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PREFACE

THE LONG ASSOCIATION OF HUMANS and the domestic dog has attracted
considerable interest in the biology and natural history of the Canidae (dog fam-
ily), among both specialists and the general public. Several recent events have con-
verged to inspire further interest in canids. New discoveries of early domestic dogs
living in Israel and Germany more than 14,000 years ago push back the fossil record
and provide tantalizing evidence of initial interactions between early humans and
their first domestic animal. Meanwhile, molecular studies indicate that China, not
Europe or the Middle East, may have been the center of first domestication. More-
over, humans’ fascination with large predators such as wolves and hunting dogs has
continued to draw public attention to a variety of issues ranging from predatory
behavior to ecology and conservation. The conservation and reintroduction of gray
wolves in Europe and North America and of red wolves in the southeastern United
States have promoted public debate regarding the need to protect large predators in
order to achieve a balanced ecological community.

Against this background of sustained public interest in everything about dogs,
the unparalleled Frick Collection (American Museum of Natural History) of North
American Cenozoic canids has been the subject of three monographs by Xiaoming
Wang (curator of Vertebrate Paleontology), Richard Tedford (curator emeritus of
Vertebrate Paleontology), and Beryl Taylor (curator of the Frick Collection) (Wang
1994; Wang, Tedford, and Taylor 1999; Tedford, Wang, and Taylor in press). The
wealth of information provided in these monographs reveals a vast array of extinct
canids in North America, the continent of their origin, and their subsequent expan-
sion to the Old World about 5 to 7 million years ago (Ma) and to South America
around 3 Ma. These immigration events ultimately helped to make canids one of the
most widely spread living carnivores in the world and the dominant predators on
some continents. This book attempts to capture the excitement of recent advances in
our understanding of the natural history of this family of carnivorans. The book is



viii * PREFACE

richly illustrated, both to provide an unprecedented visual reference for the special-
ists and to make it accessible and interesting to a wide nontechnical audience.

The family Canidae was the earliest group that still has extant members to arise
within the order Carnivora. During their history of more than 40 million years,
canids have also achieved a longevity and diversity unrivaled by any other group
of carnivores. Their success is also exemplified by a worldwide distribution and
achievement of top predator status in modern North and South America, Australia,
and northern Eurasia—only in Africa are they less dominant among large predators.
It is argued that the propensity for canids to form large, social hunting groups and
the associated development of their brain were crucially important in the domestica-
tion process—humans learned to form a mutually beneficial relationship with such
an intelligent carnivoran that was preadapted to life among a different species. The
importance of the domestication of various animals in early human societies cannot
be overestimated, and it may have been first inspired by the domestication of dogs.

The evolutionary history of canids is a history of successive radiations (rapid ex-
pansions of diversity within a group of organisms, often in response to environmen-
tal changes or new resources) repeatedly occupying a broad spectrum of niches,
ranging from large, pursuit predators to small omnivores and possibly even to her-
bivores. Three such radiations were first recognized by Richard Tedford (1978), each
represented by a distinct subfamily. Two archaic subfamilies, Hesperocyoninae and
Borophaginae, thrived in the middle to late Cenozoic from about 40 to 2 Ma. All
extant canids belong to the final radiation, the subfamily Caninae, which achieved
its present diversity only in the past few million years.

Previous diversities of canids were intimately related to environmental changes
during the past 40 million years. Large, wolflike pursuit predators were in particular
the direct consequence of the opening up of the landscape. A worldwide change
from a warm and humid climate to an increasingly colder and drier climate resulted
in large-scale transformation of forested environments to open grasslands world-
wide. These changes were reflected in the terrestrial vertebrate community by an
increasing cursoriality (the ability to run fast and for a long time) among predators
and prey. This greater ability to run is clearly reflected in the fossil history of canids,
which shows increasingly erect standing postures, progressively lengthened limb
bones, and restricted movements of the joints.

Humans’ fascination with canids is derived from two main sources: our love affair
with our dogs and our reverence of their top predator status in much of the world.
Such a high interest in a group of mammals is generally rare and offers a great op-
portunity to engage the public in paleontology, functional morphology, evolution,

and behavioral ecology.
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METHODS OF STUDY
AND THE PLACE OF
DOGS IN NATURE

THE BASIS FOR A CONSISTENT CLASSIFICATION of living organisms began
in the mid-eighteenth century with Carolus Linnaeus’s (Karl von Linné) monumen-
tal work Systema naturae. In the tenth edition of that work in 1785, he proposed
that the group Canis include three genera—Canis, Vulpes, and Hyaena—based on
similarities in form and function (such as wolflike and foxlike predations). The hy-
enas were later placed in their own family, Hyaenidae, within the order Carnivora,
and the family Canidae, also within that order, was to hold Canis, represented by
the wolf (C. lupus), the fox (Vulpes vulpes), and a number of other species formal-
ized during the nineteenth century (Mivart 1890). In this book, we use the term dog
informally to denote members of the family Canidae rather than just the domestic
dog (Canis familiaris or Canis lupus familiaris).

It was recognized early on that all members of the order Carnivora (collective-
ly called carnivorans) possess a common arrangement of teeth, in which the last
upper premolar and lower first molar have bladelike enamel crowns that function
together as shears (figure 1.1). This dental arrangement was a fundamental adap-
tation to cutting meat, and all carnivorans are characterized by the possession of
these teeth, which are called carnassials (chapter 4). Through the long history of the
Carnivora (more than 6o million years), this dentition has been modified for many
adaptations—some focused exclusively on a diet of meat (hypercarnivory [chapter
4]), some on the crushing of vegetation (hypocarnivory), and some on generalized
(“primitive”) functions (mesocarnivory) or the loss of the carnassial function alto-
gether, as in the termite-eating hyaenid Proteles, fish-catching seals and sea lions,
and mollusk-crushing walruses. This diversity of dental adaptations provides many
ways to characterize species and some species groups (genera or families), but the
form of the carnassials themselves limits the number of ways that they can function.

In the past, the chance of similar adaptations unrelated to genealogy was great and
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could confuse a classification intended to give evidence of evolutionary relation-
ships. This was not a problem for Linnaeus or the eighteenth-century biologists, but
it did become a concern for Charles Darwin and other nineteenth-century evolu-
tionary biologists who followed him.

The British anatomist William Henry Flower (1869) noticed that the form and
composition of the bony structures that surround the middle ear of the carnivoran
skull provide another means of subdividing the Carnivora into three groups based
on features other than the teeth. These structures include the size, form, and com-
position of the bony covering at the base of the skull that encloses the middle-ear
space in which lay the tiny auditory ossicles (bones) essential to hearing (see figure
1.1). This bony structure, called the auditory bulla, is formed of two major sites of os-
sification. The ectotympanic bone contains the external opening of the middle-ear
space and incorporates the bony tympanic ring that holds the tympanic membrane
(“eardrum”), into which the malleus, the outermost part of the ossicular chain, is in-
serted. The entotympanic bone forms the inner and most inflated part of the bulla,
often enclosing part of the internal carotid artery. These two parts of the bulla are
fused together, the junction often prolonged internally to form a septum dividing
the middle-ear cavity into two chambers. Flower found that the living carnivoran
families form three large groups according to the shape and construction of the
bulla. The catlike carnivores (Aeluroidea) have an inflated bulla with a large septum
that nearly subdivides the middle-ear space (see figure 4.10). This septum is derived
in nearly equal contributions from the ectotympanic bone and the entotympanic
bone, but the entotympanic encloses the internal carotid artery. The bearlike carni-
vores (Arctoidea), in contrast, have a little inflated bulla that lacks a septum, but the
internal carotid artery is enclosed by the entotympanic bone. The doglike carnivores
(exclusively Canidae and Cynoidea) have an inflated bulla and a low, unilaminar
septum composed largely of the entotympanic bone, but the internal carotid is en-
closed for only a short distance anteriorly in the latter bone. Once identified, these
bony features and the distinctions among them in different carnivoran families be-
came of great value to paleontologists in their attempts to group carnassial-bearing
fossils into evolutionary units.

With Charles Darwin’s introduction in 1859 of natural selection as the mechanism
of evolution, evolution became more widely accepted. The fossil record of animals
and plants had also been accepted as evidence that a history of life was contained

FIGURE 1.1
Skull and mandible of a domestic dog

Top, lateral view; bottom, ventral view.
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in the geological record. This acceptance enabled evolutionary reconstructions to
be carried into the geological past. Early evolutionists were unaware of the genetic
bases for evolution until Gregor Mendel’'s work was discovered in the early twenti-
eth century, but discovery of the means of genetic change had to wait until later in
that century.

Most twentieth-century biologists and paleontologists continued to describe the
form, or morphology, of canids in order to use resemblance as a tool to establish
biological relationships consistent with evolution. Because species are the smallest
units usually dealt with, the nature of these units needed definition. At midcentury,
with the acceptance of genetic and morphological bases for definition, a species was
regarded either as a biological species (a group of actually or potentially interbreeding
natural populations that are reproductively isolated from other such groups [Mayr
1940]) or as a morphological species (a group of individuals or populations with the
same or similar morphological characters). The range of morphological variation
among the individuals recognized as a species would approximate those characters
observed in related living species. The morphological definition is the only practical
approach when considering the fossil record and living species where interbreeding
in nature has not been observed.

The determination and definition of canid species are thus fundamental to our
quest for the history of the family Canidae, or its phylogeny. We have used the prin-
ciples of phylogenetic systematics in determining evolutionary relationships among
species because we believe this approach leads to conclusions that can be tested by
the hypothetical-deductive methods most consistent with modern science. Hypoth-
eses about the evolutionary relationships between species are demonstrated by the
common possession of specific features unique to these species and derived from a
single source common to both (homology). This evidence indicates a monophyletic
relationship between the species if the ancestor in common is not found in com-
mon with any other species. Such statements are dependent on the quantity of the
evidence and are intrinsically better tested among living species than among fossil
species, where the evidence is restricted not only to the skeleton, but also to its state
of preservation.

This kind of phyletic analysis is often termed cladistic because it reconstructs
clades, or monophyletic branches, into a “cladogram,” or diagram, of mutual rela-
tionships based on a specific set of morphological features. Inadequate evidence
may lead to several alternative fits of the data underpinning the cladogram. In these
cases, the principle of parsimony guides the first choice among fits: the simplest ex-
planation of the cladogram is most likely the best.

In this book, we discuss the evolution of the Canidae. We include some features

that are not demonstrably cladistic, but that seem compatible with more general
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biological relationships, in particular those that suggest direct or anagenetic pro-
cesses in evolution rather than bifurcating, cladogenetic ones. We also place the
phylogenies in time so that the tempo of biological change is shown and thus the
history of the canid family can be depicted (appendix 2).

The time scale for the history of canids, most conveniently expressed in units of
millions of years ago (figure 1.2), has been developed from more than 200 years of
study, first only of the rock record (stratigraphy) in which the natural superposition
of strata (younger over older) provides evidence of the relative ages of the contained
fossil samples, but later from correlation using a variety of tools such as specific
paleontological similarity and radioactive elemental isotopes that give direct ages of
rocks based on known rates of elemental decay.






THE ORIGIN OF CANIDS
AND OTHER DOGLIKE
CARNIVOROUS MAMMALS

DOGLIKE PREDATORS, WHETHER TRUE CANIDS OR NOT, have always
played an important role in the predatory community. Therefore, understanding the
competitive landscape requires knowing about the other carnivorous mammals that
existed before and during the emergence of the canids as well as about the doglike
carnivores that lived on the continents before canids arrived.

The World of Carnivorous Mammals

The order Carnivora (from Latin carnis [flesh] and vorare [to devour]) includes
all mammals that possess a pair of shearing carnassial teeth formed by the upper
fourth premolar and lower first molar. All members of this order descended from
an ancestor that possessed this character, and they form a natural group because of
their common ancestry. Throughout this book, we refer to members of this group as
carnivorans instead of carnivores, which covers a broader array of predators—such
as mesonychids, creodonts, borhyaenids, and thylacinids—that do not possess this
defining feature, the carnassial teeth. It is important to keep in mind that the lat-
ter carnivorous mammals (predators that consume meat as their main diet) do not
form a natural group because they are not closely related to one another. The only
attribute they have in common is their preference for meat, which by itself does not
constitute a valid criterion for distinguishing them as a natural group (for example,
numerous reptiles—such as theropod dinosaurs, crocodiles, and snakes—are also
carnivores, but each has its own separate origin and natural group).

A few groups of carnivores were important predators prior to the origin of canids
or were contemporaneous canidlike carnivores that either directly competed with
canids or occupied similar niches in places where canids were absent. Canidlike

predatory adaptations were common throughout the Cenozoic era (the past 65 mil-
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lion years [see figure 1.2]), so it can be concluded that the canid body plan was and

continues to be a very successful design for chasing and subduing prey.

CIMOLESTIDS

Ancestral mammals during the Mesozoic era (248 to 65 Ma) lived under the shadow
of the dinosaurs. They were largely mouse- or rat-size animals similar to today’s
insectivores (hedgehogs, shrews, and so on), although an occasional dog-size mam-
mal could hunt for small dinosaurs (Hu et al. 2005). During the late Cretaceous (75
to 65 Ma) in North America, a group of rat-size mammals called cimolestids began
to develop progressively more bladelike cheek teeth apparently adapted for cutting
flesh. In the species Cimolestes cerberoides from the Scollard Formation of Alberta,
Canada, the upper fourth premolar began to assume the form of an upper carnassial
tooth with the development of a shearing crest formed by the paracone and meta-
cone—the tooth that was to become typical of carnivorans. Such a shearing crest at
exactly the same location as for all later carnivorans offers tantalizing evidence that
carnivorans ancestry may be traced to the late Mesozoic (75 Ma), even though the
small body size and limited dental specialization suggests that Cimolestes probably

was not an exclusively meat eater.

VIVERRAVIDS AND MIACIDS

True carnivorans, members of the order Carnivora, arose shortly after the Creta-
ceous-Tertiary mass extinction around 65 Ma. The first carnivoran to appear in the
early Paleocene (65 to 60 Ma) of North America belongs to the family Viverravidae,
an extinct family that featured a true pair of carnassial teeth. Shortly after this first ap-
pearance, the viverravids apparently spread first to Asia and later to Europe, although
records of this family are so poor that much remains to be learned about it. The viver-
ravids possessed a reduced set of dentition (loss of the last, or third, molars) from the
very beginning, and this curious feature has been used to indicate relationships with
the catlike carnivorans (Feliformia), which include families such as the Felidae and
the Hyaenidae, because the feliforms also have a reduced molar dentition. However,
this connection is weakened by a lack of transitional fossil records in the Eocene
(55 to 35 Ma) that bridge the gap between the earliest progenitors of various feli-
form families and the viverravids. Recent studies by Gina D. Wesley-Hunt and John
J. Flynn (2005) attempt to reconcile this contradiction, postulating that the viver-
ravids were an early specialized carnivoran group unrelated to any living families.
Another group of archaic carnivorans is the family Miacidae, which first ap-

peared in the late Paleocene to early Eocene (60 to 50 Ma) of North America and
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Europe and later spread to Asia. Like the viverravids, the first miacids also featured
a true pair of carnassial teeth, signaling their relationship to the order Carnivora. In
contrast to viverravids, however, the miacids were more generalized in their dental
adaptations because of the primitive possession of a full complement of cheek teeth
(presence of upper and lower third molars) (figure 2.1). Miacids were weasel-size to
small fox-size predators (and occasionally small dog-size species) living in forested
terrain and, like the viverravids, were limited to relatively small prey (figure 2.2).
The true significance of the miacids thus lies not in their ecological diversity and
impact on the prey community, but in their ancestral relationship to later carniv-
orans. From various lineages within the miacids, a number of, or possibly all, mod-
ern families of Carnivora arose.

FIGURE 2.1
Miacis sylvestris

Skull and reconstructed head of Miacis sylvestris, based on fossils from the Eocene Wind River Formation (50
Ma) of Wyoming. Approximate length of skull: 10 cm.
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FIGURE 2.2
Miacis kessleri

Life reconstruction of the miacid Miacis kessleri, based on an articulated skeleton from Messel in Germany
(50 to 36 Ma).

AMPHICYONIDS

Another extinct group of doglike carnivorans is the family Amphicyonidae. This
great family of “bear dogs,” as they are popularly known, was very important with-
in the predatory community of the past. As the common name implies, the bear
dogs look like an intermediate form between bears and dogs. The amphicyonids
are so similar to the canids that for many years paleontologists had difficulty dis-
tinguishing the two families. Aside from a third upper molar in the early forms, the
amphicyonids’ teeth share numerous similarities with canids’ teeth, including the
carnassials that mark them as true carnivorans. In their primitive dental formula
and the tendency toward reduction in the size of the premolars, the amphicyonids
also resemble the ursids. Amphicyonids also tend to have a canidlike skull and body
proportion that includes an elongated rostrum and long leg bones. Early forms such
as Daphoenodon (figure 2.3), from the earliest Miocene (23 Ma) of North America,
had elongated feet and a digitigrade stance (they walked on the digits, with the pos-
terior of the foot raised), but the hands and feet of the later, larger genera became
semiplantigrade (they walked on the sole, with the heel touching the ground) (Hunt
2003), tending to resemble bears.

Given these morphological ambiguities, it is not surprising that amphicyonids
have been a subject of controversy for some time, further exacerbated by the fact
that they are long extinct, depriving us of the soft-anatomical information that

would help us to understand the relationship between them and the canids. Some
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early paleontologists went as far as placing bear dogs within the family Canidae.
However, more detailed examinations of the bear dogs’ ear region, most recently
by Robert M. Hunt Jr. (2003), have revealed that amphicyonids are probably more
closely related to the bear family, Ursidae (this is not to say that amphicyonids are
bears, but that amphicyonids and ursids are technically sister groups).
Amphicyonids first appeared in the middle Eocene (45 Ma) of North America
and quickly spread to Europe in the late Eocene (35 Ma) and to Asia and Africa
by the early Miocene (23 Ma). By the late Miocene (8 Ma), amphicyonids became
extinct on all continents. Therefore, amphicyonids were contemporaneous with
North American hesperocyonine and borophagine canids. In fact, many of the
North American amphicyonids were of a size similar to that of contemporary ca-
nids; this considerable overlap in body size as well as their cranial and dental adap-
tations indicates that they must have competed with canids. Interestingly, a number
of amphicyonid lineages also independently evolved dental modifications toward
hypercarnivory (specializing in meat eating [chapter 4]) and a progressively larger
body size, so their clash with canids over prey resources was probably inevitable. In
such a competitive landscape, only one feature stands out for canids—its digitigrade
posture. Although it is not possible to be sure that a more erect posture afforded
canids a decisive advantage, the fact remains that canids outlasted amphicyonids;
when amphicyonids were approaching extinction in the late Miocene, canids were

just beginning to spread to the rest of the world.

FIGURE 2.3
Daphoenodon superbus

Life reconstruction of the amphicyonid Daphoenodon superbus, from the early Miocene (23 Ma) of Nebraska.
Unlike later, larger members of the family Amphicyonidae, Daphoenodon had rather elongated feet and a
digitigrade stance. Reconstructed shoulder height: 59 cm.
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FIGURE 2.4
Ictitherium ebu

Life reconstruction of the hyaenid Ictitherium ebu, from the late Miocene (6 Ma) of Lothagam, Kenya. Recon-
structed shoulder height: 60 cm.

HYAENIDS

Although phylogenetically not closely related to canids, living hyenas (family Hy-
aenidae), with the exception of the highly specialized aardwolf (which is a pecu-
liar termite specialist), share many similarities with canids. Both families are highly
cursorial (adapted to running) and are well suited for pursuit in open grasslands.
Members of each of these families also form elaborate hunting packs and have com-
plex social behaviors. Furthermore, both families include species that are adapted to
bone crushing. In fact, the modern spotted hyena (Crocuta crocuta) is the best living
analogue for the bone-cracking borophagine canids (chapter 3).

The history of hyaenid evolution also resembles that of canid evolution in a num-
ber of ways. As North America is the continent of origin for canids, Eurasia is the
continent of origin for hyaenids. Each of these families essentially stayed within the
continent of its origin for much of its early existence. Canids eventually reached out
to the rest of the world during the late Miocene and into the Pliocene (5 to 1.8 Ma),
whereas hyaenids almost never made it to the New World, with the single exception
of Chasmaporthetes, which briefly expanded to North America during the Pliocene
(chapters 4 and 5).

Hyaenids also started out as fox-size forms in the early to middle Miocene, such

as Protictitherium, Tungurictis, and Plioviverrops. Through transitional forms such
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as the coyote-size Ictitherium (figure 2.4) and the wolf-size Hyaenictitherium (figure
2.5), hyaenids evolved to become powerful bone crushers, such as Pachycrocuta, Ad-
crocuta, and Crocuta. Some lineages appear to have been more adapted for running
in open terrain, such as Chasmaporthetes, which is the only genus that managed to
cross Beringia (a periodic land bridge between eastern Siberia and Alaska, now the
Bering Strait) to North America.

