 2004). They are best
known from Late Jurassic and Early Cretaceous sites in Eu-
rope and North America. In addition, several Early Creta-
ceous forms from Asia and one tooth from northern Africa
have been described in recent years. Plagiaulacoidea is a
paraphyletic assemblage (including successive sister taxa of
later multituberculates), hence it is not surprising that its

composition is particularly unstable—for example, regard-
ing the proper familial allocation of various genera and
even which families belong here. The dental formula is
3.0-1.4-5.2/1.0.3-4.2. I? is multicusped and the largest of
the upper incisors, I> may also be large and multicusped, and
several genera retain the upper canine (Hahn, 1977, 1993).
The three or four lower premolars form a bladelike cutting
edge, with the anteriormost premolar smallest and lowest.
In paulchoffatiids, unlike later multituberculates, the pre-
molars usually were not markedly larger than the molars.
Heavy apical wear in some of them suggests that these teeth
were used for grinding. A row of basal cuspules is developed
on the buccal surface of the posterior lower premolars. A
reduced jugal bone was still present, as was a vestigial
coronoid, which is absent in later multituberculates. All the
cranial nerves entering the orbit apparently passed through
a single large sphenorbital fissure. These features suggest
that paulchoffatiids are the most primitive multitubercu-
lates. However, allodontids are plesiomorphic in having a
small I?, smooth enamel, a premolar formula of 5/4, and
well-separated cusps on the lower molars. Nevertheless,
their lower premolars are more derived than those of paul-
choffatiids (Kielan-Jaworowska et al., 2004). One bizarre
plagiaulacoid, Early Cretaceous Arginbaatar from Asia, had
an unusually large P, that rotated anteriorly over the two
more anterior premolars, gradually pushing them out of the
jaw as the animal aged (Kielan-Jaworowska et al., 1987b).

Djadochtatherioidea

The Asian djadochtatheres are united by several apo-
morphic cranial features relating mainly to the anatomy of
the frontal and lacrimal bones. Unlike many other multi-
tuberculates, most of the dozen djadochtathere genera are
known from skulls and often postcranial skeletons as well
(Fig. 4.10). The skull is short and broad and, in several gen-
era, triangular in superior view. The cheek teeth have fewer
cusps and P, has fewer ridges than in ptilodontoids and tae-
niolabidoids (Kielan-Jaworowska and Hurum, 1997). Some
forms retain cervical ribs. According to Kielan-Jaworowska
and Gambaryan (1994), both the forelimbs and the hind
limbs of djadochtatheres were held in a primitive abducted,
sprawling posture, and the feet were abducted about 30°
from the sagittal plane. These authors also identified an
incipient supraspinous fossa in djadochtatheres, but it is
much less developed than in therians. Long spinous pro-
cesses of the lumbar vertebrae imply well-developed erec-
tor spinae muscles, as are found in mammals with jumping
ability. Djadochtatheres were terrestrial animals that evi-
dently progressed by an asymmetrical gait punctuated by
occasional jumps.

Ptilodontoidea

Ptilodontoids are first known from the Late Cretaceous
and survived until the late Eocene. They were the most
diverse early Cenozoic multituberculates, with 15 of the



Fig. 4.10. Skeleton and restoration of the djadochtathere Nemegtbaatar. (From
Kielan-Jaworowska and Gambaryan, 1994.)

16 genera known from Paleocene or early Eocene strata.
They ranged in size from a small mouse to a squirrel (Sciu-
rus). The two or three families are known from North Amer-
ica, Europe, and Asia. Ptilodontoids had a longer, more slen-
der lower incisor than in plagiaulacoids (Fig. 4.11). There
are at most four upper premolars and only one or two lower
premolars. P, when present, is reduced to a single-rooted
peg, whereas P* is elongate, and P, is large and bladelike, its
crown usually extending well above the molars and bearing
8 to 16 serrations. The upper molars often have cingula or
an extra row of cusps compared to plagiaulacoids. The first
molars are longer than the second molars.

The postcranial skeleton of Ptilodus (Fig. 4.12) displays
numerous arboreal adaptations, including a divergent hal-
lux, a long and probably prehensile tail, and tarsal modifi-
cations that facilitated hindfoot abduction and reversal, thus
allowing the animal to descend trees headfirst (Plate 1.1;
Jenkins and Krause, 1983). The mouse-sized neoplagiaulacids
account for two-thirds of ptilodontoid genera and existed
from the Late Cretaceous through the Eocene. A neopla-
giaulacid from the Chadronian (latest Eocene, approximately
35 million years ago), usually identified as Ectypodus, was the
last occurring multituberculate (Krishtalka et al., 1982).
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Multituberculates, particularly ptilodontoids, experienced
something of a resurgence during the Paleocene in western
North America. In the richest Torrejonian through Clark-
forkian quarry assemblages from Wyoming and Montana,
multituberculates typically account for 15-20% of all mam-
mal species and from 12-25% of the individuals represented
(Rose, 1981; Krause, 1986). At Swain Quarry in southern
Wyoming—perhaps the richest known Paleocene site—43%
of the 28,000 mammal teeth collected belong to multi-
tuberculates, mainly ptilodontoids (Rigby, 1980). Ptilodon-
toids were generally rare after the Paleocene, although they
were moderately common in the early Eocene Four Mile
fauna of Colorado (McKenna, 1960a) and abundant in one
early Eocene quarry sample from the Bighorn Basin of
Wyoming (26% of individuals; Silcox and Rose, 2001).