FIGURE 2.5
Hyaenictitherium wongi

Skull and reconstructed head of the hyaenid Hyaenictitherium wongi, from the late Miocene (8 Ma) of China.
Total length of skull: 18 cm.
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FIGURE 2.6
Synoplotherium vorax

Life reconstruction of the mesonychid Synoplotherium vorax, based on fossils from the Eocene Bridger For-
mation (45 Ma) of Wyoming. Reconstructed shoulder height: 58 cm.

MESONYCHIDS

The viverravids and miacids were predominantly cat- or fox-size predators, unable
to handle the larger prey of the Paleocene and Eocene. To fill such a void, a group
of primitive even-toed ungulates (artiodactyls, hoofed mammals including the fore-
runners of hippos and cows) evolved in the northern continents (Europe, Asia, and
North America) and played the role of large terrestrial predators. The mesonych-
ids, such as Synoplotherium (figure 2.6) and Sinonyx (figure 2.7), were superficially
wolflike mammals that often were the top predators of their day. They had strong
canines and robust cheek teeth and were probably capable of crushing bones. Al-
though their long legs suggest the capability of catching fast prey, some paleontolo-
gists thought they were scavengers because of their strong teeth. Perhaps the most
famous member of the mesonychids is the giant Andrewsarchus mongoliensis from
the middle Eocene of Central Asia, probably the largest mammalian predator on
land at the time. Named after Roy Chapman Andrews, leader of the Central Asiatic
Expeditions of the American Museum of Natural History, Andrewsarchus has an

enormous skull of nearly 1 meter long and massive teeth capable of crushing bones.

CREODONTS

Although some mesonychids may have been the top predators in some parts of the
world because of their sheer size and robust jaws, the truly dominant predators in
the Eocene were the creodonts (order Creodonta). Among the creodonts, members
of the family Hyaenodontidae were the most specialized predators of their time.
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FIGURE 2.7
Sinonyx

Skull and reconstructed head of the mesonychid Sinonyx, from the Eocene (around 50 Ma) of China. Total
length of skull: 32 cm.

Instead of one pair of carnassial teeth, as in the Carnivora, hyaenodonts sported
as many as three sequential pairs of carnassial-like molar teeth in their jaws. These
posteriorly located cheek teeth were kept sharp all the time and were superb devices
for cutting meat and tendons. Hyaenodonts had elongated skulls, high sagittal crests
for attachment of powerful temporalis muscles for jaw occlusion, and long limbs,



FIGURE 2.8
Hyaenodon horridus

Skull, masticatory musculature, and reconstructed life appearance of the head of Hyaenodon horridus. Total
length of skull: 35 cm.
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FIGURE 2.9
Comparison of Hyaenodon horridus and Hyainailouros sulzeri

Life reconstructions of two hyaenodontid creodonts, shown to the same scale. Foreground, Hyaenodon hor-
ridus, from the early Oligocene (33 Ma) of North America; background, Hyainailouros sulzeri, from the early
Miocene (20 Ma) of France. Hyaenodontids had a vaguely doglike appearance, but their heads were very large
in proportion to their bodies. Reconstructed shoulder height of Hyainailouros: 1 m.

features often associated with wolflike adaptations (figures 2.8 and 2.9). Hyaenodonts,
however, lacked the dental versatility of canids (that is, the presence of postcarnas-
sial crushing molars), and their teeth were not suited for processing a variety of
foods other than meat. Hyainailouros, one late lineage of the hyaenodonts in the
early to middle Miocene (22 to 14 Ma) of Europe, Africa, and southern Asia, eventu-
ally evolved to a giant size and probably developed bone-crushing adaptations. Al-
though not quite as extremely adapted for shearing meat as Hyaenodon, Hyainailou-
ros certainly rivaled the contemporaneous Hyaenodon in size and strength, vying
for top-predator status of their time.

Hyaenodonts thrived in the Eocene of Eurasia and North America and contin-
ued to play an important role in the predatory community well into the Miocene
of Africa and southern Asia. Although finally outcompeted by true carnivorans on
all continents, hyaenodonts held their own and probably played a significant role in
shaping the predatory landscape that profoundly influenced the early evolution of
many families of carnivorans.

BORHYAENIDS

Through much of the Cenozoic, South America was essentially an island continent
separated from its northern neighbor, North America, by a seaway (for the Great
American Biotic Interchange during the Pliocene, see chapters 6 and 7). In near
total isolation from the rest of the world, marsupial mammals in South America



FIGURE 2.10
Borhyaena tuberata

Skull, musculature, and reconstructed head of the South American marsupial Borhyaena tuberata. Some of
this animal’s premolars were enlarged and adapted for bone crushing; they vaguely resemble the teeth of a
hyena, a similarity indicated in this species’s Latin name. Total length of skull: 23 cm.
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FIGURE 2.11
Borhyaena tuberata

Life reconstruction of the South American marsupial carnivore Borhyaena tuberata. Although vaguely doglike
in appearance, this animal was short-legged with a rather large head. Reconstructed shoulder height: 36 cm.

had gone their own independent ways. In predatory communities, members of the
family Borhyaenidae became the de facto top predators. Without competition from
the rest of the world, the borhyaenids quickly diversified in the early Cenozoic and
included a variety of predators from the Paleocene to the Pliocene. Some of these
borhyaenids, such as Borhyaena in the early Miocene (22 Ma) of Argentina, were
canidlike predators (figures 2.10 and 2.11). Borhyaena has a large head, a long neck,
and relatively short legs. These characteristics suggest that Borhyaena, like the wolf,
was probably adapted to a variety of habitats.

The borhyaenids were the dominate mammalian predators throughout the Ce-
nozoic of South America, but had to give up that status when true placental car-
nivorans came across the newly formed Isthmus of Panama in the middle Pliocene
(about 3 Ma). Canids, as the most diverse modern carnivorans in South America,
presumably played a major role in the demise of the borhyaenids (chapter 7).

THYLACINIDS

Compared with South America, Australia was even more isolated as an island
continent beginning in the middle Cenozoic. With the exception of bats, rodents,
and egg-laying monotremes, Australian marsupials made up the majority of the
mammalian community until the dingo arrived about 5,000 years ago (chapter 8).
Among indigenous marsupial predators, the fabled Tasmanian wolf (Thylacinus
cynocephalus) was perhaps the closest to a doglike carnivore in Australia. Extinct in
the Australian mainland before the Europeans arrived, the Tasmanian wolf survived
on the island of Tasmania, only to be hunted to extinction in the twentieth century.
Its body plan and skull shape is quite canidlike, with a lengthened rostrum and long
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FIGURE 2.12
Nimbacinus dicksoni

Reconstructed life appearance of the marsupial Nimbacinus dicksoni, from the Miocene (22 Ma) of Riversleigh,
Australia. Smaller and less specialized for carnivory than its relative, the recently extinct Tasmanian “wolf,”
this Miocene animal could more appropriately be termed a marsupial “fox.” Reconstructed shoulder height:
30 cm.

legs. However, many detailed differences in the skull and teeth leave no doubt that
the thylacinids are not canids. The superficial similarities between the Tasmanian
“wolf” and true canids are good examples of convergent evolution, in which func-
tionally similar structures evolved in groups that have very distant genealogical re-
lationships. The thylacinids can be traced to the late Oligocene (25 Ma) of Australia,
and the early forms such as the Miocene species Nimbacinus dicksoni (figures 2.12
and 2.13) were smaller and less-specialized predators than the Tasmanian wolf.

The Origin of Canids and Their Fossil Record

The family Canidae had its origin in North America and spent most of its history
on that continent. Carnivora in general are usually rare and fragmentary in fossil
collections, but canid remains are relatively frequent and often complete enough to
offer significant comparative material for phyletic analysis. Because of this fortunate
circumstance, the phylogeny of canids can be reconstructed in more detail than can
the phylogeny of most carnivorans, and fewer canid clades are missing important
steps in their histories.

Some regions of North America have been particularly informative in tracing the
canids’ history. Deposits in the Great Plains of the United States extending east from
the Rocky Mountains across Texas, Colorado, Nebraska, Wyoming, and South Da-
kota have produced long geological records from the late Eocene (42 Ma) to the
late Pleistocene (0.01 Ma) in a discontinuous fashion with intervening geological
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FIGURE 2.13
Nimbacinus dicksoni

Skull and reconstructed head of the marsupial Nimbacinus dicksoni. Total length of skull: 13 cm.

hiatuses, but with sufficient continuity to show the average rates of canid evolution
and thus usefully to establish much of the group’s history. This region continues
to harbor the records of two-thirds of the native canid species of North America.
Other important records that depict shorter spans of time are scattered across west-
ern North America: the early Cenozoic basins within the Rocky Mountains give
evidence of the origin of the family; important records of Miocene history are found
in rocks in the Great Basin of California (Mojave Desert), the Rio Grande in New
Mexico (Albuquerque and Espafiola basins), the northern Rockies of Montana, and
the Gulf coasts along Texas and Florida. These records give geographic breadth to
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FIGURE 2.14
Distribution of canid sites in North America

Known fossil localities are concentrated in midlatitudes (30° to 40° North) in the western states of the United
States, where Cenozoic deposits are best exposed and most intensively explored. (Map and data points sup-
plied by the Paleobiology Database at http://paleodb.org)

the evidence of the origin of specific groups of canids, some first appearing in spe-
cific regions before spreading out more widely (figure 2.14).

With the union of North and South America in the late Cenozoic (3 Ma) and the
previous high-latitude junction with Eurasia (around 7 Ma), canids made their first
move outside North America. Products of canid evolution on these continents, es-
pecially in Eurasia, later began to return to North America and to interact with the
native canid fauna. The high-latitude canid fauna, including the wolf and the red
and arctic foxes, is of Eurasian origin. These connections resulted in family mem-
bers achieving intercontinental ranges and stimulating widespread evolution of
canid clades adapted to new physical and biological environments.



DIVERSITY

THERE HAVE BEEN MORE THAN 214 species of canids throughout the Canidae’s
4o-million-year history (appendix 1). Excluding the 37 species that are still with us
today, 177 extinct species are known so far in the fossil records of the world, although
the number will surely grow as discoveries of new fossil species are made around the
globe. In this chapter, we briefly describe a few species from each subfamily to give
a sense of the diverse world of canid evolution.

Hesperocyonines

The subfamily Hesperocyoninae is named after the genus Hesperocyon, a small, prim-
itive canid that gave rise to most of the later canids. The hesperocyonines are the most
ancient subfamily of the canids. They were the earliest to arise, dating back to almost
40 Ma during the later part of Eocene time, and they were also the first to become
extinct. Their last member, Osbornodon fricki, lived around 15 Ma, in the middle Mio-
cene. The subfamily’s history in North America thus spans approximately 25 million
years (appendix 2). Fossil remains of the hesperocyonines have been found over much
of the western United States, and a few have been found in Canada and Mexico.

The hesperocyonines evolved from an archaic group of carnivorans in the family
Miacidae. In particular, a series of fox-size species within the genus Miacis may have
progressively given rise to the first definitive canid, Prohesperocyon. The first sign
that this small carnivore had become a canid can be found in its ear region, where
a protective bony housing, the auditory bulla, developed to shield the extremely
delicate middle-ear bones (also known as middle-ear ossicles, which include the
malleus, incus, and stapes) (figure 3.1). All hesperocyonines also have a moderately
sharp, wedge-shaped lower first molar (the lower carnassial [chapter 4]) and narrow

upper molars, features that help paleontologists to recognize canids.
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FIGURE 3.1
Auditory bulla in a canid skull

In this coyote (Canis latrans) skull can be seen the structure of the bulla (within the square), a bony housing
that protects the tiny ear bones (malleus, incus, and stapes) that link the eardrum and the inner-ear cavity and
serve the important function of sound transmission (see also figures 4.10 and 4.11).

By the end of the Eocene (37 Ma), species of the genus Hesperocyon began to ap-
pear. A single species, H. gregarius, has been found in the badlands of the western
Great Plains. This species was a rather successful carnivoran, and by the early Oligo-
cene (about 34 Ma), it had given rise to a few new species. Some of these species went
on to establish more advanced groups of hesperocyonines and other canids. One of
them, Archaeocyon pavidus, in turn gave rise to the great subfamily Borophaginae,
and another is a primitive species of Leptocyon (we tentatively call it Leptocyon sp.
A; its fossil record is too poor to permit us to give it a formal scientific name). Spe-
cies of Leptocyon are the earliest members of the subfamily Caninae, which includes
all the living canids. Therefore, Hesperocyon has played a central role in the history
of the Canidae and is ancestral to all the subsequent canids.

Through a transitional species, Hesperocyon coloradoensis, the Mesocyon—Sunka-
hetanka—Enhydrocyon group arose and began to diversify. This lineage of the hes-
perocyonines was the most successful, including 11 species spanning the Oligocene
plus the beginning of the Miocene (34 to 24 Ma). The evolutionary trend of this lin-
eage was toward ever larger body size and more hypercarnivorous habits. The pre-
molars became increasingly more robust, to the point of being able to crush bones.
The carnassial teeth, especially the lower first molar, became more sharp-bladed,
with long cutting edges and a trenchant talonid (figure 3.2), and the molars behind

the carnassial teeth were reduced.
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FIGURE 3.2
Sunkahetanka

Lateral and occlusal views of the left mandible of the hesperocyonine dog Sunkahetanka, showing the lower
first molar (m1), or lower carnassial, with its distinctive talonid. Total length of skull: 15 cm.

At the base of this hypercarnivorous lineage are three species of Mesocyon, coy-
ote-size predators that survived for more than 10 million years. Next to arise was
Cynodesmus, which was slightly larger and stronger and trended toward a hypercar-
nivorous adaptation. By the late Oligocene (29 to 24 Ma), two genera, Sunkahetanka
and Philotrox, represented the next stage of evolution in the Mesocyon-Enhydrocyon
group. In size and morphology, these two genera are intermediate between Cynodes-
mus and Enhydrocyon. Finally, the genus Enhydrocyon emerged in the late Oligocene
to represent the first fully hypercarnivorous canid capable of cracking large bones
to feed on the marrow. With a moderate diversity of four species living in much of
western North America, Enhydrocyon became extinct in the early Miocene (22 Ma),
ending the line of a very successful group of hesperocyonines that dominated early
carnivoran communities.

The genus Osbornodon split off from the Mesocyon-Sunkahetanka-Enhydrocyon
group in the early Oligocene; it is the only group of hesperocyonines to show some
hypocarnivorous tendencies. Early Osbornodon was represented by two small spe-
cies in the early Oligocene. After a long gap in the fossil record in the middle to late
Oligocene, advanced species of Osbornodon began to appear in the early Miocene
and ultimately became extinct by the middle Miocene (around 15 Ma).

Beside these dominant groups of hesperocyonines, three smaller groups shared

the adaptive range of early diversification within canids. Paraenhydrocyon is a small
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lineage of three species that has been found in the rocks of the northern Great Plains
from the middle Oligocene through the early Miocene (32 to 22 Ma). This genus of
medium-size canids independently evolved hypercarnivorous dental features (tren-
chant carnassials) that parallel those in Enhydrocyon. However, Paraenhydrocyon
never acquired the massive, bone-cracking premolars found in Enhydrocyon. The
peculiar genus Caedocyon suddenly appeared in the late Oligocene of Wyoming,
perhaps an early offshoot of Paraenhydrocyon. A single specimen of this extremely
rare species (C. tedfordi) is known in the fossil record, and much remains to be
learned about this enigmatic form.

Finally, another peculiar hesperocyonine, Ectopocynus, occurs in the fossil record
in the middle Oligocene (32 Ma) of the Great Plains. Members of this group have a
unique array of premolars that feature massive, rounded, single-cusped premolars,
in contrast to other hesperocyonines, whose premolars often have multiple cusps.
Ectopocynus has three species, and fossils of this rare lineage can be found only in
the large collection of fossil canids in the American Museum of Natural History in
New York. The earliest and most primitive species, E. antiquus, is only slightly larger
than Hesperocyon. Following E. antiquus is a transitional species, E. intermedius,
which ultimately led to the terminal species, E. simplicidens. The last terminates the
Ectopocynus line in the fossil record, from the early Miocene (about 18 Ma).

The following selected genera of hesperocyonines serve to indicate some repre-
sentative lineages. They are generally organized from earlier and more primitive

forms to later and more advanced forms (appendix 2).

PROHESPEROCYON

Estimated to have weighed less than 1 kg, Prohesperocyon (from Latin pro [before]
and Hesperocyon), an early precursor of the canid family, possesses some of the
primitive features seen in the family Miacidae, an archaic group of ancestral car-
nivores that probably gave rise to the suborder Caniformia (including bears [Ursi-
dae], raccoons [Procyonidae], and weasels [Mustelidae]). Its bony middle-ear cover
(tympanic bulla), which is the hallmark of living families of carnivorans, indicates
its membership in the Canidae. Known by a single skull and lower jaw, this primi-
tive dog was found in late Eocene (around 36 Ma) rocks of the southern Big Bend
National Park in Texas.

HESPEROCYON

Weighing around 1 to 2 kg, Hesperocyon (from Greek hesper [western] and cyon
[dog]), a small fox-size carnivore, is ancestral to all later canids. This enduring lin-
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eage of canid species lived for more than 10 million years, from the late Eocene to
the late Oligocene (about 40 to 29 Ma) (figure 3.3). Hesperocyon has the unmistak-
able canid characteristics of a bony middle-ear covering that is partially divided by
a thin, bony wall (septum). A hardened chamber, as contrasted to chambers formed
by the less rigid cartilage in earlier carnivores, apparently can help animals to hear
more acutely, an advantage that almost all living carnivores later acquired. Hespero-
cyon was the most abundant small predator of its time, and it is not uncommon to
find good fossil records of this small dog in museum collections. This ubiquitous
presence is also the reason Edward Drinker Cope, a preeminent vertebrate paleon-
tologist in the late nineteenth century, named one of the most abundant species of
this genus Hesperocyon gregarius, alluding to its possible social aggregation in life.
Its hands and feet still had five fingers and toes, in contrast to the loss of the first
finger (thumb) and big toe in more advanced canids (figure 3.4). The finger and
toe bones became more compact, signaling a more upright posture, although Hes-
perocyon was probably not yet fully digitigrade (chapter 4). With a relatively deep
claw, this small predator was apparently still capable of climbing trees. Fossil copro-
lites (fossilized remains of feces) presumed to belong to Hesperocyon contain bones
of small rodents and rabbits (such as Palaeolagus), indicating that its diet included

small vertebrates.

MESOCYON

Weighing between 6 and 7 kg, species of Mesocyon (from Latin meso [middle] and
Greek cyon [dog]) were small, coyote-size carnivorans (figure 3.5), and they represent
the first move among the canids to achieve a modest size and to specialize in meat
eating (hypercarnivory [chapter 4]). Through transitional forms such as Cynodes-
mus and Sunkahetanka, Mesocyon gave rise to a group of fierce predators, Enhydro-
cyon species. The Mesocyon lineage had a long life span, from the early Oligocene to
the early Miocene (34 to about 21 Ma). The best-known fossils of Mesocyon are from
the John Day Fossil Beds National Monument in central Oregon, although they are
also known in southern California and the northern Great Plains.

ENHYDROCYON

Weighing around 10 kg or more, Enhydrocyon (from Enhydra, a sea otter genus,
referring to its otterlike skull shape, and Greek cyon [dog]) was the first canid to
achieve a relatively large size and heavily built skull (figures 3.6 and 3.7). With its
massive premolars, it probably was capable of crushing the bones of its prey to
reach the nutritious marrow inside the bone cavity. As the first canid to become a



FIGURE 3.3
Hesperocyon gregarius

Skull, mandible, and reconstructed head of Hesperocyon gregarius. Because of its small size, pointed muzzle,
and large orbits, the skull of Hesperocyon resembles in general shape the skull of the ancestral miacids, but also
that of a small fox, a civet, or a genet. Reconstruction based largely on specimen USNM 437888 from Wyo-
ming (32 Ma) and complemented from other specimens. Approximate total length of skull: 8 cm.



FIGURE 3.4

Hesperocyon gregarius

Skeleton and reconstructed life appearance of Hesperocyon gregarius, based mostly on specimen AMNH 8774
from Colorado (32 Ma). The standing posture is based on that of modern carnivores with similar skeletal
morphology, especially civets and genets (family Viverridae). Like these carnivores, Hesperocyon differed from
modern canids in having shorter forelimbs, especially the distal (lower) segments, with the metacarpals (the
bones of the palm of the hand) being quite short. Civets and genets are plantigrade when walking on tree
branches, but become digitigrade when walking on the ground, although even then their hind feet touch
the ground at an angle rather than vertically, as they do in modern dogs. This posture is sometimes termed
semiplantigrade. Although Hesperocyon would closely resemble a genet in body posture and proportions, the
hypothetical coat pattern attributed here is based on patterns widespread among extant members of the Cani-
formia, the suborder to which the dog family belongs. Spotted patterns like that of genets are totally absent
among dog relatives, and it seems safe to infer some sort of plain pattern for Hesperocyon as well. Recon-
structed shoulder height: 20 cm.