Taeniolabidoidea

Taeniolabidoids (Fig. 4.8B-C) are known from the Late
Cretaceous through early Eocene of North America, Asia,
and Europe. Two of the three known families persisted into
the Early Tertiary: Taeniolabididae are known from the
Paleocene of North America and Asia, while Eucosmodon-
tidae lived into the early Eocene in North America and Eu-
rope. (Survival of eucosmodontids into the Eocene, how-
ever, is based on the genera Neoliotomus and Microcosmodon,
both of which were excluded from this family by Kielan-

Fig. 4.11. (A-C) Ptilodus left upper and lower dentitions; (D) P, replacement
in multituberculates; anterior to the right. (A-C from Krause, 1982; D from
Greenwald, 1988.)
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Fig. 4.12. Ptilodus skeleton and foot.
Reconstructions at left show the right
hind foot in normal terrestrial stance
(below) and reversed for headfirst
descent from trees (above). (From
Jenkins and Krause, 1983.)

Jaworowska and Hurum, 2001.) In these multituberculates
I, is hypsodont and in some forms possibly ever-growing,
and the enamel is limited to a ventrolateral band. There are
two upper incisors (I*7?). From one to four upper premolars
are present, and only one or two lower premolars. P, is typ-
ically bladelike, but in Taeniolabididae it is reduced to a
small tooth with only a few apical cusps. In Eucosmodonti-
dae, by contrast, P, can have up to 15 serrations. The molars
of taeniolabidoids are often as large as or larger than the pre-
molars. Early Paleocene Taeniolabis was the largest known
multituberculate, reaching the size of a large beaver. Some
recent studies suggest that eucosmodontids are not so closely
related to taeniolabidids as long believed and should be ex-
cluded from the Taeniolabidoidea (e.g., Kielan-Jaworowska
and Hurum, 2001).

Skeletal remains are known for several taeniolabidoid
taxa, and they indicate diverse habits. The late Paleocene
taeniolabidid Lambdopsalis from Asia was fossorial. This
interpretation is based on many features, including fused
neck vertebrae (C2-3), a robust humerus, and a thick,
keeled manubrium sterni (Kielan-Jaworowska, 1989; Kielan-
Jaworowska and Qi, 1990). The incisors of Lambdopsalis
had pigmented enamel, presumably indicating a hard, iron-
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bearing outer layer of enamel (Akersten et al., 2002), which
would have been useful if the teeth were used for digging.
The skull of Lambdopsalis was wedge-shaped and had very
large, inflated petrosals, superficially resembling bullae, that
housed an expanded vestibular apparatus and an uncoiled
cochlea. These features, as well as the structure of the au-
ditory ossicles, suggest that Lambdopsalis was adapted for low-
frequency sound reception, another indication of fossorial
habits (Miao, 1988; Meng and Wyss, 1995). The morphol-
ogy of the middle ear of Lambdopsalis is particularly similar
to that of living monotremes, which is taken by some
authors as evidence of a special relationship between them
(e.g., Meng and Wyss, 1995). Other taxa traditionally con-
sidered taeniolabidoids, such as Eucosmodon, show arboreal
adaptations similar to those of Ptilodus (Krause and Jenkins,
1983).

Relationships and Extinction
of Multituberculates

Despite substantial knowledge of their anatomy, the an-
cestry of multituberculates remains enigmatic. Their highly
apomorphic dentition and the possibility that haramiyids or



theroteinids might be related to multituberculates suggest
that they are a very ancient clade that could have originated
independently from other mammals. However, the mam-
malian jaw joint, virtual absence of postdentary bones, di-
phyodont tooth replacement, and presence of mammal-like
middle-ear ossicles (Miao and Lillegraven, 1986; Meng and
Wyss, 1995; Hurum et al., 1996; Rougier et al., 1996b) sup-
port their inclusion in a monophyletic Mammalia, as does
the unequivocal presence of hair (Meng and Wyss, 1997).
Various cranial features (e.g., cribriform plate, ossified eth-
moid plate) are shared with monotremes and therians (Hu-
rum, 1994). However, there remains a wide gulf between
multituberculates and therians in many other aspects of
their anatomy. This paradoxical association of very primi-
tive traits with autapomorphic and derived therian-like
features has made it very difficult to decipher the phyletic
position of multituberculates relative to other mammals.
In recent years, they have been considered a primitive off-
shoot of the mammalian stem (e.g., Kielan-Jaworowska,
1992; Miao, 1993; McKenna and Bell, 1997), the sister taxon
of monotremes (e.g., Kemp, 1983; Wible and Hopson, 1993),
the sister taxon of Theria (Rowe, 1988), or somewhere in
between (e.g., Rougier et al., 1996a; Luo et al., 2002).

Why such a diverse and successful group as multituber-
culates became extinct remains a conundrum. Perhaps
they were competitively inferior to placentals. The brains
of multituberculates were relatively large among Mesozoic
mammals (encephalization quotient, or EQ, between 0.37
and 0.71) but relatively much smaller than in average mod-
ern mammals (Krause and Kielan-Jaworowska, 1993; Kielan-
Jaworowska and Lancaster, 2004). Although competition
with condylarths, rodents, plesiadapiforms, and early eu-
primates was probably a factor in their disappearance (Van
Valen and Sloan, 1966; Krause, 1986), it seems unlikely to be
the full explanation, as multituberculates coexisted success-
fully with one or more of these placental groups in several
Early Tertiary faunas. Reproductive biology may also have
contributed. Kielan-Jaworowska (1979) suggested that the
pelvic outlet of the djadochtathere Kryptobaatar was too
small to allow eggs to pass through, which may indicate that
it gave birth to tiny, altricial young, as do living marsupials.

Whatever the reason for their demise, multituberculates
were the most successful Mesozoic mammalian group,
dispersing through most of the world. More than 40 Creta-
ceous genera in 12 families were listed by McKenna and Bell
(1997), and at least nine more Cretaceous genera have been
described since then (Kielan-Jaworowska et al., 2004). But
multituberculates had declined sharply by the end of the
Cretaceous: only five of the families and just four genera
continued into the Paleocene. Remarkably, multitubercu-
lates radiated again in the Early Cenozoic to become abun-
dant constituents of northern Paleocene faunas. About 30
Paleocene genera are recognized. Multituberculates dimin-
ished quickly after the Paleocene, only two families per-
sisting into the Eocene, and just one genus beyond the early
Eocene. By the end of the Eocene, the last of the multi-
tuberculates had disappeared.
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EUTRICONODONTA

Until recently, triconodonts were viewed as including
three families: Morganucodontidae (then including Mega-
zostrodontidae), Triconodontidae, and Amphilestidae (Jenk-
ins and Crompton, 1979). A fourth family, Austrotricono-
dontidae, was based on very fragmentary fossils from the
Late Cretaceous of South America (Bonaparte, 1994). Two
additional genera, Dinnetherium and Jeholodens, significant
because of their excellent state of preservation, have proven
difficult to accommodate within these four families. Din-
netherium has been considered an amphilestid (Jenkins and
Schaff, 1988), a morganucodontid (Luo, 1994; Rougier et
al., 1996a), and most recently a megazostrodontid (Kielan-
Jaworowska et al., 2004).

Recent studies indicate that this traditional concept of
triconodonts represents a grade of primitive mammals
rather than a monophyletic group. Morganucodonts, as
noted earlier, are now widely considered to be basal mam-
mals, whereas amphilestids, triconodontids, and Jeholodens
(together comprising the Eutriconodonta) share a more re-
cent common ancestry with advanced therians and appear
to be monophyletic (Rougier et al., 1996a; Luo et al., 2002).
Eutriconodonts are derived compared to morganucodonts
in having a pterygoid fossa on the medial side of the dentary
and in lacking an angular process and a postdentary trough
(which is associated with retention of postdentary bones;
Kielan-Jaworowska et al., 2004).

Eutriconodonts (Fig. 4.13) were a very successful Meso-
zoic group, being known from Jurassic and Cretaceous strata
and existing on all continents except Australia and Antarctica,
but they left no Cenozoic descendants. Most taxa are known
only from isolated teeth or jaw fragments, although several
important skulls and skeletons have substantially improved
our understanding of eutriconodonts over the past 20 years.

The triconodonts derive their name from their narrow
molars with three principal longitudinally-aligned cusps,
an arrangement similar to that in morganucodonts as well
as the presumed cynodont ancestors of morganucodonts
(and therefore considered primitive). A much smaller cin-
gular cusp is present distally on both upper and lower mo-
lars. In most types the central cusp (designated “A” on the
upper teeth, “a” on the lowers; Jenkins and Crompton, 1979)
is most prominent, but in triconodontids the three cusps are
of about equal height, giving the molar series a saw-tooth
appearance. Both eutriconodonts and morganucodonts are
further distinguished by having precise molar occlusion, as
reflected by consistently developed shearing facets. The way
the teeth occlude varies, however. In morganucodontids
and triconodontids upper and lower molars occlude essen-
tially one on one, whereas in megazostrodontids and am-
philestids the main upper cusp occludes between the high
cusps of two adjacent lower molars (Jenkins and Crompton,
1979). Where known, eutriconodonts have a straight cochlea,
as in docodonts, multituberculates, and their cynodont an-
cestors, unlike the bent or coiled cochlea of higher therians
(Rougier et al., 1996a).
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Fig. 4.13. Eutriconodonts: (A) triconodontid Trioracodon, left dentition (lateral view); (B) ampbhilestid Gobiconodon, skeleton; (C, D) Jeholodens right dentition and
skeleton. (A from Simpson, 1928; B from Jenkins and Schaff, 1988; C, D from Ji et al., 1999.)

Triconodontids are known from the Upper Jurassic
through Upper Cretaceous. Where known, the incisors are
reduced in number compared to morganucodonts and there
are either three or four premolars and from three to five mo-
lars, depending on the genus (Jenkins and Crompton, 1979).
Austrotriconodontids differ in having a larger central cusp
on the lower molars, and a bladelike arrangement on the
uppers, with the highest cusp in front and the next three
cusps successively lower (Bonaparte, 1994).