FIGURE 3.5

Mesocyon coryphaeus

Reconstructed life appearance of Mesocyon coryphaeus. The head reconstruction is based largely on the ho-
lotype skull AMNH 6859 from Oregon (28 Ma). For lack of adequate associated postcranial fossils, the body
proportions are based on fossils of the closely related species Sunkahetanka geringensis. Reconstructed shoul-
der height: 40 cm.
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FIGURE 3.6
Enhydrocyon crassidens

Skull, mandible, and reconstructed head of Enhydrocyon crassidens, based on the holotype skull AMNH 12886
from South Dakota (28 Ma). Approximate total length of skull: 19 cm.

dominant carnivore, Enhydrocyon thrived from the middle Oligocene to the early
Miocene (29 to 21 Ma).
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FIGURE 3.7
Enhydrocyon crassidens

Reconstructed life appearance of Enhydrocyon crassidens, based mostly on the holotype partial skeleton
AMNH 12886. Although E. crassidens was considerably shorter at the shoulders than a modern jackal, it
was a heavier animal, with a massive head and relatively short legs and neck. Reconstructed shoulder height:
44 cm.

OSBORNODON

The Osbornodon (from the name “Osborn” and Greek don [tooth]; named in honor
of Henry Fairfield Osborn, founder of the Vertebrate Paleontology Department at
the American Museum of Natural History in New York) lineage varies in size from
that of a small fox to that of a large wolf. The first two species of this lineage, O. ren-
jiei and O. sesnoni, occurred in the early Oligocene (about 33 to 29 Ma). They had
a more omnivorous diet (hypocarnivory [chapter 4]), and their lower molars were
slightly enlarged to handle a greater variety of food. Such an adaptation is more
commonly seen in later canids, such as the borophagines and canines. After a long
gap in the fossil record of nearly 8 million years, advanced species of Osbornodon ap-
peared in the early Miocene (around 21 Ma) of the western United States. Weighing
almost 20 kg, O. fricki was the largest species among the hesperocyonines (figures
3.8 and 3.9). The genus’s body size had reached a critical point that allowed it to at-
tack prey larger than itself. As often is the case with large predators (hypercarnivores
[chapter 4]), this species was also the last member of the subfamily Hesperocyoni-
nae in North America. Osbornodon last lived 15 Ma and has been found in middle

Miocene rocks of the western United States.



FIGURE 3.8
Osbornodon fricki

Skull, mandible, and reconstructed head of Osbornodon fricki, based on the holotype skull AMNH 27363 from
New Mexico (15 Ma) and the skull F:AM 67098 from Nebraska (15 Ma). Approximate total length of skull:
23 cm.
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FIGURE 3.9
Osbornodon fricki

Skeleton and reconstructed life appearance of Osbornodon fricki, based mostly on the holotype skeleton
AMNH 27363 from New Mexico (15 Ma). Proportions of the neck are based on the closely related species
O. brachypus. The length of the tibia is unknown, but is inferred to be short in line with the short forearm.
Compared with a modern wolf of similar body mass (as inferred from the thickness and articular areas of the
long bones), the limbs of O. fricki had shorter distal (lower) elements, resulting in a moderate shoulder height
of about 55 cm. The neck was a little shorter, and some of its muscle insertions were more pronounced. In life,
O. fricki would have looked somewhat like a short-legged wolf.

Borophagines

The subfamily Borophaginae is named after the genus Borophagus, a terminal
group of large canids that developed strong bone-crushing dentitions. Because of
this highly specialized dental adaptation for cracking bones, the borophagines have
been known as the “hyaenoid dogs” However, many borophagines were not bone
crushers. The borophagines first appeared about 32 Ma and declined to extinction
about 2 Ma, spanning the middle Oligocene to the Pliocene. During the 30 million

years of their existence, they were confined to the North American continent. In the
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history of the canids, the borophagines are the most diverse, occupying the widest
ecological niches—ranging from the hypercarnivorous, supersize Epicyon and Bo-
rophagus to such hypocarnivorous, small- to medium-size omnivores as Cynarctoi-
des, Phlaocyon, and Cynarctus. At the peak of their diversity in the middle Miocene
(about 16 to 12 Ma), as many as 15 species of borophagines occupied the entire North
American continent (as compared with six or seven species of living canids in North
America), becoming the dominant group of carnivores for several million years.

The borophagines had their beginning in the form of a small, fox-size genus
named Archaeocyon, which arose from Hesperocyon. Archaeocyon acquired a ba-
sined talonid in the lower first molar, formed by two small cusps (hypoconid and
entoconid), as well as corresponding modifications on the upper molars, such as
the presence of an extra cusp called a metaconule. These dental modifications were
inherited by all subsequent lineages in the borophagine subfamily and are useful
features for recognition of this group (figure 3.10). Roughly contemporaneous with
Archaeocyon were a few fox-size canids such as Oxetocyon, Otarocyon, and Rhizo-
cyon. These basal borophagines permit a glimpse of the early diversification of the
borophagines. They tended to be small, hypocarnivorous predators with a general-
ized diet of invertebrates, fruits, and small vertebrates.

After the initial diversification, early borophagines remained small to medium
size during much of the first half of their history in the Oligocene through the early
Miocene (34 to 17 Ma). Many, such as Cynarctoides and Phlaocyon, developed den-
tal specializations that indicate an omnivorous diet, rather like modern raccoons.
These two genera form the tribe Phlaocyonini as the first hypocarnivorous group
in canid history. The next step of borophagine evolution saw two small transitional
forms, Cormocyon and Desmocyon, both with good fossil records throughout the
western United States. Following these transitional genera was yet another group of
omnivores represented by Cynarctus and Paracynarctus, which are included in the

Talonid of m1

FIGURE 3.10
Archaeocyon

Occlusal view of the lower-left dentition of the early borophagine Archaeocyon, showing the basined talonid
on the lower carnassial (m1).
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subtribe Cynarctina. The borophagines’ early evolution thus appears to include a
number of hypocarnivorous lineages that developed less predacious habits, as com-
pared with their contemporaries, the hesperocyonines. The tendency to become
less predacious may suggest competitive pressure from the larger, more dominant
hesperocyonines, which had established themselves as top predators. The early bo-
rophagines may have been forced toward omnivore niches that were less competi-
tive with those of the hesperocyonines.

The next phase of borophagine evolution saw a number of transitional genera
moving toward larger and more hypercarnivorous forms mostly in the early to
middle Miocene (19 to 15 Ma). Representatives of these canids include Metatomarc-
tus, Microtomarctus, Protomarctus, and Tephrocyon. This series of intermediate-size
canids generally evolved toward a more predacious lifestyle, and two genera, Eu-
oplocyon and Psalidocyon, even acquired specializations toward a pure meat diet.
Borophagines in this transitional phase were still too small to challenge large and
established top predators, such as the advanced hesperocyonines and contempo-
raneous felids. To make this challenge, the borophagines had to wait until the next
stage of their evolution—the subtribe Aelurodontina.

Starting with Tomarctus, borophagines quickly transitioned into powerful, hyper-
carnivorous predators, the Aelurodontina, in the middle to late Miocene (16 to 9
Ma). This first lineage of top predators within the borophagines was formed by two
genera, Tomarctus and Aelurodon. The much restricted Tomarctus (as opposed to
earlier genera that included a much wider array of species) went through only two
intermediate species, T. hippophaga and T. brevirostris, before giving rise to the ter-
minal genus, Aelurodon. With the rise of Aelurodon, which includes six species, the
borophagines truly established themselves as a formidable predator rivaled by few
others. Such a momentous event apparently followed the decline of the last hespero-
cyonine, Osbornodon.

The middle Miocene also saw the appearance of the final group of the borophag-
ines, the subtribe Borophagina. This subtribe split from the Aelurodontina early
in the middle Miocene and continued on until the late Pliocene (16 to 2 Ma). The
early progenitors of this lineage belong to the genus Paratomarctus, a coyote-size,
generalized predator. Another early genus, Carpocyon, split from Paratomarctus at
the very beginning of the middle Miocene (about 16 Ma) and achieved a modest
diversity of four species, one of which (C. webbi) could be as large as a living wolf.
Carpocyon also sported somewhat hypocarnivorous dentition, suggesting a minor
reversal toward a more omnivorous diet along a line of descent that was largely hy-
percarnivorous in direction.

At the beginning of the middle Miocene, the final borophagine group, the Prot-

epicyon-Epicyon-Borophagus lineage, arose. As top predators of their time, mem-
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bers of this lineage reached the pinnacle of borophagine evolution. In particular,
Epicyon went on to become the largest canid ever evolved and acquired a powerful
set of bone-crushing teeth. Our record indicates that this group of hypercarnivores
first evolved in California and New Mexico (Protepicyon raki) in the late Miocene. It
soon spread to much of North America before it became extinct at the very end of
the Miocene (around 5 Ma).

Finally, the great Borophagus lineage arose from an early species of Epicyon. Bo-
rophagus features some of the most extreme adaptations of bone-crushing dentitions.
There are eight species in this great lineage of bone crushers (some were previously
separated under the generic name Osteoborus). As did Epicyon, the first Borophagus
(B. littoralis) appeared initially in the late Miocene (around 5 Ma) of California and
quickly spread eastward to the rest of North America. With the exception of a di-
minutive species from Florida (B. orc), most species of Borophagus became progres-
sively larger in size and more powerful in their bone-crushing teeth, culminating in
the terminal species, B. diversidens. With the extinction of B. diversidens at the end
of the Pliocene (around 2 Ma), the history of the subfamily Borophaginae ended, al-
though there are unconfirmed suggestions that Borophagus may have survived into
the Pleistocene in Mexico.

Descriptions and illustrations of selected genera of the borophagines offer greater
knowledge of some representative lineages. They are organized from earlier and

more primitive forms to later and more advanced forms (appendix 2).

ARCHAEOCYON

Very similar in size (less than 2 kg) and shape to Hesperocyon, species of Archaeo-
cyon (from Greek archae [ancient] and cyon [dog]) are the ancestors of all other
borophagines. Fossils of Archaeocyon also compose some of the earliest records of
the subfamily Borophaginae. This genus is represented by two species that have a
relatively long fossil record. Spanning the middle to late Oligocene (32 to 24 Ma),
Archaeocyon fossils can be found in the northern Great Plains and the western coast
of North America (figures 3.11 and 3.12).

OTAROCYON

Otarocyon (from Greek otaros [large-eared] and cyon [dog]) is one of the small-
est canids, but it has an outsized bulla, the bony chamber that houses the middle
ear bones (figure 3.13). A similarly enlarged bulla can be found in the modern
fennec fox (Vulpes zerda), of the Sahara and Arabian deserts, which also sports a
large, erect external ear. Such a large middle-ear chamber may be an adaptation for
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FIGURE 3.11
Archaeocyon leptodus

Skull, mandible, and reconstructed head of Archaeocyon leptodus, based on several specimens, chiefly F:AM
63971 from Nebraska (27 Ma). Approximate total length of skull: 10 cm.

enhanced hearing of low-frequency sounds in desert environments, and it is quite
possible that Otarocyon’s inflated middle-ear region may also be associated with
a large external ear as an adaptation for open environments. Otarocyon also has
the distinction of being the oldest borophagine lineage, living as early as the early
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FIGURE 3.12
Archaeocyon leptodus

Skeleton and reconstructed life appearance of Archaeocyon leptodus, based mostly on skeleton F:AM 49060
from Wyoming (27 Ma). In size, body proportions, and posture, Archaeocyon closely resembled Hesperocyon,
as is evident in this reconstruction. These primitive dogs resembled modern genets in having relatively long
tibiae and hind feet, suggesting a well-developed jumping ability, so, overall, they must have been extremely
agile, versatile little creatures. Reconstructed shoulder height: 27 cm.

Oligocene (34 Ma). Weighing less than 1 kg, this small, fox-size borophagine lived
only in what are now the northern states of South Dakota, Wyoming, and Montana.

CYNARCTOIDES

The genus Cynarctoides (from Cynarctus, a borophagine genus, and the Greek suf-
fix -oides [similar]) features a peculiar set of teeth that mimics the conditions in the
ringtail (Bassariscus astutus). Cynarctoides also developed crestlike structures in its
teeth that are called selenodont in artiodactyls (animals such as sheep and cows).
Such a structure is designed for processing plant food by herbivores, and it rarely
occurs in carnivorans. In fact, Cynarctoides is the only caniform (doglike) carniv-
oran that possesses such a peculiar structure. It thus raises the tantalizing question
whether Cynarctoides was an herbivore. Dedicated herbivory in a carnivoran is



FIGURE 3.13

Otarocyon cooki

Skull, mandible, and reconstructed head of Otarocyon cooki, based on specimen F:AM 49020 from Wyoming
(27 Ma). The huge auditory bullae of this small dog suggest the presence of very large external ears. The re-
semblance of the reconstructed animal to a living fennec fox is strengthened by the general proportions of the
head, with its large eyes and very small, pointed muzzle. Such features would give this canid an unmistakable,
expressive face. Approximate total length of skull: 6 cm.
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exceedingly rare and seen only in the living giant pandas of southern China. Seven
species of Cynarctoides flourished in much of western North America, and all of
them remained small in body size, no more than 1 kg in weight.

PHLAOCYON

Species of Phlaocyon (from Greek phlao [eat greedily] and cyon [dog]) are another
lineage of hypocarnivorous canids. Living from the middle Oligocene to the middle
Miocene (30 to 16 Ma), the nine species in the genus Phlaocyon ranged from the size
of a kit fox to that of a large coyote (figure 3.14). The small- to medium-size mem-
bers (less than 5 kg) were rather raccoonlike in their bunodont dentition (similar to
human dentition) and were likewise omnivorous in their diet (figure 3.15). Two large
species (around 15 kg), however, reversed this trend to become hypercarnivorous
with robust jaws. Earlier paleontologists had mistakenly placed Phlaocyon in the
raccoon family, Procyonidae, because of its raccoonlike dental anatomy. It is now
widely recognized that the raccoonlike dental features were the result of indepen-
dent evolution. Independent achievement of similar dental anatomy is quite com-

FIGURE 3.14
Phlaocyon leucosteus

Reconstructed life appearance of Phlaocyon leucosteus, based mostly on the holotype skeleton AMNH 6768
from Colorado (28 Ma). This small dog was comparable in body size to Archaeocyon, but it had somewhat dif-
ferent body proportions, with shorter distal (lower) segments in the limbs. The tibia, or shinbone, in particular
was markedly shortened in Phlaocyon. The choice of a facial mask for the reconstructed coat is based on the
observation by zoologists Chris Newman, Christine D. Buesching, and Jerry O. Wolff (2005) that markings on
the face were a feature independently evolved by a wide range of “midguild” carnivores (including raccoons,
badgers, civets, and the “raccoon dog,” among others) as a warning to deter attacks from larger predators.
Phlaocyon, with its unimpressive size and its likely omnivorous diet, is a reasonable candidate to have evolved
such markings. Reconstructed shoulder height: 22 cm.



FIGURE 3.15
Phlaocyon leucosteus

Skull, mandible, and reconstructed head of Phlaocyon leucosteus, based on the holotype skull AMNH 6768
from Colorado (28 Ma). Approximate total length of skull: 9 cm.
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mon in the evolution of carnivorans and provides great examples of the convergent
development of similar features in different evolutionary lineages because of their
similar functional requirements.

CYNARCTUS

Cynarctus (from Greek kynos [dog] and Latin arcto [bear]) belongs to a group with
extremely hypocarnivorous teeth (figure 3.16). In advanced members, the molars
were substantially enlarged and developed numerous small cusps quite similar to
those in the bear family, Ursidae. Cynarctus and its sister lineage Paracynarctus
lived mainly in the Miocene (19 to 9 Ma), on average weighed less than 15 kg, and
achieved a modest diversity of five species. Besides Cynarctus’s usual occurrences in
western North America, Paracynarctus was also one of the few genera of borophag-
ines that managed to inhabit the Eastern Deciduous Forest along the east coast of
North America, possibly due to its adaptations to more wooded environments than
is usual for most canids.

TOMARCTUS

In the past, many medium-size borophagines were included in the genus Tomarctus
(from Latin tom [cut] and arcto [bear]), so it did not constitute a natural lineage (a
genealogically related group that includes its ancestors as well as all its descendents)
as traditionally conceived. It was a taxonomic wastebasket into which many ques-
tionable species were tossed. Here we adopt a taxonomy that greatly reduces the
members of Tomarctus to only two species leading to Aelurodon. These two species
of Tomarctus lived in the middle Miocene (16 to 14 Ma) of western North America
and weighed approximately 14 to 18 kg. Many other species formerly included in
Tomarctus are now given distinct generic identifications of their own. For a long
time, Tomarctus was thought to be related to the living Canis due to its possession of
a basined talonid in the lower first molars. This idea was perpetuated in the popular
literature. Our own studies, however, have traced the basined talonid back to the
origin of both borophagines and canines. Therefore, this feature cannot be a mani-
festation of a special relationship between Tomarctus and Canis. In fact, we now

know that the relationship between the two genera is very distant.

AELURODON

This group of hypercarnivores is the first among borophagines to develop jaws strong
enough and teeth heavy enough to be able to crack bones. Weighing between 20 and
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FIGURE 3.16
Cynarctus

Skull, mandible, and reconstructed head of Cynarctus, based on specimen F:AM 49172 from Nebraska (10
Ma). Approximate total length of skull: 20 cm.

40 kg, Aelurodon (from Greek ailurus [cat] and don [tooth]) arose from Tomarctus
around 16 Ma in the form of A. asthenostylus and ended in a giant form, A. taxoides,
about 9 Ma (figure 3.17). There are many morphological similarities between Aelu-
rodon and the living African hunting dog (Lycaon pictus); for example, they share
broad palates, multicuspid premolars, and trenchant cutting teeth (carnassials) (fig-
ure 3.18). Because living hunting dogs are social hunters (chapter 5), it is tempting to

speculate that Aelurodon may have been capable of social hunting as well.



FIGURE 3.17

Aelurodon ferox

Reconstructed skeleton, musculature, and life appearance of Aelurodon ferox, based mostly on partial skeleton
F:AM 61746 from Nebraska (10 Ma), completed with material from two partial skeletons from Nebraska and
New Mexico. Apart from the shorter neck and slightly shorter distal (lower) limb segments, A. ferox was
similar to a modern gray wolf in size and body proportions. Unlike modern dogs, Aelurodon and all other
borophagines had a small but recognizable first digit (indicated by the arrow in the skeletal drawing) on their
hind feet. Reconstructed shoulder height: 75 cm.



FIGURE 3.18

Aelurodon mcgrewi

Skull, cervical vertebrae, and reconstructed life appearance of the head of Aelurodon mcgrewi, based on the
holotype partial skeleton F:AM 22410 and on skull F:AM 61778, both from Nebraska (11 Ma). With its robust
skull, high maxilla, and prominent sagittal crest for the insertion of powerful temporalis muscle, the head
of Aelurodon would have resembled the heads of the most predaceous among modern dogs, such as the In-
dian dhole and the African hunting dog, but would have been even more massive, bringing to mind modern
hyenas as well.
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EPICYON

Most members of Epicyon (from Greek epi [near, before] and cyon [dog]) ranged
between 30 and 75 kg. The largest Epicyon rivaled a brown bear in size. This made
them truly the top dogs of their day. In fact, no other canid has exceeded this body
size. Arising from a lineage called Protepicyon, Epicyon, like some hyenas, had an
enlarged lower fourth premolar, enabling it to deliver a powerful bite (figure 3.19).
Concentrating bite force on this tooth would crack bones open to extract the nutri-
tious bone marrow inside. This lineage (including its progenitor, Protepicyon) had a
long history, living 16 to 7 Ma in the Miocene, and was found across western North
America. During much of this period, a pair of Epicyon species coexisted side by
side in many of the localities where fossils of this genus have been found: E. saevus
and E. haydeni, with the latter always being the larger of the two (figures 3.20 and
3.21). This pair’s competitive coexistence resulted in a situation marked by character
displacement, a biological phenomenon that permits species to coexist through a
substantial size difference between them so that they can avoid competing for the
same resources. In the present case, E. saevus kept its distance from E. haydeni by
being smaller and thus seeking somewhat different food resources (prey of smaller
size). Interestingly, although both species evolved toward larger body sizes, they
continued to maintain their “distance” from each other by keeping a relatively con-
stant body-size difference.

BOROPHAGUS

The genus Borophagus (from Greek boros [voracious] and Latin phago [eating]) is
the name bearer of the entire subfamily Borophaginae, and the notion of a hyena-
like dog is closely associated with this group (figure 3.22). Weighing 20 to 40 kg or
more, Borophagus was the last member of the subfamily. It first appeared along the
Pacific coast in the later middle Miocene (about 12 Ma). Derived from Epicyon, Bo-
rophagus carried to the extreme the enlarged fourth lower premolars in Epicyon and
was another efficient bone cracker. To further assist in the cracking of bones, it had
a strong jaw and a domed forehead that helped to strengthen the jaw mechanism in
order to sustain the tremendous force required for crushing bones (figure 3.23). At
the beginning of the late Miocene (about 9 Ma), it had spread to the rest of North
America, including Florida and central Mexico. Borophagus became extinct just be-
fore the beginning of the Ice Age (Pleistocene [1.8 Ma]), thus ending the 30-million-

year existence of the great borophagine lineage.



FIGURE 3.19
Epicyon haydeni

Skull, mandible, and reconstructed head of Epicyon haydeni, based on partial skull F:AM 61474 and other
specimens, all from Kansas (10 Ma). Approximate total length of skull: 34 cm.



FIGURE 3.20
Epicyon saevus

Reconstructed life appearance of Epicyon saevus, based on partial skeleton AMNH 8305 from Nebraska (10
Ma), among other specimens. Reconstructed shoulder height: 56 cm.

FIGURE 3.21
Epicyon haydeni

Reconstructed life appearance of Epicyon haydeni, based on several specimens from Kansas. Reconstructed
shoulder height: 9o cm.
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FIGURE 3.22
Borophagus diversidens

Reconstructed life appearance of Borophagus diversidens, based on skeleton MSU 8034 from Texas (4 Ma).
Although Borophagus is often known as a hyena-like dog because of its extreme cranial adaptations for bone
cracking, the remarkably complete skeleton from Blanco Canyon, Texas, clearly shows that it did not have
the short hind limbs and sloping back of modern hyaenids, but instead had body proportions more typical of
dogs, with long hind limbs and a level back. Reconstructed shoulder height: 62 cm.

Canines

Members of the subfamily Caninae are the only representatives of the family Cani-
dae still living, although the family’s history begins with the Borophaginae. Both
groups arose in the early Oligocene (32 Ma) of North America (appendix 2). Like
the borophagines, the canines were confined to North America until the very end of
the Miocene (6 Ma). At that time, geological events united Asia and North America
at the Beringian land bridge (now the Bering Strait); then uplift of middle America
formed the Isthmus of Panama 3 million years later, uniting the Americas. Canids
took advantage of both bridges to disperse to new continents. These events allowed
access to new prey in large temperate and tropical regions of the world, and the ca-
nids reacted to these advantages with spurts of evolution in the new environments.
In the late Miocene, canines were just beginning a major diversification (adaptive
radiation) after having spent most of the preceding 23 million years as small, gener-
alized members of their initial stock (Leptocyon species). They coexisted with larger

hesperocyonines and the more vigorously evolving borophagines during most of



FIGURE 3.23
Borophagus secundus

Skull, mandible, and reconstructed head of Borophagus secundus, based on specimens F:AM 23350 from Texas
(6 Ma) and AMNH 18919 from Nebraska (6 Ma). The Borophagus skull shows the most pronounced adapta-
tions for bone cracking among the borophagines, including a shortened muzzle and a strongly domed fore-

head. Approximate total length of skull: 21 cm.
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the Miocene, a coexistence that oriented canines’ adaptive possibilities for most of
their existence.

Species of Leptocyon were fox-size canids with a varied diet of small animals and
fruit. Eleven species have been recognized so far. The great similarity in their denti-
tion and overall size indicates that their basic adaptation to a mixed diet changed
little during the Miocene. They closely resembled early borophagines, such as Ar-
chaeocyon, except for their longer and shallower jaws and their delicate teeth, which
were more useful in capturing small, active prey than in administering a killing bite,
as did their borophagine competitors. Species of the genus Vulpes, descendants of
Leptocyon, continued this adaptation, but some species, such as the arctic fox (V.
lagopus), paralleled the borophagines in having a larger dentition set in a deeper jaw
in order to deal with arctic hares only a little smaller than the fox.

Around 10 Ma, species allied in the genus Vulpes were joined by species of the
fossil genus Metalopex, allied to the living gray fox, Urocyon. In both Metalopex and
Urocyon, the crushing elements of the carnassials and molars were enlarged in ad-
aptation to feeding on vegetation and insects, again paralleling the Miocene Cy-
narctoides species among the borophagines. The addition of hypocarnivory among
the canines was the first sign of enlargement of the range of adaptation within the
Caninae, and from the late Miocene to present times other ways of life appeared and
evolved. A widespread new adaptation occurred at this time with the extension of
the nasal cavity into the frontal bone. This expansion of the nasal cavity behind the
turbinates—the organs involved in heat and moisture exchange and in the sense of
smell (chapter 4)—was apparently related to forces acting on the skull from the en-
largement of the dentition. However, even fox-size canines possessed such sinuses,
so the adaptation was not altogether size related. It was, however, confined mostly
to the more carnivorous and hypercarnivorous forms, which suggests that it may
have been related to stresses placed on the skull during capture of and feeding on
prey similar in size or larger than themselves. This adaptation may have been key in
finally allowing the Canidae to deal with prey of increasing size.

The earliest Caninae to reach eastern Asia across Beringia did so during a globally
warm span of time in the early Pliocene (5 to 4 Ma), when sea level would have been
relatively high (although canines apparently arrived in Europe and Africa as early
as the late Miocene [6 Ma] [chapter 7]). This warming event resulted in submerged
continental shelves, but the emergence of the Beringian land bridge was also af-
fected by zones of repeated uplift, as is the Bering Strait today. The canines that dis-
persed to Asia along this path are well recorded in fossil deposits in northern China.
Included in these deposits are fossil species of the living genus of raccoon dog (Nyc-

tereutes), now confined to eastern Asia. These animals appear to be closely related
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to the crab-eating fox, or zorro (Cerdocyon), now restricted to South America, but
whose earliest fossil record is in the late Miocene of North America.

Accompanying the raccoon dog was Eucyon, a genus of canid closely related to
Canis itself and now extinct. In fact, the earliest Asian species, E. davisi, was identi-
cal to its contemporary in North America. In the early Pliocene (5 Ma), E. davisi
became extinct in North America, but survived in Asia, where it underwent further
evolution and dispersal across the continent, persisting there nearly to the end of
the Pliocene (2.6 Ma) and giving rise to new species. Small species of Canis also
appeared in Asia in the early Pliocene. They were coyote- or jackal-size animals,
although not closely allied to the jackals of today. Similar species were also present
in North America. By the end of the Pliocene, larger, wolf-size species of Canis ap-
peared in China and spread westward across the continent. In North America, how-
ever, native Canis species remained the size of coyotes until the last borophagine
(Borophagus diversidens) became extinct. Eurasia continued to contribute products
of its canid evolution to North America during the Pleistocene ice ages. Even the
largest of all species of Canis, the dire wolf (C. dirus), arose from an immigrant, C.
armbrusteri. Finally, the gray wolf (C. lupus) reached midcontinent North America
in the last glacial cycle (100,000 years ago) after a much longer residence in North
America above the Arctic Circle (since 500,000 years ago at least).

Because the present geographic relationship between North America and South
America was established only 3 Ma and the path to the south lay across the tropics, a
region with a limited fossil record, we have little direct evidence of the biotic history
of Middle America. What we do have comes from deposits along the border of the
United States and Mexico and then far to the south in temperate South America.

Morphological (Tedford, Taylor, and Wang 1995) and molecular (Wayne 1993;
Wayne et al. 1997) studies of the evolutionary relationships among the living South
American canids (subtribe Cerdocyonina) have shown that these forms belong to a
single closely related evolutionary group (that is, they are monophyletic) composed
of several lineages. Large species of Canis (C. dirus) also occur in the South Ameri-
can fossil record, but they represent dispersals into South America during the Pleis-
tocene (1.8 to 0.01 Ma) and are not part of the monophyletic group of species that we
have designated the subtribe Cerdocyonina of the tribe Canina. We regard the liv-
ing crab-eating fox (Cerdocyon) and its fossil species as typical of the subtribe. The
South American fossil record indicates that a lineage of large hypercarnivores—in-
cluding the recently extinct Falkland Island fox (Dusicyon) and species of the extinct
genera Protocyon and Theriodictis that occurred in the Pleistocene of Andean and
Amazonian South America—also belong to the subtribe. The subtribe Cerdocyo-
nina surprisingly has an earlier record in the late Pliocene (2 Ma) of Florida, where

the remains of a large form like Theriodictis were found. The maned wolf (Chryso-
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cyon) is also present in the Pliocene of North America (northern Mexico and ad-
jacent Arizona). In molecular studies, the extant species Chrysocyon brachyurus is
often depicted as most closely related to the living bush dog (Speothos) of Amazonia.
Extinct species of the crab-eating zorro (Cerdocyon) are also present in Pliocene
deposits of Baja California and Arizona. All these North American taxa were pres-
ent prior to the establishment of the Isthmus of Panama, indicating that much of the
fundamental differentiation among the Cerdocyonina had taken place in North or
Middle America before the appearance of the group in South America.

At this point, we can shift from generalities to the specifics of elements in the
evolution of the tribe Canina. During the history of this tribe, canines gained access
to adjacent continents before the end of the Ice Age (15,000 years ago); thus they
occupied the entire New World as well as Eurasia and Africa and were rapidly di-
versifying. Products of this diversity frequently returned to their continent of origin.
Nowhere was this diversification more dramatically demonstrated than in the inva-
sions of North America, whose native canid fauna included only the coyote (Canis
latrans), a large extinct coyote relative (C. edwardii), and smaller foxes (Vulpes
macrotis, V. vetus, and Urocyon cinereoargenteus). In the invasion, North America
acquired the red fox (V. vulpes), the arctic fox (V. lagopus), and the gray wolf (C.
lupus), all immigrants from Eurasia. From time to time, large hypercarnivores of
Eurasian origin—such as C. armbrusteri, species of the extinct genus Xenocyon, and
species of the extant Asian dhole (Cuon)—appeared in midlatitude North America

south of the Pleistocene glaciers.

LEPTOCYON

The genus Leptocyon (from Greek leptos [slender] and cyon [dog]) includes 11 species,
all small animals weighing less than 2 kg. They are the most primitive canines. They
share features with the borophagines, which indicates that they are sister groups, and
they appear in the geological record at about the same time, in the early Oligocene
(34 Ma). Both subfamilies are characterized by lower carnassials (the first molar)
with a bicuspid talonid, but Leptocyon species had longer, lower jaws containing
simpler premolars separated by gaps (figure 3.24) rather than the large premolars
without gaps, as in the early borophagines such as Archaeocyon. The Leptocyon skull
and dentition were adapted to snatching small, quick-moving prey, whereas bo-
rophagines were capable of a more powerful killing bite. Fossils of Leptocyon species
show limited skeletal adaptations, but there are suggestions of relatively primitive
and more advanced foxlike forms and even of small, kit fox-like species that are the
smallest known canids (L. delicatus). Toward the end of their existence around 9 Ma,

one lineage began to resemble species of the extant fox, Vulpes (figure 3.25).



FIGURE 3.24
Leptocyon vafer
Skull and reconstructed head of Leptocyon vafer (9 Ma). Total length of skull: 11 cm.
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FIGURE 3.25
Leptocyon vafer

Life reconstruction of Leptocyon vafer. Reconstructed shoulder height: 25 cm.

VULPES

The foxes, placed mostly in the genus Vulpes (Latin for “fox”), are diverse, and some
are singled out in the nomenclature because of their unusual form (for example, the
large-eared fennec fox [Fennecus or Vulpes zerda (figure 3.26)] and the arctic fox
[Alopex lagopus or Vulpes lagopus]). They first occurred in North America in the late
Miocene (about 9 Ma). Two species expanded their range into eastern Asia in the
early Pliocene (4 Ma) to become the earliest members of a prodigious diversification
among Eurasian and African canids, which returned to North America during the
Pleistocene. Small species also modestly diversified in North America as well, but

their remains are curiously rare in fossil collections.

CERDOCYONINA

The canid fauna of South America appears to represent closely related members of
a phyletic group, the Cerdocyonina, the most diverse subtribe of canids to inhabit a
single continent at the present time (figure 3.27). The fossil record of this group is just
becoming known principally because its record in North America lies mostly in the
southern latitudes from the Gulf Coast and southwestern United States into north-
ern Mexico. The fossil record now available indicates that considerable differentia-
tion among genera of this group took place in this region prior to the emergence of
the Isthmus of Panama (about 3 Ma). Genera in North America before this event
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FIGURE 3.26
Fennec fox

The extant fennec fox (Vulpes zerda). Shoulder height: 22 cm.

were species of the crab-eating zorro (Cerdocyon; from Greek cerdos [wily] and cyon
[dog]), the long-legged maned wolf (Chrysocyon; from Greek chrysos [gold] and
cyon [dog]) (figure 3.28), and a wolf-size hypercarnivore called Theriodictis (from
Greek therion [beast] and dictis [eater]). These forms occur in various branches of
the South American canid phyletic tree, suggesting that other closely related groups
were also present, but their remains have not been discovered. South American fos-
sil records after access to the continent was established include most of the known

living species. The remains of additional extinct hypercarnivores are also present.

EUCYON

In the latest middle Miocene (10 Ma) of the western United States, a small canid
about the size of a jackal (15 kg) appeared that is placed in its own genus, Eucyon
(from Greek eu [primitive] and cyon [dog]), which phyletically stands between the
South American canines and the many species of Canis to follow. Among other fea-
tures characteristic of this group is the gradual increase in the size of the frontal
sinus, which lies between the nasal region and the brain within the dorsal part of the
skull. Eucyon has a frontal sinus like that of most South American canids, but not as



FIGURE 3.27
Bush dog
The extant bush dog (Speothos venaticus). Shoulder height: 25 cm.

FIGURE 3.28
Maned wolf
The extant maned wolf (Chrysocyon brachyurus). Shoulder height: 87 cm.
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FIGURE 3.29
Eucyon davisi

Life reconstruction of Eucyon davisi (5 Ma). Reconstructed shoulder height: 38 cm.

expanded as is usually found in Canis species of similar size. This feature seems to
be an adaptation for feeding as well as to the enlargement of the adult skull.

Eucyon has one geologically long-living species, E. davisi (figure 3.29), which ex-
isted during the late Miocene (7 Ma) in North America, when it joined a number of
North American mammals invading eastern Asia during the early Pliocene (around
6-5 Ma), such as E. zhoui (figure 3.30). It persisted into the middle Pliocene (3 Ma)
in Eurasia, a span of 3 million years. While in Eurasia, Eucyon underwent a modest
radiation of Asian species that extended across that continent. In North America,
Eucyon gave rise to Canis species at the close of the Miocene (6 Ma).

CANIS

Species that can be grouped in the genus Canis (Latin for “dog”) first appeared in the
late Miocene (6 Ma) in North America. Only a little larger than their ancestor Eu-
cyon davisi and similar to it, their remains have been found in deposits exposed in
the southwestern United States and adjacent Mexico. By the beginning of the Plio-
cene (5 Ma), a somewhat larger form, C. lepophagus, arose in the same region; by the
early Pleistocene (1 Ma), the living coyote (C. latrans) was present (figure 3.31). This
sequential occurrence in time with relatively minor changes in form but continued
improvement in structure of the skeleton (in particular, adaptations for feeding and
locomotion) is regarded as anagenetic change (linear progression of evolution with-
out branching into different lineages) rather than phylogenetic change, the latter



FIGURE 3.30
Eucyon zhoui
Skull and reconstructed head of Eucyon zhoui (4 Ma). Total length of skull: 17 cm.
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FIGURE 3.31
Coyote
The extant coyote (Canis latrans). Shoulder height: 50 cm.

being accompanied by lineage splitting, which led to greater diversity of form. Fos-
sils of a larger but still coyote-like species, C. edwardii, have been found in the later
Pliocene record, along with C. lepophagus, in the southwestern United States. They
may signify a phylogenetic event nearer the time of the former’s appearance.

During this time, the first major immigrant species in this genus, Canis arm-
brusteri, entered the North American record. It was a wolflike form, larger than
any native Canis species of the time. Large species of similar character are known
in the fossil record of northern China, and they may have contributed such an im-
migrant to North America. Canis armbrusteri persisted in North America until the
later Pleistocene, but in the middle part of that span (about 0.5 Ma), it gave rise in
the midcontinent to the dire wolf (C. dirus), the largest species known within the
genus (figures 3.32 and 3.33).

Typical of large Canis species, C. dirus has a hypercarnivorous dentition in which
the shearing contact between the upper and lower teeth is emphasized at the ex-
pense of the grinding functions present in most canids. Just prior to the appearance
of C. dirus, the continent was invaded by large and even more hypercarnivorous
species of the Old World genus Xenocyon, which played an important role in the
origin of the living dhole (Cuon) of Asia (figure 3.34) and the hunting dog (Lycaon)
of Africa (figure 3.35). In North America, Xenocyon species were always rare, al-
though equal in size to the native C. dirus. These immigrants were presumably no
match in competition with the dire wolf because they had only a short existence in
North America.



WHO IS WHO IN THE DOG FAMILY - 61

FIGURE 3.32
Dire wolf

Life reconstruction of the dire wolf (Canis dirus) (20,000 years ago). Reconstructed shoulder height: 77 cm.

The dire wolf spread into South America and generally across North America
south of the Pleistocene glaciers blanketing the north of the continent. It may have
become a llama specialist in its early evolution in North America and followed these
camels into South America. Llamas in the past were more abundant in lowland
pampas or alpine grassland environments of more temperate southernmost South
America (as they are today). This region is where most dire wolf remains are found.
Elsewhere in the continent, large cats and the more wolflike cerdocyonine canids
would have competed with them.

After the end of the most recent glacial period (the past 30,000 years), a major
climate change marked by glacial retreat and warming of high latitudes took place
across the world. It was extensive enough to melt the glacial barrier across northern
Canada, allowing mammals that inhabited arctic latitudes to extend their ranges to
the south. This event changed the composition of the midlatitude mammalian fauna
of North America, which was then invaded by Eurasian species. Along with the elk,
caribou, mountain sheep, goats, and bison came their major predator, the gray wolf
(Canis lupus) (figure 3.36). Most of these animals, including the wolf, had been in-
habitants of arctic North America for much of the previous million years. All had un-
dergone their major evolution in the Arctic, which then included Eurasia, eastward
through Beringia, and across northernmost Canada into the Canadian arctic islands

and perhaps into Greenland, a nearly globe-girdling range. Preferring arctic environ-



FIGURE 3.33
Dire wolf
Skull and reconstructed head of the dire wolf (Canis dirus). Total length of skull: 30 cm.



FIGURE 3.34
Dhole
The extant Asian dhole (Cuon alpinus). Shoulder height: 50 cm.

FIGURE 3.35
African hunting dog
The extant African hunting dog (Lycaon pictus). Shoulder height: 75 cm.
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FIGURE 3.36
Gray wolf
The extant gray wolf (Canis lupus). Shoulder height: 75 cm.

ments, this fauna had wandered south very little in the previous glacial cycles, but
conditions were finally favorable for an invasion of midcontinental North America.

The consequence of this invasion to canid history was significant. The northern
immigrants included the red fox (Vulpes vulpes), the gray wolf (Canis lupus), and a
large dhole species (Cuon alpinus fossilis), a surprising immigrant known from only
a single site in the mountains of Gulf Coastal Mexico. Dholes (C. alpinus) still range
into mountains along the southeastern margin of arctic Asia, hinting at the environ-
ments that enabled their spread into the New World (see figure 3.34).

The fossil record in the tar sands of Rancho la Brea in Los Angeles, California,
shows the coexistence of the dire wolf and the gray wolf about 10,000 years ago;
the dire wolf became extinct after that. Because the gray wolf did not live in South
America (as far as we know), it was not a direct factor in the extinction of the dire
wolf there, which seems to have been nearly coincident with its extinction in North
America. The wolf’s invasion of North America did not involve great disruption of
the coyote’s range; there was little overlap in predation because these species differ
in size, socialization, and hence prey choice. Genetic work (Wayne and Jenks 1991)
suggests that the coyote and the wolf may interbreed under certain conditions and
produce viable offspring. Such interbreeding may have happened more frequently
after the occupation of North America by Eurasian canids, which was devastating
to eastern wolf populations, leading to their extinction or their merger with more
successful coyotes. In Robert K. Wayne and S. M. Jenks’s view, the red wolf (Canis
rufus) of eastern North America may have arisen from coyote-wolf interbreeding
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FIGURE 3.37
Red wolf
The extant red wolf (Canis rufus). Shoulder height: 65 cm.

along the boundary of the two species’ range (figure 3.37). This boundary has been
moving westward into the midcontinent after nearly three centuries of the constant
culling of wolves. In this hypothesis, the red wolf is the product of a stress-initiated
merging of two species whose lineages were separated geographically and tempo-
rally for more than 4 million years. A recent genetic reappraisal of populations of
wolves from eastern Canada (Wilson et al. 2000) suggests that these animals (C.
lycaon) represent another genotype not closely related to C. lupus, but perhaps to C.
rufus and C. latrans. These animals thus formed a North American lineage separat-
ed from the true wolves (C. lupus), which invaded midcontinental North America at
the end of the Pleistocene (0.01 Ma).

Is the Domestic Dog a Distinct Species?