Amphilestids have been recorded from Middle Jurassic
through Lower Cretaceous strata. The dentition is best
known in the lower jaws of such genera as Phascolotherium
and Amphilestes, in which the lower dental formula is 3 or
4.1.4.5 (Jenkins and Crompton, 1979). In these forms the
cheek teeth are characterized by a large central cusp flanked
by smaller cusps in front and back.

The most completely known amphilestid is Gobiconodon
(Fig. 4.13B; now sometimes assigned to its own family Go-
biconodontidae). It is among the most wide-ranging Creta-
ceous mammals, being known from the Early Cretaceous
of Asia, western Europe, north Africa, and Montana (Jenkins
and Schaff, 1988; Kielan-Jaworowska and Dashzeveg, 1998;
Cifelli, 2000; Li et al., 2003; Sigogneau-Russell, 2003b). Gob-
iconodon is unusual in having enlarged, caninelike incisors,
reduced canines, and replacement of the molars. The scapula

is distinctly therian-like, with a large supraspinous fossa,
and the humerus has a grooved trochlea for the ulna, unlike
the ulnar condyle of morganucodonts. The forelimb skele-
ton of Gobiconodon is relatively much more robust than that
of morganucodonts. The humerus has a prominent delto-
pectoral crest and is very broad distally, and as in morganu-
codonts it displays torsion (i.e., the articular ends are twisted
relative to each other). The phalanges are relatively stout
and the terminal phalanges are especially large, with promi-
nent extensor and flexor processes. When found in therians
these forelimb traits are typically associated with digging
habits.

Gobiconodon and its close relative Repenomamus (Early
Cretaceous of China) were large mammals for the Meso-
zoic, reaching at least the size of the opossum Didelphis.
One species of Repenomamus had a skull more than 15 cm
long and was about the size of the wolverine Gulo. It is the
largest known Mesozoic mammal—apparently large enough
to consume small dinosaurs, based on one individual,
whose stomach contents consisted of a juvenile ceratopsian
Psittacosaurus (Hu et al., 2005). Y. Wang et al. (2001) reported
the presence of an ossified Meckel’s cartilage in the jaws of
Repenomamus and Gobiconodon, which they interpreted as
an intermediate stage in the evolution of the definitive (i.e.,
fully) mammalian middle ear.



A virtually complete skeleton of a previously unknown
eutriconodont, Jeholodens, was recently reported from Early
Cretaceous beds of China (Fig. 4.13C,D; Ji et al., 1999). It is
autapomorphic in having a reduced number of premolars
compared to other eutriconodonts (dental formula 4.1.2.3/
4.1.2.4). Jeholodens had generalized body proportions and a
primitive sprawling posture. Surprisingly, however, it also
had numerous derived anatomical features typical of ther-
ian mammals (some of which also occur in Gobiconodon).
For instance, the scapula has a large supraspinous fossa, the
coracoid is fused to the scapula, the humeral epicondyles
are reduced, and there is an incipient trochlea for the ulna.
As the dentition of eutriconodonts would seem to preclude
them from direct ancestry to therians, some or all of these
therian-like traits could be homoplasies.

The conflicting characters of eutriconodonts have led
to instability of their phylogenetic position with respect to
other mammals. Although they are now usually placed
within crown-group Mammalia (e.g., Luo et al., 2002), this
position is far from certain.

SYMMETRODONTS

Symmetrodonts were small shrew- to mouse-sized ani-
mals, known mainly from teeth and jaw fragments. They
are considered to lie at or near the base of the therian radi-
ation because they are the first mammals to show a nearly
symmetrical triangular arrangement of the three main cusps
on the upper and lower molariform teeth. The pattern
varies from obtuse angled in primitive and some derived
types to acute angled in the most derived. The resulting re-
versed triangles of the upper and lower molars form a series
of oblique shearing edges. This configuration was a marked
advance compared to the condition in eutriconodonts, and
is regarded as an important step in the evolution of the tri-
bosphenic molar. Mammals that possess a reversed-triangle
molar pattern—symmetrodonts, eupantotheres, and therian
mammals—are sometimes united in the higher taxon Holo-
theria. The concept of Holotheria is problematic, however,
because its contents are controversial (variously including
or excluding Kuehneotherium, monotremes, and eutricono-
donts) and because of recent arguments that its defining
feature, the reversed-triangle molar pattern, has evolved
more than once. For these reasons, the name Holotheria
was rejected in the most recent treatise on Mesozoic mam-
mals (Kielan-Jaworowska et al., 2004).

Where known, the lower incisors and canine are small,
and there are 7-11 postcanines (Fig. 4.14). The premolari-
form teeth are simple and have one main cusp with accessory
cusps in front and behind. The lower molars primitively had
a small talonid, which was lost in more derived forms. The
dentary is long and slender and has no angular process, and
the articular condyle is above the level of the toothrow.
Postdentary bones were present in the most primitive
forms (kuehneotheriids), but are absent in more derived
types (Cassiliano and Clemens, 1979). Symmetrodonts are
recorded from the latest Triassic (if kuehneotheriids are in-
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cluded; otherwise Early Jurassic) to Late Cretaceous, and are
known from all continents except Australia and Antarctica.