By and large, domestic dogs have been treated either as a species of their own, Canis
familiaris, or as a subspecies of the gray wolf, C. lupus familiaris. In 1758, the Swed-
ish botanist and taxonomist Carol Linnaeus, founding father of modern biologi-
cal classification, formally proposed the name Canis familiaris for the species and
Lupus as a separate genus (now combined into Canis lupus) in his now famous vol-
ume Systema naturae. The Linnaean binomial classification carried no evolutionary
connotation. The fact that Linnaeus placed the dog and the wolf in separate genera
(Canis and Lupus, respectively) perhaps implies that he did not think of any connec-

tion between the two beside their morphological similarities.
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The concept of species is a difficult issue fraught with intricate philosophical and
practical problems. Theorists who keep track of such matters can count up to 20 dif-
ferent ways of defining species. Although we will not attempt to elaborate on all of
them, we single out two popular definitions that serve to illustrate the difficulties we
face in determining the classification of domestic dogs.

One of the most common views of species is the biological species concept, de-
fined by renowned taxonomist and evolutionary theorist Ernest Mayr as “groups of
interbreeding natural populations that are reproductively isolated from other such
groups” (1969:26). As explained in many textbooks, this concept is predicated on
the species barriers set up by reproductive isolation. In the case of domestic dogs,
the question becomes whether or not dogs can interbreed with the gray wolf or, for
that matter, with other species of Canis and, if so, whether their offspring would be
viable. This is where the definition of species becomes messy because almost all dogs
can and, given the opportunity, do occasionally interbreed with wolves. Therefore,
a strict application of the reproductive criterion often leads to the conclusion that
dogs can warrant no more than a subspecies recognition. Biologists who subscribe
to the biological species concept tend to call domestic dogs Canis lupus familiaris,
as designated by W. Christopher Wozencraft (1993) in the widely used compilation
Mammal Species of the World.

A subspecies is equivalent to a race or a variety, and in mammalian taxonomy
it usually corresponds to some kind of geographically distinct entity. For example,
Canis lupus occidentalis refers to gray wolves that occupy western Canada and the
northwestern United States, whereas C. lupus lupus is a race distributed in much of
the middle latitudes of Eurasia. The number of geographic subspecies varies widely
according to different specialists. E. Raymond Hall (1981) recognized as many as 24
North American subspecies of Canis, whereas Ronald M. Nowak (1979) recognized
only five for the same region. Although all domestic dogs broadly overlap with gray
wolves in their distribution, one can argue that dogs stay in human homes, whereas
wolves stay in the wild—thus there is a “geographic” separation between dogs and
wolves, somewhat similar to the separation of wild species by microhabitats. Crit-
ics who argue against a subspecific designation insist that reproductive barriers are
not necessarily physical and that behavioral barriers (reluctance for populations to
interbreed) are sufficient to mark distinct species. Such an argument brings us to a
different way of looking at species.

An alternative view of species loosely called the evolutionary species concept al-
lows the fact that when populations begin to diverge from each other, regardless
of their reproductive potentials, they embark on different evolutionary trajectories.
As long as two populations are on different evolutionary pathways leading to their
respective descendant lineages, speciation has by definition occurred. Such a species

concept has the advantage of doing away with such highly subjective and sometimes
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speculative measures as genetic or morphological differences (how much popula-
tions differ before we start to call them distinct species) and reproductive isolation
(difficult and often impossible to ascertain, especially under natural conditions). In
the case of dogs, one can argue that once they became associated with humans, they
evolutionarily embarked on their own path, distinct from that of the wolves, and
thus should be called a species of their own.

Raymond Coppinger and Lorna Coppinger (2001) argue that ecological separa-
tion among wolves, coyotes, jackals, and dogs is the key. Dogs have an obligatory
symbiotic relationship with humans, a unique association that no other canines have.
Yes, dogs occasionally breed with wolves, coyotes, and jackals, but their offspring
are often intermediate in morphology and cannot compete with the “pure” forms;
in other words, the hybrid is not really viable. In this sense, reproductive isolation
is achieved at least in spirit, if not by strict biological barriers. (In this context, we
need to keep in mind the distinction between domestication and taming. An animal
is domesticated if it gives birth to offspring that are domestics, so the domestication
is self-perpetuating. In contrast, taming occurs when wild animals are captured and
then used for human purposes; in this situation, new captures are needed to replen-
ish the tamed herds.) The Coppingers thus strongly argue that dogs are a distinct
species, but they also point out that dogs represent a product of a “distinct evolution-
ary event,” thus invoking, perhaps unwittingly, the evolutionary species concept.

If the biology/evolution controversy is not confusing enough, a further complica-
tion in the scientific name of dogs is that biological classification is intended to be
a system that reflects some fundamental order of the natural world, as succinctly
captured by Linnaeus’s book title: Systema naturae. Most dog breeds, however, have
been heavily selected (bred) by humans. This high degree of artificial selection did
not occur in a “natural” world, and what we have created cannot be a natural prod-
uct. Can we still use the biological classification for an artificial product? However,
if dogs domesticated themselves (at least initially), as some argue (chapter 8), then
the dog-human association is truly a natural result of symbiosis. In the latter case, a
distinct species name might be warranted.

In evaluating all these options, one should keep in mind that biological classifica-
tion often contains an element of judgment. Most taxonomists agree that classifica-
tions should be a close reflection of evolutionary relationships. But most of our no-
tions of evolutionary relationships fall in the realm of historical hypotheses. If dog
classifications reflect different ideas of the origin of dogs, then the controversies will
justifiably continue. As vertebrate paleontologists, we prefer to use the subspecific
designation Canis lupus familiaris, which captures the wolf-dog relationship. For
other domestic animals, if the wild ancestors are known, the domestics are usually
not given distinct species status; for example, in the case of the pig (Sus scrofa), the

domestic pig is designated Sus scrofa domestica.






ANATOMY AND
FUNCTION

MUCH OF THE CANIDS FOSSIL RECORD is preserved in the form of bones
and teeth. Thus a great deal of anatomical information is lost during fossilization, a
process that turns the bones and teeth into something similar in properties to the
surrounding rocks and that destroys much of the soft tissues, including muscles,
skin, and internal organs. However, fossil bones and teeth fortunately preserve a large
amount of anatomical and biochemical information that is extremely valuable in de-
termining an animal’s anatomy, physiology, and, to a certain extent, behavior (figure
4.1). For example, limb bones, an essential component of all mammals’ skeletons, can
tell us much about the precise configuration of the limbs, which are important in
deducing the animal’s body weight and locomotion repertoire (the ways in which it
walked, ran, climbed, or swam). Most skeleton bones also preserve traces of muscle
attachments in the form of ridges, crests, and other superficial features that are the
basis for the reconstruction of musculature in fossil animals. Starting with such solid
information—the fossil evidence—paleontological artists are able to add layers of
soft tissue over the skeletal frame in order to re-create an animal’s appearance in life.
All the illustrations of extinct mammals in this book were created using a detailed
methodology based on skeletal morphology as the starting point for the restora-
tion of unpreserved attributes (figure 4.2). Skull bones also preserve clues about the
neural organs (the brain and nervous system) and the sensory organs (for hearing,
smelling, and seeing). As part of the food ingestion system, skulls and jaws are also
very informative regarding how food was procured and processed (figure 4.3).
When the dietary habits of an extinct carnivoran are studied, however, fossil
teeth are the single greatest source of information. To gain an appreciation of the
evolutionary history of the canids, one has to begin with some knowledge of the
anatomical terms for teeth and bones, which are predominantly the stuff preserved

in fossils.
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FIGURE 4.1
Gray wolf

Skeleton of the European gray wolf (Canis lupus), with labels showing key anatomical features.

Teeth

DENTAL FORMULA

Among carnivorans, canids have the most conservative (least-modified) teeth, with
a bilateral complement of teeth divided into three upper and lower incisors, one
upper and lower canine, four upper and lower premolars, two to three upper mo-
lars, and three lower molars. With the exception of supernumery teeth in animals
such as the bat-eared fox (Otocyon), which grows an extra molar, and extreme cases
such as dolphins, which have many more teeth than other mammals, a reduction in
the number of teeth has occurred in mammals through evolution in various ways.
Paleontologists have devised a system of dental formulas to express the number of
teeth in shorthand, such as 3143/3143: the number to the left of the slash represents
upper dentition (three incisors, one canine, four premolars, and three molars), and
the number to the right denotes lower dentition. The numbers indicate only one
side of the jaw, and the number for a full complement of teeth in the mouth must
double the dental formula. With the exception of the bear family (Ursidae), the ex-
tinct bear dog family (Amphicyonidae), and the Canidae, all other modern families

of carnivorans have had fewer teeth (that is, a reduced dental formula) over time,
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FIGURE 4.2
Dire wolf

Step-by-step reconstruction of the dire wolf (Canis dirus), based on fossils from the late Pleistocene (20,000
years ago) of Rancho la Brea. Top, skeleton; top center, deep muscles; bottom center, superficial muscles; bot-
tom, life appearance. The deep muscle layer is inferred largely from the direct observation of attachment areas
on the bones. More superficial layers of tissue require a higher level of inference, and reference to modern
related species is important.

with the cat family (Felidae) in the extreme end of the spectrum: 3121/3121. These
reductions in the number of teeth are usually indications of specialized diets mov-
ing toward hypercarnivory. Another useful shorthand is the designation of an indi-
vidual tooth by a combination of a letter—incisor (I or i), canine (C or c), premolar



Molars

Incisors

FIGURE 4.3

Gray wolf

Top, skull and mandible of the gray wolf (Canis lupus) in lateral view; bottom, skull in palatal view, with the
tooth positions labeled.
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(P or p), and molar (M or m)—and a number (counted from front to back). Thus
the entire dentition of a canid can be expressed as I1, I2, I3, C1, P1, P2, P3, P4, M1,
and M2 in the upper jaw and i1, i2, i3, c1, p1, p2, p3, p4, mi1, m2, and m3 in the lower
jaw (see figure 4.3).

INCISORS

The incisors are the three small, neatly packed teeth with a flat cutting edge in front
of the jaw, those that are clearly visible in front view when an animal opens its
mouth. Incisors are rooted in the frontmost part of the jaws—in the premaxillary
bone of the upper jaw and the dentary bone (frontmost tip) of the lower jaw. On
close examination, there is usually one main cusp on the incisors and two smaller
cusps flanking either side (one must make sure to look for these features in a rela-
tively young individual because they are obliterated as the teeth are worn down in
older individuals). One of the defining features of the borophagine canids is their

possession of one to three small cusps on the side of the upper third incisor.

CANINES

The canines are the fanglike teeth that deliver the killing bites, and carnivorans
display their canines for maximum effect in a threatening posture. All canids have
prominent canine teeth—which fittingly bear the name of the dog family—in each
jaw, and they are found in nearly all mammals (even humans have them, but they
are reduced in size and look very much like incisors). The upper canines are techni-
cally located at the suture zone of the premaxillary and maxillary bones in the upper
jaw and shear with the lower canines, which are slightly in front. In canids, the size
of canine teeth tends to be somewhat variable between the sexes. Male canids of
fox- to wolf-size species usually have canines that are 3 to 6 percent larger than the
females’ canines (Gittleman and Van Valkenburgh 1997).

PREMOLARS

The premolars are the teeth between the canines and the molars. In canids, with
the exception of the upper fourth premolar (see “Carnassials”), the premolars are
formed by a tall main cusp and one or two smaller accessory cusps in front of and
behind the main cusp. As do the incisors and canines, the premolars consist of two
sets: the deciduous (or milk) premolars and permanent premolars. The last decidu-
ous premolars often look quite similar to the molars, but the permanent premolars
adopt a radically different construction. Canid premolars tend to be stable in most
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lineages, but among taxa that evolved a bone-crushing adaptation, the premolars
(particularly those of the rear end of the series, including the upper carnassials) can
be substantially enlarged to become the bone-cracking teeth. Such an adaptation
is most obvious in some lineages of the borophagines and, to a lesser extent, the

hesperocyonines.

MOLARS

The molars (from Latin mola [mill, millstone]) are the backmost series of teeth.
They differ from the premolars in their lack of a deciduous precursor; that is, per-
manent molars emerge without milk teeth having preceded them. In canids, with
the exception of the lower first molar (see “Carnassials”), the molars are formed by a
low platform with a series of low cusps closely aligned with each other on the crown
surface. These small cusps occlude with each other, so the upper and lower molars
function like a millstone. These grindstone-like teeth are commonly well developed
in canids (but not as extremely developed as in ursids), and they permit flexibility
in a canid diet that mixes meat with vegetable matter and insects. The relative size of

the molars is an excellent indicator of the diversity of an animal’s diet.

CARNASSIALS

A specific pair of teeth is very important in defining the order Carnivora: the carnas-
sials, specifically the upper fourth premolar and the lower first molar, which func-
tion as the main teeth for cutting the muscles and tendons of killed prey. The carnas-
sials are specially modified in all carnivorans to form a pair of shearing blades that
act like scissors. This scissorlike carnassial pair was the most definitive adaptation
of the ancestral carnivorans and has been passed down to all descendant lineages.
Therefore, the order Carnivora is literally defined by its members’ common posses-
sion of a pair of carnassial teeth. In canids, the carnassials are usually well developed

enough to handle most of the meat-cutting requirements.

Hypercarnivory Versus Hypocarnivory

The concept of dental adaptation is very important. In 1956, Spanish vertebrate
paleontologists Miguel Crusafont-Pairé and Jaime Truyols-Santonja published
an insightful study of carnivoran functional morphology in which they catego-
rized carnivorans into hypercarnivores and hypocarnivores based on their dental
morphology.
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A hypercarnivore is an animal that has elongated the shearing blade of the car-
nassial teeth at the expense of the grinding part of the dentition (usually molars).
The most extreme example of a hypercarnivore is the cat, whose teeth essentially
include only the shearing part of the dentition—a pair of long, thin-bladed carnassi-
als—with the grinding part (molars) behind the carnassials being strongly reduced
in size (figure 4.4). Such a hypercarnivorous adaptation is thought to be related to a
diet that is made up almost exclusively of meat.

In contrast, a hypocarnivore is an animal that has shortened the shearing blade
of the carnassial teeth and enlarged the grinding part of the dentition behind the
carnassials. The most extreme example of a hypocarnivore is the bear, in which the
shearing part of the carnassial teeth is radically reduced and the grinding parts of
the molars are extremely broadened (figure 4.5). A hypocarnivore tends to have a far
more varied diet that includes meat, insects, fruits, and roots. In the most extreme
case of hypocarnivory, the giant panda (Ailuropoda melanoleuca), which is an ursid,
has become a dedicated bamboo eater.

In between these two extremes, most of the carnivorans, including the majority
of the canids, have teeth that are neither extremely hypercarnivorous nor particu-
larly hypocarnivorous. We call these intermediate forms mesocarnivores (from Latin
meso [middle]). In this book, when we discuss hypercarnivorous canids, we refer to
canids that have relatively more elongated dental shearing blades and at the same
time a relatively reduced grinding part of the dentition, even though these canids
are by no means in the same league as the cats in terms of dental specialization (fig-
ure 4.6). Likewise, we refer to canids in which the opposite trend has occurred as
hypocarnivorous (figure 4.7). But here again, canid hypocarnivory is by no means as

extreme as ursid hypocarnivory.

Skulls, Jaws, and Teeth as Indicators of Diet

An important fact of vertebrate paleontology is that dental morphology is highly
sensitive to a mammal’s diet. Such a close association between the shape of teeth and
the diversity of diet permits paleontologists to learn much about what extinct ani-
mals ate. The teeth of canids have changed flexibly toward either hypercarnivory or
hypocarnivory during their evolutionary history, which is probably one of the most
important reasons for their success as a group in adapting to fast-changing environ-
ments. Because of their relatively conservative, unspecialized dentition, ancestral
canids (such as Hesperocyon, Archaeocyon, and Leptocyon [chapter 3]) were appar-
ently free to evolve toward either hypercarnivory or hypocarnivory, capitalizing on
new opportunities that arose from time to time.



Carnassials

Carnassial

FIGURE 4.4
Leopard

Skull of a typical hypercarnivore, the leopard (Panthera pardus; family Felidae). The cheek teeth in front of and
behind the carnassials are either reduced or lost, and the carnassials themselves are narrow, bladelike teeth.



FIGURE 4.5
Cave bear

Skull of a typical hypocarnivore, the cave bear (Ursus spelaeus; family Ursidae). The premolars are reduced or
lost, the molars are large and broad, and the carnassials are broadened.
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Carnassials

FIGURE 4.6
African hunting dog

Top, skull and mandible of a hypercarnivorous dog, the extant African hunting dog (Lycaon pictus); bottom,
detailed occlusal view of the upper-right dentition. Notice the long, bladelike carnassials.

The vertebrate skull serves the all-important function of protecting the brain.
However, if protection of the brain were the skull’s only function, then there would
be no need for variety in skull shape because a rounded, hard-shelled braincase
would be all that any vertebrate needed to shield the brain adequately against com-
mon, self-inflicted mechanical damage (as opposed to damage inflicted by preda-
tors, which is a different matter). The fact that vertebrate skulls do vary substantially
from group to group implies that some other factor is also at play. That factor is
often related to food processing.
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FIGURE 4.7
Cynarctus

Top, skull and mandible of the hypocarnivorous canid Cynarctus (10 Ma); bottom, detailed occlusal view of
the upper-right dentition. Notice the relatively small carnassials and the enlarged, broad molars, as well as the
extra cusps along the side of the upper third incisor.

As the location of initial food ingestion and mechanical processing, the skull and
lower jaw are perhaps the most critical devices in meeting the demands of food
intake. For carnivorans, the skull and jaws also aid in the all-important function of
killing prey, and it is this function that often defines the overall skull shape in car-
nivorans. One of the most variable and, by implication, evolutionarily most selected
features is the length of the muzzle, or rostrum. It is easy to see differences in this
feature among cats and dogs. In general, cats have a much shorter rostrum than do
dogs, and this evolutionary divergence can be traced to the very beginning of both
families.

LENGTH OF ROSTRUM

Over time from their viverravid beginning, feliform carnivorans have evolved a pro-
gressively shorter rostrum. This shortening is associated with the reduction and loss
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of the anterior premolars (usually first and second premolars) and of the posterior
molars (usually second and third molars). The net effect of this shortened rostrum
is more posteriorly positioned incisors, canines, and premolars. With the movement
of these teeth backward, a more powerful bite was achieved with the same muscles.
Such an arrangement is not difficult to understand. When we humans try to crack
a hard nut, for example, we tend to place it farther back in our mouths toward the
molars, where our temporalis and masseter muscles (the main muscles for closing
the mouth) can exert their maximum strength.

The biomechanical principle behind this arrangement is a simple leverage system.
Mammalian jaws are anchored on the posterior tip, and this anchoring point (the
mandibular condyle) acts as a hinge around which the jaws rotate (as in the common
phrase “His jaw dropped”) (figure 4.8). The temporalis and masseter muscles, the
main musculature for closing the jaws, are inserted in and around a deeply pocketed
area called the masseteric fossa on the ascending ramus (vertical beam rising behind
the last molar) of the jaws. The masseteric fossa is always in front of (anterior to) the
hinge point, and contractions of the temporalis and masseter muscles acting on the
masseteric fossa pull the jaws upward and forward. In such a leverage system, ev-
erything else being equal, the closer a food item is to the mandibular condyle (that
is, the more posteriorly located the item is), the more powerful a bite on the item
would be. Because the killing bite by a carnivoran is almost always delivered by the
canine teeth, which are located toward the front tip of the upper and lower jaws, the
shortening of jaws can be an effective mechanism in bringing the canines closer to
the mandibular condyle, thereby increasing the power of the bite.

As noted, caniform carnivorans have remained conservative in their cranial mor-
phology from the very beginning. Canids inherited this conservative plan and so
started out with an unreduced set of teeth. To accommodate the full dentition, the
rostrum is relatively long, with the incisors and canines positioned more forward.
From this ancestral condition of a relatively long rostrum, canids were flexible
enough to be able to evolve toward either a shortened rostrum or a more length-
ened rostrum. Hypercarnivorous forms tended to acquire a shorter rostrum, paral-
leling the condition in cats, and a short rostrum can be seen in several groups of the
hesperocyonines and borophagines, although neither ever achieved the extremely
shortened jaws seen in the felids (figure 4.9). In the subfamily Caninae, however, a
lengthening of the rostrum is evident from the very beginning of the lineage (Lep-
tocyon), and this feature was passed down to all its descendants. A long rostrum
increases the area of the nasal cavity (see “Turbinates”) and presumably enhances
olfactory functions. Dogs are thus more smell oriented than cats, which are more
vision oriented. A lengthening of the rostrum is sometimes also found in mammals
that are ant or termite eaters because they use the added length of the rostrum and

tongue to reach into narrow spaces. We may speculate about the food habits of early
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FIGURE 4.8
Gray wolf

Skull, mandible, and principal jaw-adductor muscles of the gray wolf (Canis lupus). Top, skull and mandible
showing the position of the ascending ramus of the mandible, the masseteric fossa, and the mandibular con-
dyle, which is the hinge around which the jaw rotates; center, the temporalis muscle attaches to the top and
anterior margin of the ascending ramus of the mandible, and the main direction of its pull (large arrow) is
upward and backward; bottom, the insertion of the masseter muscle occupies much of the masseteric fossa,
and the main direction of its pull (large arrow) is upward and forward. The force transmitted to the teeth by
the contraction of these muscles is greater if the teeth are located closer to the hinge of rotation. Consequently,
the shorter a carnivore’s muzzle, the greater the force exerted at the canine tips during the bite.
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Wear facet on P4

FIGURE 4.9
Borophagus

Skull and dentition of a bone-cracking dog, Borophagus. Notice the shortened rostrum, domed forehead,
strengthened mandible, and robust teeth, especially the lower fourth premolar (p4). The upper carnassial (P4)
shows horizontal wear associated with bone cracking.

canine progenitors that may have been more insectivorous in their diet, but so far
there is little evidence to confirm such speculation.
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STRENGTH OF JAW

The strength (or the cross-section area) of the jaws is another important factor in
their mechanical capabilities. A shorter jaw is generally optimally suited for deliver-
ing a powerful bite. Although canid jaws have probably never been as powerful as
felid jaws, the less powerful jaws in canids must have been more or less adequate
as killing devices, judging from the canids’ success over a very long period of time.
However, for those lineages that evolved bone-cracking dentitions, the jaws had to
be strengthened in order to cope with the added stress. Thus it is in these lineag-
es—such as Enhydrocyon, Aelurodon, and Borophagus—that the jaws became more

massive, with a thickened horizontal ramus (see figure 4.9).

DOME OF HEAD AND FRONTAL SINUS

Hypercarnivorous forms, such as felids, generally have a shortened rostrum and a
rather arched skull top as a result of an inflated forehead area. On a lateral (side)
view, this arching can be seen as an upward swell of the skullcap above the eyes.
Such a domed head may offer some advantages in its reinforcement of the bony
structures that anchor the canine teeth. It is seen in all felids and, to a lesser extent,
in hyaenids (except for the ant-eating aardwolf [Proteles cristatus]).

Large, hypercarnivorous canid species also tend to have enlarged foreheads. This
shape is accomplished by inflation of the frontal sinuses, or the air spaces beneath
the frontal bones. Through the expansion of the frontal sinuses, particularly by the
upward swelling of the frontal bones, the head often displays a prominent dome in
profile view. In extreme cases, the frontal sinus is extended backward toward the
back tip (inion) of the skull, as seen in Borophagus diversidens, and, as a result, a
large air space exists between the braincase and the parietal bones above it. Swedish
vertebrate paleontologist Lars Werdelin (1989) has postulated that such a domed
head in bone-cracking canids and hyaenids serves to transmit the great stresses of
the premolars to the back of the skull, thereby reducing the bending stress of the

rostrum (see figure 4.9).

Ear Bones

Bones in the ear region are the most intricate of the internal skeletal systems in
mammals. Modern carnivorans typically have a hard-shelled, rounded bony hous-
ing in the head called the tympanic bulla, which, together with the tympanic mem-
brane, holds three tiny ear ossicles (malleus, incus, and stapes) inside. Such a fully

ossified enclosure of the middle-ear space is lacking only in the highly conservative
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African palm civet (Nandinia), which is a basal feliform distantly ancestral to all liv-
ing catlike carnivorans, such as felids and hyaenids. The tympanic bulla in the palm
civet is still partially formed by soft, cartilaginous tissue. A cartilaginous bulla is ap-
parently the ancestral condition for all carnivorans. Indeed, all archaic carnivorans,
such as miacids, lacked a bony bulla, and their fossil representatives always have a
naked ear region without bony cover (it is possible that some of the early carniv-
orans may have had partially ossified bullae, but the bullae are not preserved in the
fossil record because they were easily separated from the skull or destroyed during
fossilization).

Canids were the first among living families of carnivorans to evolve an ossified
bulla. From the very beginning, Prohesperocyon sported a hard-shelled tympanic
bulla. Furthermore, all canid bullae are partially partitioned by a ridgelike structure
called a semiseptum, which seems to work as a strut to reinforce the structural integ-
rity of the bulla rather than to divide the bulla space. Felids, in contrast, have a full
septum that divides the bulla into front and back chambers. Whatever the function
of the septum, such a structural difference between canids and felids is a convenient
way to distinguish these two families when the ear region is preserved in fossil ma-
terials (figure 4.10).

A rigid bony housing for the middle-ear space not only protects the delicate ear
ossicles in their intricate linkage for sound transmission, but also maintains a fixed
volume of air undisturbed by jaw movements (figure 4.11). Some jaw muscles are at-
tached to the bulla, and when in motion, they would deform the bulla if it were flex-
ibly constructed of cartilage; such a disturbance is probably not desirable because
of its interference with hearing. The size of the bulla housing and thus the volume
of air inside are optimized toward the hearing characteristics of a particular animal.
A conspicuously enlarged bulla is present in the fennec fox (Vulpes zerda), of the
Sahara and Arabian deserts, which also possesses a greatly enlarged external ear
(pinna). A larger volume of air in the bulla appears to be related to the enhancement
of low-frequency hearing (just as a larger audio speaker can resonate better for base
notes). Enhanced low-frequency hearing in an open, desert environment has appar-
ently been of adaptive value to the fennec fox.

Otarocyon, a basal borophagine canid from the early Oligocene (34 Ma) of west-
ern North America, also developed a strikingly large bulla for its small size (chapter
3; see figure 3.13). This extraordinary structure poses a tantalizing question: Why
was such a big ear developed in the beginning of canid evolution? Was it in response
to a more open, grassy landscape in the early Oligocene, as opposed to a closed,
wooded environment in the Eocene (55 to 35 Ma)? Alternatively, could Otarocyon
have hunted prey such as rodents and invertebrates in burrows by listening to the

low-frequency sounds transmitted through the earth?
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Septum bullae

FIGURE 4.10
Comparison of canid and felid skulls

Ventral views of a canid skull (left) and a felid skull (right), with the auditory region highlighted. The bulla has
been dissected to show the inner structure, with the dividing wall, or septum.

Turbinates

Modern dogs are famously known for their acute sense of smell; people marvel at
rescue dogs and at the ability of sniftf dogs to detect trace chemicals that are com-
pletely beyond detection by humans. What is not well known by the general public,
however, is that the canid nasal cavity features an elaborate set of bones called tur-
binates, which are associated with odor detection and breathing (figure 4.12). Turbi-
nate bones are delicate, paper-thin scrolls of bony tissue that are outgrowths of the
inner walls of the nasal passage (including the maxillary, nasal, and ethmoid bones).
The ethmoturbinates are covered mostly by olfactory epithelium, or thin layers of
skinlike tissue exposed to the air passageway and packed full of olfactory receptor
neurons that transmit the sensing of an odor to the olfactory bulb of the forebrain.
Heightened olfactory sensitivity is actually a characteristic of all mammals, and thus
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FIGURE 4.11
Anatomy of a canid ear

Ventral view of a coyote skull showing right auditory bulla (top); the rectangle across the bulla indicates the lo-
cation of the transverse cross sectional view (bottom). The cross section (modified after Evans and Christensen
[1979:fig. 19.3]) shows the relationship of the outer-, middle-, and inner-ear regions and three ear ossicles.

the keen sense of smell in canids is inherited from its mammalian ancestors (the
relatively obtuse sense of smell in humans is probably a reflection of our increased
reliance on our optical senses, such as color and stereo vision).

Maxilloturbinates and nasoturbinates are covered by respiratory epithelium, a
vascular mucous membrane over which the inspired air passes. These turbinates

function mainly to warm and moisten the air during inspiration and to conserve
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Turbinates

FIGURE 4.12
Red fox

Frontal view of the skull of an extant red fox (Vulpes vulpes), showing the turbinates inside the nasal cavity.

heat and water during expiration. On inspiration, the relatively cool and dry incom-
ing air is warmed and saturated with water moisture as it passes over the moist,
warm vascular maxilloturbinates. On expiration, the process reverses: warm and
saturated air passes back through the just-cooled maxilloturbinates, helping to con-
dense water onto their surface and thereby conserving water for the next breathing
cycle. Some studies have suggested that as much as 8o percent of the heat and mois-
ture are retained in the turbinates during expiration through the nose. In canids,
the maxilloturbinates, the principal site for heat and moisture exchange, are greatly
expanded. The complex and delicate scrolls of maxilloturbinates create an increased
surface area within a confined space inside the nasal cavity, thereby increasing the
efficiency of heat and water exchange. Such a complex of turbinates may have adap-
tive values for arid or cold environments, or both, although the size of the turbinates
in canids does not strictly reflect the temperature and aridity of their environments.
It is nonetheless interesting to speculate on the advantage of an elaborate maxil-
loturbinate system in arctic canids, such as arctic wolves and foxes, which have the
widest distribution among any carnivorans in the vast frozen terrain in northern
Eurasia and North America. The arctic faunal realm was an important component
in canine evolution in the late Cenozoic (3 Ma) (chapter 6), and canines’ turbinates
in this era may have played a key role in their survival in this harsh environment.
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The complexity of canid turbinates is demonstrated in a third purpose for them:
the cooling of the blood in the brain. Heat exchange on the maxilloturbinate sur-
faces cools the blood that supplies the brain via the heart, a process similar to pant-
ing in hot weather. In contrast, felids have a countercurrent heat-exchange mecha-
nism that serves to cool arterial blood by immersing arteries within a venous sac
called the rete mirabile, which is hidden behind the eyeballs. Maintaining a brain
temperature cooler than the core body temperature during high physical exertion
is important to all warm-blooded mammals that live in hot climates. Canids are
capable of prolonged chases, in contrast to the common ambush predation of felids,
and complex turbinates may well have played an important role in enabling this
predatory strategy.

Canid maxilloturbinates thus appear to be valuable in both cold and hot climates,
which may explain why the sizes of the turbinates in different species of canid do
not strictly correlate with the environmental temperature. A large, complex maxil-
loturbinate system may be adaptive in either situation. It also explains canids’ long
noses in contrast to felids’ short noses.

Bone Cracking

Although most of us tend to dismiss the bones on our dinner table as nothing more
than a hindrance in our consumption of meat, bones are a source of high-value
nutrition in the form of marrow. The center of a hollow long bone (usually vari-
ous limb bones) is filled with yellow marrow, a fatty substance rich in protein and
monounsaturated fats (many cultures use bones for flavoring in cooking because
of this internal content). However, the bones themselves also contain an elaborate
meshwork of calcium phosphate, and this same sturdy skeleton, built to withstand
powerful exertion, is extremely tough to crack. Consequently, not all carnivorans
can make use of bone marrow when they consume their prey.

To get at the nutritious marrow, one has to crack open the long bones, which
commonly are the hardest bones in the entire skeleton because they bear an animal’s
full weight. With the exception of some sea otters that use stones to crack shells,
most carnivorans have to crack such bones with their own teeth if they desire what
is inside the bones.

Teeth are the hardest biological materials produced in mammals because of the
white shiny substance, called enamel, that coats the main body of the tooth (the
crown). Made of a crystalline form of calcium phosphate, enamel is harder than bone.
However, having a harder substance on the teeth is not enough to handle the bones.
Teeth must be sufficiently massive to avoid being shattered during feeding. They also
must be situated at the right location to deliver maximum pressure, and there must be
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a suitable musculature and jaw architecture to withstand the massive strain generated
during bone cracking. The best example of such a bone-cracking adaptation is seen in
the modern spotted hyena (Crocuta crocuta) of the African savannas. The animal has
a massive jaw fitted with extremely robust premolars whose crowns are shaped like a
short bullet up to 0.5 inch in diameter (figure 4.13). Because of the reduced number of
molars in hyaenids, the premolars are located farther back to allow the best leverage
during a bite. Feeding by modern hyenas is perhaps the most efficient of any carniv-
orans. A pack of hungry hyenas can quickly consume a carcass in a matter of min-
utes, leaving nothing behind, including the bones. The crushed bones will go through
the hyenas’ digestive system and ultimately be excreted as small fragments.

To strengthen the bone-cracking teeth, the enamel’s microstructure is aligned to
form a highly elaborate system of Hunter-Schreger Bands (HSB). The enamel in the
HSB is woven in a pattern of crisscrossing crystalline fibers that stop cracks when
they begin to develop due to high stress, much like a densely woven cloth can resist
stress in all directions. Under high magnification (such as using a scanning elec-
tronic microscope), the enamel in bone-cracking teeth can be seen to form a zigzag
pattern that maximizes their strength (figure 4.14).

During most of the canids’ evolutionary history, they were confined to the North
American continent (chapter 7), where hyaenids were not present (only a single
genus of hyaenids, Chasmaporthetes, managed to immigrate into North American
in the Pliocene [around 5 Ma]). Several lineages of hesperocyonines and borophag-
ines began to develop teeth and jaws capable of cracking bones. Some of them—
such as Enhydrocyon, Ectopocynus, and Aelurodon—had multiple heavy premolars
on the jaw, like the hyaenids. Others, such as Epicyon and Borophagus, developed
a massive lower fourth premolar that was far taller and larger than the preceding
premolars. This latter strategy of concentrating stress delivery on a single locus was
apparently a highly successful one and gave rise to a long and diverse Epicyon-Bo-
rophagus lineage.

Standing Posture

Canids, like hyaenids and some felids, are often pursuit predators, securing food
by persistent chasing of prey. That canids are good runners is well known, as seen
in greyhound and dog sledge races. Typical of all good runners, canids have long,
graceful legs. The advantage of a long leg is obvious: everything else being equal, the
longer the legs, the longer the stride. The length of a stride is the distance between
steps, and, given the same frequency of stride, a longer stride naturally leads to a
faster speed. It is thus almost universally true that the leg length of all fast runners

(predator and prey alike) tended to increase in evolution.



Carnassials

FIGURE 4.13
Spotted hyena

Skull of the extant spotted hyena (Crocuta crocuta). Notice the enlarged, robust premolars, which are placed
far back in the jaws thanks to the space gained with the loss of the posterior molars.
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FIGURE 4.14
Enamel on the tooth of Borophagus secundus

Enamel microstructure of an upper canine tooth of Borophagus secundus under scanning electronic micro-
scope. Individual “fibers” in the enamel band are enamel crystallites that are woven in intricate ways (HSB) to
strengthen the tooth. The image is taken on a cross section shown in the lower diagram. The white scale bar on
the lower right corner equals 100 um. (Image courtesy of John M. Rensberger)

To maximize the benefits of a lengthened leg, the lengthening is almost always
concentrated in the distal segments of the limbs (those segments toward the fin-

ger and toe tips), rather than the proximal segments (those segments close to the
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body). For example, the tibia (shin bone) is proportionally more elongated than the
femur (thigh bone). The reason for this disproportionate length is that the distal
segments have less muscle mass attached to them, and the heavy, lifting muscles are
concentrated mostly in the proximal segments. Less muscle means a lighter limb in
the distal end, which reduces the angular momentum and thereby eases the muscle
exertion required for swinging the limbs.

The adoption of an increasingly more erect posture also increases stride length.
Broadly speaking, there are three categories of standing posture: plantigrady, digi-
tigrady, and unguligrady. In a plantigrade posture, the animal walks on the entire
palm and sole, and the main joint that marks the beginning of the foot is the ankle
joint, as in humans and bears. In a digitigrade posture, however, the animal walks
on the fingers and toes, and the palm and heel parts of the hands and feet are lifted
into the air. Thus the main joint is the joint between the base of the finger/toe bones
and the metapodials just before the former. Among carnivorans, the canids, felids,
and hyaenids have adopted a digitigrade posture (figure 4.15). The immediate ben-
efit of such a posture is that a segment of the proximal hand and foot (the metacar-
pal and metatarsal, respectively) is converted into a segment that contributes to the
stride. In an unguligrade posture, the animal walks on the very tip of the fingers
and toes (distal phalanges), thus lifting up an additional two segments of the digits
(the proximal and medial phalanges). The word unguligrade derives from ungulate,
which refers to all hoofed animals that use their terminal phalanges for walking and
running, including such well-known examples as horses, sheep, and cows. Thus in
the unguligrade posture, the conversion of limb segments is literally and figuratively
pushed to the extreme, as in the case of a ballet dancer. The best example of an un-
guligrade is the horse: its hooves are equivalent to humans’ terminal fingers and toes
with nails; the horse stands literally on the very tips of its middle “finger” and “toe.”

In general, digitigrade animals’ hands and feet can be recognized by closely
packed or narrower metacarpals and metatarsals, in contrast to the more spread-out
appearance of plantigrade animals” hands and feet. Thus in the former, the metacar-
pals and metatarsals are nearly parallel to each other, and the distal ends of these
bones are nearly touching each other.

The benefit of a more erect posture for runners is fairly obvious: stride length is
instantly gained without additional anatomical complexity. But if such a benefit is
universal, why didn’t canids (or, for that matter, felids and hyaenids) become un-
guligrade, as did almost all their prey? Doesn't a digitigrade or plantigrade posture
place a disadvantage on the predators, which have to settle for shorter legs? The an-
swer appears to lie in the fact that carnivorans had to balance their need to increase
speed with their need to use their claws as tools for manipulating the prey. A horse’s

hooves are nothing but a pad to cushion its steps, and a horse does not have to use
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FIGURE 4.15
Comparison of plantigrade and digitigrade posture

Comparison between a plantigrade carnivore, the raccoon (top), and a digitigrade carnivore, the house cat
(bottom). Notice that when the foot carries the weight of the body, the calcaneum, or heel bone, is high above
the ground for the cat, but close to the ground for the raccoon.

its hooves other than for walking and running. Carnivorans, in contrast, use their
claws (equivalent to a horse’s hooves) for manipulating, digging, climbing, and even
killing.

Another important development in fast runners is the loss of peripheral digits.
The digits that are not central to bearing weight were reduced and ultimately lost in
all ungulates through much of their evolutionary history. Again, a horse serves as a
good example. Modern horses have lost all but the single central digit (the middle
finger and toe).
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From the beginning, canids (such as Hesperocyon) had already acquired a fairly
advanced hand and foot, with closely appressed fingers and toes, indicating a semi-
digitigrade posture. But Hesperocyon retained a relatively well developed first digit
(thumb and big toe) and a relatively deep claw. The first digits in later canids were
progressively reduced, and the claws became smaller. All modern canids show the
loss of a functional first digit, and their hands and feet have four fingers and toes.

In summary, all runners have a combination of lengthened distal limbs, more
erect posture, lost lateral digits, and reduced muscle weight in the distal segments.
As herbivores, ungulates can often push all these components to the extreme, where-
as carnivorans must balance the demand for speed with the need for manipulation
of food.

Claws

Claws generally serve three important functions in carnivorans: to help secure prey,
to grasp trees when climbing, and, for some, to dig holes in the ground. Recent stud-
ies show that ancestral carnivorans were arboreal in the early Cenozoic (around 55
Ma). They had relatively short, strong arms and legs for climbing up and down trees,
and flexible wrist and ankle joints for greater degree of rotation of their hands and
feet—all necessary for a tree dweller. Often associated with arboreality are deep (in
a side view) and sharp claws that can sink into tree bark for a firm grasp. Such sharp
claws also come in handy for carnivorans that have to tackle prey of large size.

Claws are formed by a horny sheath (made of the same rigid material as the fin-
gernails of humans) and have bony support beneath the terminal phalanx, or the
last segment of the finger bones. The horny material consists of keratin, a color-
less protein of the same origin as skin, hair, and horn sheathes in all mammals.
Although claws are strong enough to resemble hard tissues such as bones, almost no
claw is preserved in fossils because the keratin proteins usually decompose quickly
after death. Thus we can only deduce claw shapes from the shape of the underlying
bony terminal phalanges (figure 4.16).

One of the most important properties of claws is that they can be retracted into
the back of the hands and feet. Retractile claws are an efficient way to preserve the
sharpness of the tips while an animal is walking and running on land. Almost all
felids have retractile claws that are pulled back when the felids are moving on the
ground. They extend their claws when climbing trees or securing prey. The mecha-
nisms that permit a retractile claw are a combination of an elastic lateral dorsal liga-
ment, which passively pulls the claws backward toward the medial phalanges (the
segment of finger bone immediately behind the terminal phalanges), and a deep
dent on the dorsal surface of the medial phalangeal bone, which accommodates the
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FIGURE 4.16
Comparison of felid and canid phalanges

Phalanges of the central digit of the right forefoot in a cat (left) and in a dog (right), shown disarticulated in
dorsal view. The first phalanges are at the bottom of the figure, and the third ones (claw phalanges) are at the
top. Notice that the dog’s claw is less compressed laterally and that the cat’s second phalanx has a marked con-
cavity in the lateral margin (marked by an arrow), which is where the third phalanx fits during retraction of
the claw. The dog’s second phalanx, in contrast, is almost completely symmetrical.

pulled-back claws. This dent creates an asymmetrical appearance on the medial pha-
langes when they are looked at from above. Fortunately, this asymmetry is readily
apparent in fossil foot bones, allowing paleontologists a ready means to distinguish
between retractile and nonretractile claws.