The 20 or so known genera of symmetrodonts are clas-
sified in at least three and as many as seven families. The dis-
parity has arisen because many genera are known only from
isolated teeth, the affinities of which are often unclear. Like
the traditional concept of triconodonts, symmetrodonts
appear to be a paraphyletic assemblage. Late Triassic or ear-
liest Jurassic Kuehneotherium (see Fig. 4.5) has been regarded
as the most primitive symmetrodont, but recent studies
suggest that it is actually not very closely related to later
symmetrodonts (Rougier et al., 1996a; Luo et al., 2002;
Kielan-Jaworowska et al., 2004).

Fig. 4.14. Symmetrodont dentitions: (A) Tinodon, crown and buccal views
of left lower molars; (B) Spalacolestes, left upper and right lower cheek teeth
(crown and lingual views); (C) Zhangheotherium, left upper and lower molars
and right lower jaw in medial view. (A from Crompton and Jenkins, 1967;

B from Cifelli and Madsen, 1999; C from Hu et al., 1997.)
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Most later symmetrodonts are classified in the families
Amphidontidae, Tinodontidae, and Spalacotheriidae. The
first two had obtuse-angled molars, whereas spalacotheriids
had acute-angled molars in which the three main cusps form
a tight triangle (superficially similar to the trigonid of tribo-
sphenic therians) and the talonid has been greatly reduced
or lost. Although these families have long been grouped in
the Symmetrodonta based on their rotated cusps, Luo et al.
(2002) recently suggested that obtuse-angled forms repre-
sent a grade of primitive mammals that bear no special
relationship with acute angled forms. Most spalacotheriids
had well-developed shearing surfaces on the front and
back of the trigonid and on opposing surfaces of the upper
molars (Cifelli and Madsen, 1999). Spalacotheriids had
fewer premolars and more molars than Kuehneotherium;
the dental formula was ?.1.3.6-7/3+.1.3.6-7; Cassiliano and
Clemens, 1979; Sigogneau-Russell and Ensom, 1998). The
specialized dentition of spalacotheriids suggests that they
were not directly ancestral to advanced therians, although
they are believed to be more closely related to them than are
the obtuse-angled symmetrodonts.

Although most symmetrodonts are known only from
teeth and jaws, a nearly complete skeleton of a new sym-
metrodont, Zhangheotherium (Fig. 4.14C), was reported
from the same Early Cretaceous site in China that yielded
the eutriconodont Jeholodens (Hu et al., 1997). Zhangheo-
therium had fewer postcanines than in most other sym-
metrodonts: the dental formula is 3.1.2.5/3.1.2.6. It also
had an uncoiled cochlea, in contrast to therians. The post-
cranial skeleton shows many features intermediate be-
tween those of multituberculates or monotremes and those
of therians, particularly in the shoulder girdle (e.g., pres-
ence of a supraspinous fossa, retention of a smaller inter-
clavicle than in monotremes), elbow joint (incipient trochlea
for ulna), pelvis, and femur. At the same time, these features
indicate that Zhangheotherium had an abducted, sprawling
forelimb posture more like that of monotremes than like
the parasagittal posture of advanced therians. Cifelli and
Madsen (1999) consider Zhangheotherium to be the most
primitive known spalacotheriid symmetrodont. A closely
allied new genus, Maotherium, was recently proposed, based
on a skeleton preserving fur impressions from Jurassic/
Cretaceous boundary strata in China (Rougier, Ji, and No-
vacek, 2003).

A variety of new symmetrodonts and eupantotheres has
been found recently in the Late Cretaceous of Argentina,
indicating both greater diversity and broader distribution
of these groups than previously suspected (Bonaparte,
1990, 1994). At the same time, they have blurred the dis-
tinction between the two groups. Unfortunately, most are
known only from isolated teeth or fragmentary dentitions,
making interpretation tenuous. Other new genera of sym-
metrodonts have been reported from North Africa and sev-
eral parts of Asia, but their precise relationships with other
symmetrodonts are also uncertain (Sigogneau-Russell and
Ensom, 1998).

EUPANTOTHERES

The eupantotheres (Dryolestoidea and Peramura of
McKenna and Bell, 1997; Figs. 4.15, 4.16) occupy a structural
and phylogenetic position essentially between symmetro-
donts, on the one hand, and aegialodonts + therian mam-
mals on the other. Among eupantotheres, dryolestoids
(dryolestids and paurodontids), amphitheriids, and pera-
murans are successively more closely related to crown the-
rians. This conclusion is founded on the anatomy of the
teeth and jaws, which constitute almost all known fossils.
Eupantotheres are derived compared to symmetrodonts in
having wider upper than lower teeth (although they still lack
the protocone of tribosphenic forms), larger talonids on the
lower molars, and a well-developed angular process on the
dentary (Figs. 4.16, 4.17; Simpson, 1928; Kraus, 1979). The
coronoid process was high. The dentary was long and slen-
der in most types, but usually shorter and deeper in pauro-
dontids. The trigonid cusps of the lower molars and, to a
lesser extent, the cusps of the upper molars are arranged
in reversed acute triangles. Where the dental formula is
known, most forms have four incisors, a canine, four simple
premolariform teeth, and four to nine molariform teeth.
Eupantotheres had a dentary-squamosal jaw joint. Although
small accessory (postdentary) bones were still present in
the Upper Jurassic paurodontid Henkelotherium, they did not
participate in the jaw articulation (Krebs, 1991). A vestigial
coronoid bone was present in the lower jaw of primitive
dryolestids (Martin, 1999b), but postdentary bones were
probably absent in the Early Cretaceous dryolestid Crusa-
fontia (Kraus, 1979; Krebs, 1993).

Eupantotheres have been found on all continents except
Antarctica and range from the Middle Jurassic through Late
Cretaceous and possibly early Paleocene. Again, some of
the best preserved eupantothere fossils come from the Late
Jurassic Guimarota Mine in Portugal (Martin and Krebs,
2000). Most eupantotheres were small shrew- to mouse-
sized mammals, although the South American Mesungula-
tum and Vincelestes were somewhat larger. Body size and
dental morphology indicate that eupantotheres were insec-
tivorous or carnivorous.

Eupantotheres have traditionally been assigned to the
families Amphitheriidae, Dryolestidae, Paurodontidae, and
Peramuridae (Kraus, 1979). Like triconodonts and sym-
metrodonts, eupantotheres now appear to be a paraphyletic
structural grade. Middle Jurassic Amphitherium is the oldest
well-known eupantothere (but still known only from the
lower dentition). Although once considered the most prim-
itive eupantothere, Amphitherium is now thought to be
more derived than dryolestids in having larger talonids. It
had 11 postcanines, interpreted as five premolars and six
molars (Butler and Clemens, 2001). The molars had a well-
formed trigonid followed by a much lower, bladelike talonid
with one cusp. Amphitheriids are an important structural
stage in the evolution of tribosphenic molars (Crompton,
1971). The Middle Jurassic amphitheriid Palaeoxonodon has
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Fig. 4.15. Eupantothere skeletons: (A) Henkelotherium; (B) Vincelestes. (A from
Krebs, 1991; B from Rougier, 1993.)

a somewhat better developed talonid on the lower molars.
Nonetheless, a protocone is not yet present on the upper
molars; they are triangular, with lingual paracone, less lin-
gual metacone, and buccal parastyle, stylocone, and meta-
style (Sigogneau-Russell, 2003a). Palacoxonodon is sometimes
considered a peramuran.

Dryolestidae were the most diverse eupantotheres, and
have been found in the Late Jurassic of North America and
Europe, the Early Cretaceous of Europe, and the Late Cre-
taceous and possibly early Paleocene of South America. The
dryolestid Leonardus and several taxa assigned to closely allied
separate families from the Los Alamitos Formation of Ar-
gentina are the latest known eupantotheres (Bonaparte, 1990,
1994), unless the early Paleocene Peligrotherium is actually
a dryolestoid, as recently suggested by Gelfo and Pascual
(2001) and Rougier, Novacek, et al. (2003). Dryolestids, such
as Krebsotherium from Guimarota, usually have 12 postcanines
in both upper and lower jaws, four premolars and eight mo-
lars (Fig. 4.17). The trigonids are tall and anteroposteriorly
compressed (“closed”), with the metaconid almost as high
as the protoconid, and the talonids are smaller than in other
eupantotheres. The upper molars are transversely very wide.
Dryolestids replaced all of their antemolar teeth, like pla-
cental mammals but unlike marsupials, which replace only
dP3 (Martin, 1999b). Martin believes this trait implies that
their reproduction was unlike that of marsupials.

Paurodontidae are known primarily from the Late Juras-
sic Morrison Formation of North America. Most have a
short, robust mandible containing eight postcanines, and
the molars have a shorter talonid than in Amphitherium. The
best-known paurodontid, Henkelotherium, is not from North
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America, however, but from the Guimarota Mine in Portu-
gal (the same site that produced the docodont Haldanodon).
Henkelotherium is represented by a nearly complete skeleton
(the only one known for eupantotheres), which has a more
advanced pectoral girdle than in monotremes and morganu-
codonts (Fig. 4.15A). As in therians, only the scapula and
clavicle are present, and there is a large supraspinous fossa.
The pelvic girdle has a long iliac blade and retains epipubic
bones. A long tail and sharp, curved claws suggest arboreal
habits or at least climbing capability. Henkelotherium differs
from the Morrison paurodontids in having more postcanines
(dental formula is 4-5.1.4.5/4.1.4.7; Krebs, 1991).

Several new monotypic “eupantothere” families thought
to be closely related to therian mammals have been de-
scribed from the Cretaceous of South America, Asia, and
Africa over the past decade or so, indicating that mammals
dentally approaching therians were nearly cosmopolitan
and rather diverse. Among the most important of these
is Vincelestes (Fig. 4.15B) from the Early Cretaceous of Ar-
gentina. It has been considered to be related to tribosphenic
therians because its upper molars have a lingual expansion
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Fig. 4.16. Eupantothere dentitions: (A) Peramus (left upper and right lower);
(B) Amphitherium; (C) Kielantherium (right molar in crown and lingual views);
(D) Arguimus (right lower teeth). Key: alc, anterolingual cuspule; ent, entoconid;
hy, hypoconid; hyl¢, hypoconulid; me, metacone; me?, metaconid; pa,
paracone; pa¥, paraconid; pr9, protoconid; sty, stylocone. (A from Clemens,
1971; B from Clemens, 1970; C from Crompton and Kielan-Jaworowska, 1978;
D from Dashzeveg, 1994.)
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Fig. 4.17. Dentition of the dryolestid
Krebsotherium: upper teeth in (A) crown
and (B) lingual views; lower teeth in
(C) lingual, (D) crown, and (E) buccal
views. (From Martin, 1999b.)