As noted, a retractile claw originally evolved in ancestral carnivorans as a func-

tion of tree dwelling. As later carnivorans quickly discovered, sharp claws are also
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potent weapons in securing their prey. For example, a modern lion can ride on top
of a wildebeest, rodeo style, using its sharp claws to grab hold of its prey’s skin, while
trying to deliver a killing bite on the neck. This ability allows a felid to secure its prey
by itself. In contrast, canids are unable to cling to their prey with their blunt claws.
In an interesting twist of evolutionary history, canids apparently failed to develop
retractile claws early in their history. As they became increasingly more cursorial
through the lengthening of their limbs and the adoption of a more erect posture,
they lost the ability to retract their claws. According to the fossil record, this change
occurred shortly after Hesperocyon, which still possessed a moderately deep claw,
but had lost some of the asymmetry of the medial phalanges. From this point on, ca-
nids never regained the ability to retract their claws. Their claws protrude during all
stages of walking and running, so the claw sheathes become blunt because of exces-
sive wear on the ground. (One can often hear a dog’s footsteps as its claw tips hit the
ground, but not a cat’s footsteps, which are silent because the claws are retracted).
Blunt claws are probably not a great hindrance when dealing with prey that are
substantially smaller than the predators themselves. These prey can be overpowered
by sheer size. When it comes to grappling with larger prey, however, particularly
those that are much larger than the predators themselves, the lack of sharp claws can
be a shortcoming. In this regard, canids seem handicapped when compared with
felids, which as individuals are more capable of securing prey. Such a handicap may
be one of the reasons why canids are primarily social hunters, which gives them an

advantage over prey (chapter 5).

Neck

In recent years, research by Mauricio Antén (Anton and Galobart 1999) has dem-
onstrated the importance of neck bones and musculature in mammalian predators.
There has been considerable variation in the relative length and muscularity of the
neck among both extant and extinct dog species, and some of the observed differ-
ences are likely to reflect different adaptations. Most species of modern canids have
relatively long, straight necks, well muscled but relatively weaker than cats’ necks,
which are short and have a strong S curve. Due to the properties of muscle tissue,
a shorter muscle contracts more efficiently than a longer muscle, so, other things
being equal, a shorter neck can exert more power with less effort. That is why cats’
short necks contribute so well to their positioning the prey’s head and keeping it in
place during the killing bite. This function was further emphasized in saber-toothed
cats due to the large size of their prey and the need to avoid unexpected stresses dur-
ing the bite, which could damage the cats’ fragile upper canines.
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Not only are dogs” necks longer than cats’ necks, but the processes for muscle in-
sertion on each cervical (neck) vertebra are smaller in dogs, indicating less powerful
muscles. One way in which modern dogs compensate for the mechanical disadvan-
tage of their long necks is the possession of the nuchal ligament, comparable to the
one found in ungulates (figure 4.17). The nuchal ligament stretches along the back of
the neck from the tips of the anterior thoracic vertebrae, and it helps to support the
weight of the head without the need for active muscle contraction, thus saving en-
ergy. (There is one important difference, though: in ungulates, the ligament attaches
on the back of the skull, but in dogs it attaches on the back of the axis, or second
cervical vertebra, so the term nuchal is not so appropriate for this feature in dogs.)
No other extant carnivore has a nuchal ligament, and it is intriguing to speculate
about the origin of this structure in dogs. Fossils show that some dogs had relatively
shorter necks, however, with more developed muscle insertions, and, judging from
the morphology of their axis vertebra, lacked the nuchal ligament.

Early members of the subfamily Caninae were the first to show clearly the modern
neck morphology associated with the presence of the nuchal ligament, suggesting
that the structure is unique to this canid subfamily. Another distinctive trait of such
early canines as Eucyon was the lengthening of the leg bones, especially the distal
elements of the forelimb, such as the radius and metacarpals. As we have seen, this
adaptation occurred for more efficient running, and in the case of Eucyon it most
likely had to do with the need to forage across larger territories in search of prey be-
cause Eucyon’s habitat was becoming drier and more open, and prey were ever more
dispersed. It is tempting to see a connection between the development of longer legs
and of a longer neck, but other carnivorans with long legs, such as the cheetah, have
short necks. Can we still see a functional connection between these changes?

Indeed, dogs’ foraging method differs from cats’ method in being more scent ori-
ented. Cats depend largely on their eyesight and hearing to detect prey, but, as we
know, dogs must “follow their noses” to locate prey. As early canines’ legs became
ever longer, a longer neck was necessary to allow them to follow scent trails with
their nose close to the ground. The nuchal ligament became an advantageous fea-
ture in allowing canines to keep this posture for long periods of time, and the neck
muscles in general became reduced as a way to save weight and energy. Reduced
muscle power in the neck was not a great problem for these early canines, which
hunted relatively small prey. Larger, later members of the family paid a price for
the loss of strength in their neck muscles and for the feebleness of their forelimbs,
which, although better suited for running, were less suited for handling prey. None-
theless, these shortcomings were amply compensated for by group-hunting tech-

niques, which all the larger, hypercarnivorous species of modern dogs share.
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FIGURE 4.17

Gray wolf

Skull and cervical vertebrae (top), deep muscles (center), and superficial muscles of the neck and head (bot-
tom) of the extant gray wolf (Canis lupus). The neck is long and straight, and the nuchal ligament (extending
between the spines of the anterior thoracic vertebrae and the back of the axis, or second cervical) helps to keep
the neck raised without much muscular effort.
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A different condition has been found in the fossils of some species of hypercar-
nivorous dogs. The neck of Aelurodon is a dramatic example (figure 4.18). Com-
pared with a modern wolf (see figure 4.17), Aelurodon displays a remarkably short,
S-shaped neck, with developed processes for muscle insertion, and the shape of its
axis suggests the absence of the nuchal ligament. Such features would have been
advantageous for such a hunter of large prey and, coupled with relatively shorter,
more flexible, and more muscular forelimbs, would have made it more capable of
dealing with large prey when hunting either by itself or in small groups. Such a
design was easier to develop because the ancestral borophagines had retained a rela-
tively primitive neck design, lacking the nuchal ligament. Modern wolves, dholes,
and African hunting dogs would also benefit from such a cervical anatomy, but they
are constrained by the morphology of their smaller ancestors. Even so, a detailed
study of skeletal proportions (Hildebrand 1952) showed that these three species of
big-game hunters have slightly shorter necks than would be expected for their size,
when compared with their smaller relatives, such as jackals and coyotes. It would

seem, therefore, that some “evolutionary adjustment” is under way.

Brain

Although brains are almost never preserved in the fossil records, they leave a distinct
impression on the inner surface of the braincase in the form of ridges and grooves
(gyri and sulci, in specialist terminology). Paleontologists can make latex endocasts
(replicas) of these impressions, and the results are fairly detailed brain models for
comparative purposes. Although paleontologists described natural molds of Hes-
perocyon 70 years ago (Scott and Jepsen 1936) (when braincase bones are broken in
just the right way, the brain morphology is often revealed by such a mold), Leonard
Radinsky (1969, 1973) was the first to explore systematically the comparative brain
morphology in canids.

The ancestral canid Hesperocyon from the late Eocene to the early Oligocene (35
to 30 Ma) had relatively simple foldings and an underdeveloped frontal region of the
brain. This was probably a primitive condition for all carnivorans. By the early Mio-
cene (22 Ma), most canids had an expanded prefrontal cortex of the orbital gyrus
immediately behind the olfactory bulb, and this trend continued with further ex-
pansions in later canids. Radinsky noticed the presence of a dimple in the coronal
gyrus (near the frontal region) in three hypercarnivorous species of social hunters:
Canis lupus, Cuon alpinus, and Lycaon pictus. He speculated that a relatively large
prorean gyrus in the prefrontal cortex may be related to pack-hunting behavior.
Although such studies may suggest interesting patterns, we caution that behavioral

patterns are often difficult to correlate with external brain morphology.
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Aelurodon mcgrewi

Skull, cervical vertebrae, and neck muscles of the borophagine dog Aelurodon mcgrewi. Not only were A. mc-
grewi’s neck muscles stronger than the wolf’s, as shown by the larger processes for attachment in the vertebrae,
but the smaller length and the strong S curve of the neck in Aelurodon imply that deep extensor muscles, such
as the multifidus cervicis, had a much shorter span from origin to insertion and thus offered a great mechani-
cal advantage. Processes for insertion of other muscles that extend the neck and flex it to the side, such as the
longissimus cervicis, extended farther to the sides in Aelurodon, allowing these muscles to twist the neck more
efficiently. Even the more superficial extensors, such as the splenius and serratus muscles, were more efficient
thanks to their shorter spans.
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John L. Gittleman (1986) did an extensive study of relative brain sizes of various
carnivorous species and found a significant difference among families of Carnivora.
Canids are relatively “brainier” than most other carnivorans except for the ursids.
Gittleman attributed such a difference to historical developments in various families
of the Carnivora during their early evolution. He also found that the more carnivo-
rous groups (those that ate more meat than other foods) also had larger brains. He
speculated that increased brain size in carnivorous species was due to their more
complex foraging strategy, involving selection for rapid prey detection, pursuit, cap-
ture, and consumption.






HUNTING
AND
SOCIAL ACTIVITY

AS PREDATORS, CANIDS MUST HUNT PREY on a regular basis, just as any
other group of carnivorans that consume meat as a significant component of their
diet. Hunting is of paramount importance in any predator’s daily survival. It is per-
haps not surprising that the way certain species of carnivorans hunt largely defines
their ecologic niche. Canids’ hunting techniques and the issues of social hunting

have come to define canids as a group.

Why Size Matters

Several important issues are related to body size among carnivorans. As anyone who
has a cursory experience with contact sports knows, size matters. Sheer size can
overpower an opponent no matter how skillful that opponent is. This is why sports
such as wrestling and boxing are divided into weight classes—a significantly heavier
opponent has too much of an advantage. When it comes to push and shove, the uni-
versal law of physics is the biggest equalizer in the world of predators and prey.

In the animal world, size is often a matter of survival. Giants such as adult el-
ephants and rhinos are essentially free from worries about predators (their babies
are more prone to predation). This is possibly the most important reason for the
repeated developments of gigantism in the history of vertebrate evolution. Simply
put, giant herbivores pose too much of a risk for smaller carnivorans: in choosing
who is to become the next meal, carnivorans must constantly balance the benefit of
a large, sumptuous meal with the potential hazard of injuries associated with tack-
ling someone larger than themselves. Therefore, the interplay of body sizes between
predators and prey is one of the most fascinating fields of inquiry in our under-

standing of predator-prey dynamics.
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Although sheer size in herbivores certainly offers an undeniable benefit in terms
of predator avoidance, considerations for the predators can be significantly differ-
ent. In 1999, a group of British zoologists led by Chris Carbone marshaled empiri-
cal evidence that prey choice is often determined by the predator’s body size. By
recording the body masses of predators and their prey, Carbone’s group revealed
a striking difference between small predators of less than approximately 21 kg and
large predators of greater than 21 kg. Small predators largely prey on invertebrates or
small vertebrates whose body size is substantially smaller than their own, whereas
large predators often prey on vertebrates of equal size or larger. There appears to be
a body-size threshold of around 21 kg, above which a predator must begin to tackle
prey larger than itself. Why is there such a demarcation? Why don’t large predators
prey on small invertebrates and vertebrates in order to avoid injuring themselves?

The physical difficulties for small predators in handling large prey may be a sig-
nificant reason for the dichotomy in what different size predators hunt and eat, but
Carbone and his colleagues (1999) argue that energy is the key consideration. They
suggest that small predators can sustain themselves on small invertebrates because
of their low absolute energy requirements. In contrast, larger carnivores must con-
sume a greater quantity of energy-rich food to support their daily activities. These
researchers hypothesize that this body-size dichotomy is the consequence of body
mass-related energy requirements; a body size of 21 kg is the critical point where
a predator must switch from a diet of invertebrates and small vertebrates to a diet
of larger prey. Large predators burn a large number of calories in pursuit of prey, a
loss of energy that must be balanced by a greater intake of food. Thus as carnivorans
become larger, they must make a change in their predatory habit in order to acquire
enough calories for their daily energy expenditures. This hypothesis may sound sus-
piciously like a reversal of the popular cliché “You are what you eat,” but in this case
the saying should be “What you eat actually depends on what you are” The picture

becomes even more complicated from an evolutionary perspective.

The Games of Becoming Bigger

Pioneer vertebrate paleontologist Edward Drinker Cope (1880) articulated a “law”
that states that vertebrate evolution tends to proceed from small to large body sizes.
Two extreme cases of “Cope’s law” are the dinosaurs in the Mesozoic (248 to 65
Ma) and the whales in the modern seas. Although biological evolution almost never
operates in a lawlike fashion in the sense that every organism must obey this law
(exceptions abound in body-size reductions in many lineages), Cope’s law can be
viewed as a kind of rule of thumb in many lineages and thus might be best called
“Cope’s rule”
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In light of predator-prey dynamics, Cope’s rule does seem to apply in many lin-
eages. Blaire Van Valkenburgh, Xiaoming Wang, and John Damuth (2004) have ex-
plored Cope’s rule as it applies to canid evolution, demonstrating that canids have
indeed repeatedly evolved larger and larger species in many lineages and, intrigu-
ingly, that the larger-bodied species also tend to become more hypercarnivorous in
their jaws and dentitions (chapter 4). In other words, there appears to be a perva-
sive selection for larger size in canids, and as they become bigger, their diets also
become more restricted to meat. Although we concentrated on published data on
the hesperocyonine and borophagine canids (figure 5.1), we suspected that the same
conclusion also applies to the canines, particularly in the Canis-Xenocyon-Cuon-
Lycaon lineage. Our evolutionary perspective on the fossil history of canids is thus
consistent with the body-size constraints hypothesized by our zoologist colleagues.

We hasten to add that not every canid lineage is subject to such an evolutionary
selection. In fact, throughout canid evolution there have been persistent small, fox-
size lineages that remained small and from time to time even reduced their body
size. These foxlike canids tend to be evolutionarily conservative not only by staying
small, but also by changing little in other parts of their bodies. It is possible that this
conservatism among small canids was the result of competition from larger species;
established lineages of larger predators may have prevented others from entering
the niche of large predators. Small canids may not have occupied flashy positions
in the pecking order (in the sense of interspecific competitions, not intraspecific
competitions), but they have been important in the overall health of a particular
family of carnivorans. When a lineage of large predators became extinct, small and
opportunistic species almost invariably quickly filled the niche by becoming larger
as competition was relaxed momentarily. Such was the case for such foxlike forms
as Hesperocyon, Archaeocyon, and Leptocyon, which were able to capitalize on the
extinction of other hypercarnivores. The peril of lacking small species in a lineage is
seen in the hesperocyonines and borophagines. Large, fierce predators such as Os-
bornodon and Borophagus may have been without competitive peers, but when both
became extinct, no small hesperocyonines or borophagines were around to contin-
ue the lineage, and both subfamilies became extinct along with their top predators
(see figure 7.2).

Along this line of thought, it may be interesting to pause for a moment to con-
sider the future of the current crop of carnivorans. With the exception of the Hyae-
nidae, all other families in the order Carnivora have a balanced spectrum of small
and large species. If the large species were to become extinct, smaller forms would
probably quickly evolve to a larger size to replace the extinct forms. Hyaenids are
the only group for which this probably would not be true. With the exception of

the aardwolf (Proteles cristatus), which is a highly specialized termite eater, all three
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FIGURE 5.1

Comparison of Epicyon haydeni and Archaeocyon leptodus

Skulls and reconstructed heads of two borophagine dogs, drawn to the same scale. Top left and center, Epicyon
haydeni; top right and bottom, Archaeocyon leptodus. Archaeocyon, from the late Oligocene (27 Ma), is the
earliest and most primitive member known of the subfamily, and Epicyon, from the late Miocene (9 Ma),
included the largest borophagines and, in fact, the largest dogs ever known.

living species of hyenas are large hypercarnivores. If they become extinct, the great
evolutionary lineage of hyenas will end without a smaller form within the Hyaeni-

dae to replace them.
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Sexual Dimorphism

The term sexual dimorphism refers to morphological differences between the sexes
of a species. For example, human males in the United States average 78.5 kg, whereas
human females average 62 kg. This difference translates to a 26.6 percent dimor-
phism in male/female body mass, which is modest compared with the dimorphism
of other species, such as the notoriously dimorphic elephant seals (Mirounga),
whose males can be two or even three times heavier than the females.

When it comes to canids, sexual dimorphism is often quite modest. For exam-
ple, measurements from our own data yield the following results. The average skull
length of a population of 12 New England red foxes (Vulpes vulpes) was 114.4 mm
for the males compared with 106.4 mm for the females; that is, males are 7.5 percent
larger than females in linear measurements. The average skull length of a population
of 12 Nevada coyotes (Canis latrans) was 145.2 mm for the males and 142.9 mm for
the females, yielding an even smaller dimorphism of 1.6 percent. In general, how-
ever, larger, more hypercarnivorous species tend to be slightly more dimorphic than
smaller, hypocarnivorous forms. Studies published by various authors suggest a 3 to
6 percent linear dimorphism in cranial and dental measurements in Vulpes, 3 to 8
percent in Canis, and close to no dimorphism in Urocyon (gray fox) (Gingerich and
Winkler 1979; Gittleman and Van Valkenburgh 1997).

For extinct taxa, distinguishing male and female canids in fossils is generally dif-
ficult, except in the rare instances in which a baculum (penis bone) is preserved
within a skeleton, which is a sure sign of a male. The most dimorphic part is com-
monly the size of the canine teeth. Males tend to have relatively larger canines than
females (which may be due to competition for mates; males that display larger ca-
nines when snarling may have a better chance of scaring off the competition, as is
common in many male vertebrates that sport conspicuous display appendages, such
as horns, antlers, and tusks). We thus use canine teeth size as an imprecise criterion
for judging sex in fossil forms. Based on this method for sorting fossil materials, it
is speculated that extinct canids had a small range of sexual dimorphism, similar to
that of their extant counterparts.

In mammals, highly dimorphic species tend to have a polygynous mating system,
in which a dominant male mates with multiple females in a pride, to the exclusion of
other males. Modern African lions and elephant seals typify such a system. In con-
trast, canids are more often monogamous in social groups and, as a consequence,
do not need a large dimorphism to sustain such a system. This was true even for
some of the largest canids of the past. Based on measurements of the extraordinary
collection of dire wolves (Canis dirus) at the George C. Page Museum of Los An-

geles, Blaire Van Valkenburgh and Tyson Sacco (2002) estimated that the giant Ice
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Age dire wolf had a level of sexual dimorphism comparable to that of large extant
canids.

Social Hunting

Although the members of many fox species are solitary, most canids, particularly
those of large body size, have developed highly complex social behavior. Hypercar-
nivorous species such as the African hunting dog and gray wolf form complex packs
organized mostly by family groups of up to 30 individuals. In a pack, the dominant
pair breeds, with the less dominant females under behaviorally induced reproduc-
tive suppression. Adults of both sexes also contribute to parental care in guarding
and feeding the pups, a phenomenon known as alloparenting. During hunting, the
members of canid packs cooperate in relays, ambushes, and other teamwork. With
the possible exception of hyaenids, such a complex social structure is unrivaled by
most other families of carnivorans.

It is therefore relevant to ask: Why is it advantageous to hunt in a group? After all,
living in groups does have its costs. Parasites are more easily spread in a group (thus
often requiring mutual grooming), the spoils of group hunting must be shared, and
the effort of raising the young must also be shared. Group hunting does have advan-
tages, however, and behavioral ecologists have defined three factors in its favor—
strength in numbers, protection of kills, and defense of territory—to which we can
add functional morphology.

STRENGTH IN NUMBERS

The advantage of ganging up on any opponent is fairly obvious. Pack hunting offers
higher potential success through collective efforts such as relays and ambushes (fig-
ure 5.2). Perhaps more important, pack hunting allows a group of canids to tackle
prey that is many times the size of any individual predator. The sheer size of a large
artiodactyl—such as a musk ox, bison, or moose—is normally beyond the strength
of a single wolf. In a pack, however, wolves are emboldened to tackle just about any
large mammal they encounter. Even large carnivorans, such as bears, that individu-
ally may reign as kings of their territories have been known to be chased by pack
wolves. Pack hunting in wolves is often a long-distance chase that includes wearing
down the prey and injuring it with small bites, a prolonged affair that sometimes
takes hours. Such a long-distance chase by a solitary hunter is difficult to imagine.
Even when hunting small prey, although a single predator is enough to overwhelm
the prey, collaboration can still be beneficial by employing such tactics as encircling
the prey and cutting off its retreat.
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FIGURE 5.2
A scene in Spain during the early Pleistocene

A pack of canids of the species Xenocyon lycaonoides is in pursuit of a goatlike antelope. The great similarity
between this extinct species and the African wild dog (Lycaon) leads us to infer a similar hunting style.