where a protocone would be expected to form, and it has a
partly coiled cochlea (about 270°) and several other derived
conditions of the ear region found in marsupials and pla-
centals (Hopson and Rougier, 1993; Rowe, 1993; Rougier et
al., 1996a). But there is disagreement over whether Vince-
lestes really had an incipient protocone (Sigogneau-Russell,
1999). Moreover, it is dentally too derived (dental formula
4.1.2.3/2.1.2.3, with a small talonid present only on M, and
the first premolar and last molar reduced), and probably too
late in time (Neocomian), to have been directly ancestral to
marsupials and placentals. Vincelestes may be a basal member
of Zatheria, the higher taxon that also includes peramurid
eupantotheres (McKenna and Bell, 1997; Martin, 2002).
Peramuridae are best known from the Late Jurassic Per-
amus of England (Sigogneau-Russell, 1999). Peramus is gen-
erally similar to Amphitherium (Fig. 4.16A,B), but differs in
several respects that suggest that it represents a more derived
stage in the evolution of tribosphenic molars. Peramus has
only eight postcanines—both lower and upper—variously
interpreted as four premolars and four molars or, now,
usually as five premolars and three molars. Significantly, the
talonids of M, , (assuming three molars) have an incipient
basin bordered by a second cusp in addition to the one pres-
ent in Amphitherium. The last premolars are higher crowned
than the adjacent teeth. The upper molariform teeth are
dominated by a large paracone followed by a much lower

metacone, flanked by stylar cusps. The lingual border is
somewhat inflated but there is still no protocone (Clemens
and Mills, 1971; Sigogneau-Russell, 1999). Although these
conditions suggest an approach toward the tribosphenic
molars of marsupials and placentals, Dashzeveg and Kielan-
Jaworowska (1984) concluded that peramurids may already
be too derived to be directly ancestral to modern therians.
Sigogneau-Russell (1999), however, considered permaurids
to be structurally intermediate between symmetrodonts
and tribosphenic mammals.

The Arguitheriidae and Arguimuridae, from the Early
Cretaceous of Mongolia (Dashzeveg, 1994), have been con-
sidered to have more progressive molars than those of am-
phitheriids and peramurids. Arguitherium has a relatively open
trigonid and an incipient talonid basin, whereas Arguimus
(Fig. 4.16D) has well-developed trigonids and unbasined
talonids bearing three cusps. Together with the recently de-
scribed Nanolestes from the Late Jurassic—Early Cretaceous
of Portugal, these forms are perhaps best regarded as
peramurid-grade stem zatherians (Sigogneau-Russell, 1999;
Martin, 2002).

TRIBOSPHENIC MAMMALS

Evolution of tribosphenic molars—uppers with three
principal cusps arranged in a triangle (the trigon), the buc-



cal paracone and metacone and a lingual protocone; and
lowers with a three-cusped triangular trigonid and a basined
talonid for occlusion with the protocone (see Fig. 2.2)—was
one of the most important anatomical innovations in mam-
malian history. It laid the stage for the great diversity in den-
titions of therian mammals. Tribosphenic molars can grind
as well as shear food. With this dental structure, mammals
were able to expand widely into omnivorous, herbivorous,
and other specialized dietary niches.

Until quite recently it was assumed that tribosphenic
molars evolved only once in mammals, first appearing in the
Cretaceous Northern Hemisphere aegialodontids and even-
tually leading to marsupials and placentals. This established
dogma has been challenged by the discovery of several
apparent tribosphenic mammals from southern continents,
which do not seem to fit the widely held model. In contrast
to the conventional view, which assumes a monophyletic
northern origin of all tribosphenic mammals, two com-
peting hypotheses have been advanced: that tribosphenic
mammals evolved first in the Southern Hemisphere, much
earlier than previously thought (e.g., Flynn et al., 1999;
Sigogneau-Russell et al., 2001; Woodburne et al., 2003), or
that tribosphenic mammals evolved independently in the
Northern and Southern Hemispheres (e.g., Luo, Cifelli,
and Kielan-Jaworowska, 2001; Luo et al., 2002; Rauhut et al.,
2002; Kielan-Jaworowska et al., 2004). According to the
latter hypothesis, marsupials and placentals derive from the
northern radiation, whereas monotremes are the only ex-
tant remnants of the southern radiation. It is not yet clear
which, if either, hypothesis is correct.

Southern Tribosphenic Mammals:
Australosphenida (Monotremes and
Extinct Relatives)

Mesozoic Australosphenidans

Several very ancient tribosphenic mammals, all based on
lower dentitions, have recently been reported from the
Southern Hemisphere, complicating what had seemed to
be a relatively straightforward record of the origin of tribo-
sphenic mammals on northern continents. They are re-
garded as tribosphenic because their lower molars have three-
cusped trigonids and the talonids have three peripheral
cusps bordering a talonid basin, implying the presence of an
upper molar protocone. There is currently no consensus on
whether the tribosphenic condition in these mammals is
homologous with that of Holarctic therians. Luo and col-
leagues (Luo, Cifelli, and Kielan-Jaworowska, 2001; Luo etal.,
2002) offered the intriguing hypothesis that these animals—
Ambondro, Ausktribosphenos, Steropodon (Fig. 4.18), and related
forms including extant monotremes—belong to an inde-
pendent, southern radiation of tribosphenic mammals, which
they have called Australosphenida.

Ausktribosphenos is based on a lower jaw from the Early
Cretaceous of Australia that shows a precociously hedge-
hoglike molar pattern (Rich et al., 1997), leading its describers
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Fig. 4.18. Dentitions of basal australosphenidans, eupantotheres, and basal
boreosphenidans. (From Luo, Cifelli, and Kielan-Jaworowska, 2001; Luo et al.,
2002.)



68 THE BEGINNING OF THE AGE OF MAMMALS

to suggest that it could be one of the oldest known placen-
tals. Others contend that Ausktribosphenos is not a placental
because of the position of the mandibular foramen (in con-
tact with the Meckelian groove), presence of a posteromedial
depression presumably for postdentary bones, and different
structure of the angular process than in therians—features
suggesting that Ausktribosphenos might have been derived
independently from symmetrodonts (Kielan-Jaworowska et
al., 1998). The shape of the dentary and the last premolar
are symmetrodont-like, but the molars are rather different
from those of symmetrodonts. Subsequent discovery of a
second ausktribosphenid jaw showed that an angular process
is, in fact, present at the back of the dentary, as in therians
(Rich et al.,, 1999). These authors continue to argue that,
based on that feature and the presence of five premolars and
three molars, including a submolariform last premolar and
molars with a talonid basin and low trigonid, Ausktribosphenos
was, after all, a primitive placental (Rich et al., 1999, 2002;
Woodburne et al., 2003). One of the problems with this
interpretation is that Ausktribosphenos does not resemble
known Cretaceous eutherians; rather, it bears a (probably
superficial) resemblance to middle and later Tertiary erina-
ceids. Recently, Rich, Flannery, et al. (2001) named another
ausktribosphenid, Bishops, from the late Early Cretaceous of
Australia. They classified it, too, as a placental, even though
it has six premolars, in contrast to any known placental. The
affinities of ausktribosphenids are puzzling, but few pale-
ontologists have accepted placental ties. A relationship to
monotremes seems more likely than to placentals (e.g.,
Sigogneau-Russell et al., 2001; Luo et al., 2002).

Even more unexpected was the discovery of a jaw with
three tribosphenic molars from the Middle Jurassic (about
167 Ma) of Madagascar (Flynn et al., 1999). Named Ambon-
dro mahabo, it is 25 million years older than Tribotherium, the
oldest tribosphenic mammal known from the African con-
tinent. It is primitive in having an open molar trigonid, but
already has a fully developed talonid basin.

The first South American australosphenidan was recently
described from late Middle Jurassic strata of Argentina
(Rauhut et al., 2002; Martin and Rauhut, 2005). Asfaltomylos
is based on a mandibular fragment with several teeth, in-
cluding three tribosphenic molars. The dentary is primitive
in having an anteriorly placed mandibular foramen at the
front of a postdentary trough, implying the presence of small
postdentary bones. Asfaltomylos appears to be closely allied
with, but slightly more primitive than, Ambondro and is there-
fore the most basal australosphenidan. The discovery of this
South American form reinforces the notion of a widespread
Mesozoic radiation of australosphenidans.

Steropodon, based on a jaw containing three molar teeth
from the late Early Cretaceous Lightning Ridge local fauna
of Australia, has been interpreted as a monotreme (Archer
etal., 1985). Its molars have a mesiodistally compressed trigo-
nid separated by a deep notch from a short lophlike talonid.
The configuration is reminiscent of the tribosphenic cusp
pattern of marsupials and placentals, but differs in the mode
of wear, which suggests that Steropodon may not have had a

protocone on the upper molars (which are unknown). Based
on this resemblance, Steropodon and monotremes were con-
sidered aberrant therian mammals, representing a lineage
separate from that leading to marsupials + placentals (Kielan-
Jaworowska et al., 1987a).

Upon restudy of these fossils, however, Luo, Cifelli, and
Kielan-Jaworowska (2001) found that Steropodon shares de-
rived dental features (an anterolingual cingulid, a low trigo-
nid, and a twinned paraconid and metaconid) with Ausktri-
bosphenos and Ambondro. On this basis they postulated that
these taxa, together with other monotremes, represent
an endemic Gondwanan radiation of mammals, Australo-
sphenida, that evolved tribosphenic molars independently
from the Holarctic Boreosphenida. According to this hy-
pothesis, the tribosphenic molar arose at least twice and
apparently evolved earlier in the Southern Hemisphere than
in Laurasia. It also suggests that monotremes are the sole
survivors of the australosphenidan radiation, whereas mar-
supials and placentals represent the boreosphenidans.

This interpretation has been questioned by some authors.
Sigogneau-Russell et al. (2001) suggested that the presence
of an anterolingual cingulid is not restricted to australo-
sphenidans, but rather is a widespread primitive feature in
early mammals. In their view, Ambondro could be as closely
related to boreosphenidans as it is to australosphenidans.
They therefore postulated that the tribosphenic molar had
a Gondwanan origin, spreading from there to other parts
of Gondwana as well as to Laurasia (and diversifying differ-
ently in these two regions). Finally, Woodburne et al. (2003)
considered Ambondro, Asfaltomylos, and Bis