PROTECTION OF KILLS

In a balanced carnivoran community such as in Africa, raiding someone else’s prey
can be an easier way of obtaining a meal than trying to capture the prey by one’s own
effort. Even the largest canid in Africa, the hunting dog, which weighs 20 to 30 kg, is
individually no match for a lion or a spotted hyena. Consequently, these other spe-
cies often loot hunting dogs’ food. The lost food results in significant increases in the
hunting dogs” daily energy expenditures because they have to make up for the loss,
a factor that may have contributed to the relative rarity of hunting dogs in Africa.
A pack, however, not only offers protection against other species, but also guards

against other packs of its own species.

DEFENSE OF TERRITORY

Large, pack-hunting canids are generally highly territorial. To defend the resources
within the pack’s own territory increases the economy of a pack. Gray wolf packs
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can have home ranges of up to 6,000 km?, although the range varies greatly. In such
a large territory, chance encounters with members of other packs or lone wolves
are rare, but when they do happen, resident packs defend their territories fiercely;

strangers are often killed without mercy.

FUNCTIONAL MORPHOLOGY

Beside these three factors, functional morphology also offers a compelling case for
social hunting. As discussed in chapter 4, canids lost the ability to retract their claws
early in their history. Compared with the retractile claws of felids, the relatively
blunt claws that dangle from the tips of canids’ digits are relatively ineffective in
grasping and hanging onto prey. Rather than making a quick kill by jumping on the
prey and delivering a killing bite, as felids do, canids may have to resort to relatively
ineffective bites on the rump and thereby wear down the prey more slowly. There-
fore, when it comes to preying on animals much larger than themselves, canids have
to rely on their social group.

Whatever other advantages (or lack of advantages) there may be in the forma-
tion of packs, the fact that some large living species (for example, gray wolf, African
hunting dog, and Asian dhole) consistently form packs implies that canid sociality
has offered on balance significant benefits for the family Canidae as a whole. Given
this fact, one is also tempted to ask, as a corollary: Does increased social organiza-
tion also mean a corresponding increase of intelligence? In other words, is there
any relation between social hunting and intelligence? Are complex social behaviors
passed down from generation to generation? Are canids more intelligent than other
carnivorans? More specifically, is the dog more intelligent than the cat?

If these questions seem difficult to answer for living species (chapter 8), they are
much more difficult to address for extinct taxa. The most obvious place to look for
the answers is the brain. Brains, however, do not fossilize, and paleontologists are
forced to look at the endocasts as a substitute. The vertebrate paleontologist Leonard
Radinsky (1973) may have been the first to attempt to answer the question of social
hunting among extinct species of canids by studying the endocasts of fossil canids
from various periods. Radinsky observed that canids’ brains have a larger prorean
gyrus than felids’ brains. The prorean gyrus is a bulge located in the front part of
the brain. Modern pack-hunting canids—such as Canis, Cuon, and Lycaon—seem
to have an even more dorsally expanded prorean gyrus than do foxes. When Radin-
sky examined the fossils of large borophagines—such as Aelurodon, Epicyon, and
Borophagus—he found that these structures were not well developed, although he
stopped short of speculating whether these large canids were pack hunters or not.

Blaire Van Valkenburgh, Tyson Sacco, and Xiaoming Wang (2003) addressed the
question of social hunting in a different way. Among living species, hunters of large
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prey are often associated with a suite of adaptations, including deep jaws, broad
muzzles, enlarged incisors, and enlarged canines. These features seem to be adapta-
tions for dealing with the heavy loads placed on their skulls and teeth when they
are hunting and killing large prey. By quantifying these morphological features in a
morphometric analysis using the statistical methods of principal component analy-
sis, we found that large borophagine canids occupied an intermediate morphospace
between living hyenas and canids. Like hyaenids, hypercarnivorous borophagines
had stronger jaws and more enhanced jaw muscle leverage than do living canines.
Unlike hyaenids, but like canines, borophagines retained a substantial grinding
dentition in the postcarnassial molars. It seems clear that although saddled with the
phylogenetic constraints of being a canid, the large, hypercarnivorous borophagines
resembled pack-hunting hyenas and African wild dogs. Given that borophagines
have no retractile claws, it is reasonable to assume that they may have hunted in
packs (figure 5.3).

FIGURE 5.3
Aelurodon ferox

Two borophagine dogs of the species Aelurodon ferox are in hot pursuit of their prey. The dentition, anatomy,
and body size of such large borophagines suggest that they were hunters of large prey and that they may have
joined in groups of two or more to pursue large ungulates.
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Scavengers or Hunters?

Many borophagines were earlier regarded as hyaenoid dogs, based on their numer-
ous cranial and dental similarities to modern hyaenids; these similarities implied
that carcasses, rather than fresh kills, were the main diet of these extinct canids. In
popular sentiment, scavengers often have an unsavory reputation as chasers of rot-
ten meat and leftover scraps. They are also relegated to a less important ecological
role in evolution because they do not directly affect prey communities, in contrast to
hunters, which directly influence the evolution of their prey by forming a predator-
prey relationship. A closer look at the strongest bone cracker in the modern East
African community, the spotted hyena (Crocuta crocuta), reveals, however, that the
species hunts for fresh kills far more frequently than it scavenges on carcasses. The
strong premolars in spotted hyenas help them quickly consume their prey in group
feeding frenzies, with the bones and flesh gone in a matter of minutes. Smaller hy-
enas, such as the brown hyena (Parahyaena brunnea) and striped hyena (Hyaena
hyaena), in contrast, do consume carrion as a more significant portion of their diet.

The question of scavengers versus hunters is even more difficult to answer with
regard to extinct carnivorans, a problem that also plagues dinosaur paleontologists
in their controversies over the diet of Tyrannosaurus rex. Did large, bone-crack-
ing forms such as Enhydrocyon, Epicyon, and Borophagus vigorously pursue prey
of their own or search for carrion? Kathleen Munthe (1989) concluded in a doc-
toral study of functional morphology of borophagines that the robust skulls, flexible
forelimbs, and often heavily worn teeth of large borophagines such as Borophagus
secundus were adaptations for scavenging. However, strong skulls and blunted teeth
are as much an indication of bone cracking as they are characters of scavenging, a
connection that is often inadequately appreciated. A strong set of teeth capable of
cracking large bones certainly helps to make use of all nutritional value of carrion,
but, as evidenced in living hyenas, not all bone crackers are scavengers. Perhaps a
high degree of bone-cracking specialization is more an indication of social feeding,
where speed of consumption is a premium. If so, fossil forms with bone-cracking
teeth may be more indicative of a high degree of social hunting.

Scavengers also generally have a low density and a restricted distribution because
of the relative scarcity of resources (carrion), as exemplified by some modern scav-
enging carnivorans, such as the brown and striped hyenas. Fossil records for the bo-
rophagines indicate, however, the opposite of what may be expected for scavengers.
Some advanced borophagines, such as Borophagus secundus, were so abundant in
certain quarries (for example, in the late Miocene Coffee Ranch Quarry in northern
Texas) and so widespread in North America (as far south as Honduras and El Salva-
dor) that there is little doubt of its dominant status in the carnivoran fauna of those
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FIGURE 5.4

Borophagus secundus

A pack of dogs of the species Borophagus secundus are feeding on their prey. Competitive group feeding as
depicted in this reconstruction would have favored complete utilization of the carcasses, with individual dogs
taking pieces of the carcass away from the group for more quiet consumption and cracking the bones to reach
the nutrients within.

areas. It is difficult to imagine that carrion feeding alone could have sustained such

a large population (figure 5.4).

Canids Versus Felids

Three modern families of carnivorans include top terrestrial predators: the Cani-
dae, the Felidae, and the Hyaenidae (the list excludes the Ursidae because although
bears can be dominating in certain situations, they are largely omnivores and, with
the exception of the polar bear, rarely use meat as the main part of their diet year
round). The top predators in each group are often large hypercarnivores that are
capable of hunting down prey several times their own size. Although not necessar-



114 « HUNTING AND SOCIAL ACTIVITY

ily the all-time champions in their own lineages (each family has extinct members
in distant history—such as Epicyon in the canids, Pachycrocuta in the hyaenids, and
various saber-toothed cats in the felids—that were larger, more powerful, and more
specialized than their modern counterparts), the current crop of elite predators rep-
resents the ultimate killing machines among their living relatives. It is thus instruc-
tive to compare the hunting behaviors among these three groups of great predators.
Through such a comparison, one can gain additional appreciation of the ways in
which large carnivorans behave.

At the risk of oversimplification, the comparison of canids and felids can be sum-
marized as a contrast between endurance and speed in canids, on the one hand, and
stealth and power in felids, on the other (for more on felids, see Turner and Ant6n
1997). Cats are often referred to as the ultimate killing machines because of their
extraordinary combination of speed, agility, grace, and killing power. Such a for-
midable combination of anatomical traits is ideally suited for animals with hyper-
carnivorous dentitions that eat meat exclusively. The ability to climb trees (arboreal
locomotion) is universally present in felids (at least among those species not too
large to climb), perhaps because of their preference for wooded environments. Trees
offer excellent camouflage, but they can also be dangerous obstacles during a fast
chase. It thus makes intuitive sense that felids almost invariably approach their prey
in stealth and try to pounce on it in surprise attacks. Capture is often accomplished
by securing the prey with sharp claws and delivering a lethal bite with powerful ca-
nines (figure 5.5). The chase is short, and the kill is quick.

Modern canids, by contrast, seem to have descended from a terrestrial ancestor
adapted to open plains (some living species may have adapted to wooded environ-
ments, such as the North American gray fox [ Urocyon]) (chapter 6). Canid limbs are
long, too, but more emphasis is placed on long-distance endurance than on a short
burst of speed. A surprise attack is seldom achieved in an open plain. Therefore, it is
less important to subdue the prey in the shortest possible time than to outrun and
exhaust the opponent. Lacking retractile claws, a powerful weapon for most felids,
canids rely more on social hunting when confronting large prey (although lions are
also capable of complex cooperative hunting). Such a combination of anatomical
and behavioral characteristics, including versatile, mesocarnivorous dentitions, per-
mits canids to be highly opportunistic in their diet.

These comparisons are, of course, generalizations about two families that have di-
verse members. However, family membership appears to place strong constraints on
behavioral repertoires. These constraints are phylogenetic, in that close genealogi-
cal relationship tends to be the best predictor of behavior patterns. About phyloge-
netic constraints, behavior ecologists David W. Macdonald and Claudio Sillero-Zu-

biri comment: “[H]aving dwelt on the burgeoning discoveries of diversity amongst
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FIGURE 5.5

Lion

A modern lion hunts an antelope in two stages. Large cats are well adapted to deal individually with large prey
by holding and bringing down their victim with their strong, clawed forepaws and then dispatching it with a
powerful killing bite. Canids are not anatomically suited for such a hunting style.

the canids . . . our lifetimes spent watching these creatures have simultaneously and
paradoxically led to a realization of their sameness” (2004:6). In many ways, the
contrast of canids and felids in this chapter parallels a stereotypical “dog versus cat”
comparison. After all, both domestic animals are recent descendants of wild species
(chapter 8), and their behavior closely mirrors that of their wild ancestors.

Canids Versus Hyaenids

Hyaenids seem to be much more similar to canids than to felids, both behaviorally
and anatomically. A casual observer cannot help seeing the overall similarity in their
appearance and is thus often surprised to learn that hyenas are actually more closely
related phylogenetically to cats than to dogs. Indeed, all modern hyenas are “dog-
like” in size, body proportion (except the uniquely stooped shoulder), and length of
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rostrum. A closer examination reveals additional similarities in both morphology
and behavior. Like their canid counterparts, hyenas have blunt, nonretractile claws
and therefore do not climb trees. As a result, their teeth are the only tool they can
use to secure their prey, and claws are never part of their weaponry. Like canids,
hyaenids have a full complement of premolars arranged in a long rostrum and jaw,
in contrast to the reduced premolars and short rostrum of felids. Hyenas kill their
prey by consuming them alive rather than by delivering a killing bite on the neck,
as do felids. Also like the canids, hyaenids are persistent pursuers rather than stalk-
ers in ambushes and are great long-distance chasers. Given such a combination of
capabilities and limitations, it is not surprising that hyenas also tend to be highly
social hunters in packs of up to 25 individuals, particularly when trying to overcome
larger prey.

The similarity between canids and hyaenids is a good example of convergent evo-
lution over a long geological history. Hyaenids and canids embarked on their sepa-
rate evolutionary pathways almost right after the beginning of the Cenozoic (about
65 Ma), when dinosaurs had just become extinct after a catastrophic impact by an
asteroid. Shortly after the beginning of the Cenozoic, there appeared the early pro-
genitors of viverravids, which are distally ancestral to all feliform carnivorans, in-
cluding the Hyaenidae. (A study by Gina D. Wesley-Hunt and John J. Flynn [2005]
suggests, however, that viverravids, as an early offshoot of carnivorans, did not give
rise to any living family.) Miacids, the progenitors of caniform carnivorans includ-
ing the Canidae, appeared in the Eocene a few million years later.

The earliest members of the family Canidae, Prohesperocyon (chapter 3), appeared
in the late Eocene (around 40 Ma), becoming the first family of modern carnivorans
to emerge in North America, as indicated by the fossil record. The Hyaenidae, how-
ever, appeared much later, in the early Miocene (around 20 Ma) of Eurasia. Hyae-
nids thus have half as long a history as canids. Although hyaenids occupied a much
larger and diverse theater in Eurasia than canids did in North America, the over-
all diversity of hyaenids through time was substantially lower than that of canids.
Nonetheless, at their peak in the late Miocene and the Pliocene (8 to 3 Ma), hyaenids
included an array of predator species from giant bone crackers to swift pursuit pred-
ators similar to such early canids as the hesperocyonines and borophagines. Canids
and hyaenids are ecologically probably closest to each other among both extinct and
extant forms, and they have independently evolved a number of similar features.
Therefore, when it comes to finding an analogue for such large borophagines as Ae-
lurodon and Epicyon, living spotted hyenas probably offer the best example for how
borophagines used their massive premolars to crack bones.



PLATE 1

A scene in North America during the late Eocene

An adult Hesperocyon gregarius watches over her two pups in front of their den, in a forest environment.



PLATE 2

Life reconstruction of Enhydrocyon

A large hesperocyonine of the genus Enhydrocyon, from the late Oligocene to the early Miocene (Arikareean)
of North America, uses its strong premolars to crush the bone of an ungulate.
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PLATE 4 (FACING PAGE)

A scene in western North America during the Miocene (Barstovian)

A pack of the wolf-size borophagine Aelurodon ferox is in pursuit of a three-toed horse of the genus
Neohipparion.

PLATE 5
Life reconstruction of Borophagus secundus
The large Borophagus secundus, from the late Miocene (Hemphillian) of North America, was an advanced

borophagine that showed the most extreme adaptations for bone crushing in its strong skull and robust
premolars.
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PLATE 8

A scene in western North America during the late Pleistocene (Rancholabrean)

An adult dire wolf (Canis dirus) calls for its pack while a herd of Columbian mammoths (Mammuthus
columbi) ambles past in the background.



CHANGING
ENVIRONMENTS AND
CANID EVOLUTION

AS MEMBERS OF THE ORDER CARNIVORA, the majority of canids are preda-
tors. Thus throughout their evolutionary history, canids have been closely inter-
twined with their prey, which in turn have been directly affected by the surrounding
plant communities.

During the past 20 years, a global picture of the long-term paleoclimatic record
has emerged. Through studies of air trapped in ice cores in polar regions, of drill
cores from oceans and lakes, and of wind-blown sediments, we can learn much
about the climatic histories of various regions. In particular, microorganisms such
as the single-celled foraminifera preserved in marine sediments permit us to ob-
tain a fairly detailed picture of ocean temperatures in the past, which serve as an
approximate indicator of global environments (figure 6.1). From such studies, we
know that throughout the Cenozoic (most of the past 65 million years), numerous
fluctuations in temperature have profoundly affected these environments. The ab-
breviated narrative in this chapter attempts to give readers a sense of overall climatic
changes during the Cenozoic and its effect on the associated biological communi-
ties. Against this background, we can begin to appreciate the dramatic changes in
physical environments and the associated biological responses. Because canids were
confined largely to North America during much of their early existence, we need
concern ourselves with only their immediate environments in North America in
this era.

The Paleocene and the Beginning of Carnivora

The Cenozoic era immediately followed the extinction of the dinosaurs at the Cre-
taceous—Tertiary boundary (65 Ma) in a global catastrophe apparently caused by
the impact of an asteroid. After the dust settled, the beginning of the Cenozoic is
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FIGURE 6.1

Events in the evolution of canids

Major events in canid evolution and corresponding geologic and biotic events, as associated with a global tem-
perature curve (scale on bottom) during the past 65 million years throughout the Cenozoic (vertical axis). This
paleotemperature curve (simplified from Zachos et al. [2001]) is compiled from oxygen isotopes (scale on top)
preserved in bottom-dwelling, deep-sea foraminifera contained in sediments from multiple drill cores in vari-
ous oceans. A clear trend of climatic deterioration from a global greenhouse to icehouse during the Cenozoic
is readily apparent, and many of the more drastic temperature disturbances were triggered by major geological
events. In an increasingly open landscape, canids thrived by becoming increasingly cursorial.

marked by a rather warm period in the Paleocene (65 to 55 Ma). During this epoch,
mammals finally became the dominant land vertebrates, taking over many of the
niches previously occupied by the dinosaurs. An explosive radiation of early mam-
mals rapidly filled the ecological space left open by the dinosaurs’ demise. Many
of the Paleocene mammals increased in body size, as contrasted with their largely
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mouse- and rat-size ancestors in the Mesozoic (248 to 65 Ma), and some of them
included the earliest members of lineages leading to modern forms, including the
order Carnivora, which saw its first members in the early Paleocene in the form of
the family Viverravidae (some interpretations of the fossil record suggest that car-
nivorans were present in the late Cretaceous [75 Ma] of North America; see “Cimo-
lestids” [chapter 2]). However, the archaic viverravids featured a precociously re-
duced set of teeth and were probably not closely related to canids. During the late
Paleocene (56 Ma), the ancestral group that gave rise to canids, the family Miacidae,

also began to appear.

The Eocene Hothouse and the Origin of Canids

From the already warm and humid conditions in the Paleocene, the beginning of the
Eocene (around 55 Ma) was marked by a rapid warming to a peak temperature more
than 14°C higher than today’s average global temperature. This extreme warming
event is called the Paleocene-Eocene Thermal Maximum or, more colloquially, the
Eocene Hothouse. With these warm conditions, the Eocene global climate was per-
haps the most homogeneous within the Cenozoic as a whole. The temperature gra-
dient—the differences between temperatures along the equator and temperatures at
either pole—was only about half as much as it is today, resulting in a very equable
climate with low seasonality. The climate was so warm that even the polar regions
could support a diverse and productive biota, including the miacids.

The warm and humid conditions during the Eocene—coupled with a high level
of the greenhouse gases carbon dioxide (CO,) and methane (CH,)—were ideally
suited to the growth of dense forests in much of the world. During the Eocene Hot-
house, tropical forest conditions expanded to the latitude of northern Wyoming,
as recorded in the fossil plants from the Bighorn basin. Lush forest canopies domi-
nated much of North America. It is perhaps no coincidence that primates, along
with other forest-dwelling mammals, flourished under such conditions. Carnivores
in the Eocene were similarly adapted to life in and around trees. A modestly di-
verse group of miacids began to explore various environments for opportunities,
although they were mostly the size of small foxes or smaller and lived in the shadow
of the hyaenodonts, a group of archaic predators that were not closely related to
carnivorans and that were generally larger (coyote to wolf size) than the miacids and
better equipped to prey on larger herbivores (chapter 2).

Through a series of small, foxlike miacids, the proto-canids gradually emerged.
In the late Eocene (40 Ma), the first unambiguous canid, Prohesperocyon, appeared
in southwestern Texas, represented by a single skull and lower jaw. Prohesperocyon

probably did not differ substantially from other ancestral miacids in its way of life in
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the forest, but it bore the unmistakable marks of being a true canid: an inflated bony
bulla covering the ear region and subtle dental features, such as the loss of the upper
third molars. Prohesperocyon’s immediate descendant, Hesperocyon, appeared very
soon thereafter in the northern Great Plains and Canada (figure 6.2). Fossil records
of Hesperocyon are far more abundant than those of its Prohesperocyon predeces-
sors. The profusion of fossil records of this early canid indicates its central role in
the phylogeny of all canids. At this stage of canid evolution, it is difficult to point to
a particular skeletal feature that may have given canids an overwhelming advantage,
but a slightly more elongated limb with compressed digits seems to hint at their
preadaptations to an increasingly open environment. However, their limbs were not
fully digitigrade, and they were probably more suited for lives on the forest margin,
where the ability to climb trees helped them escape formidable predators (figure
6.3). Nonetheless, the evolution of cursorial feet may have been a key adaptation

that enabled canids to succeed in later, more open environments.

The Oligocene Cooling and the Initial Diversification of Canids

From the peak of the Paleocene-Eocene Thermal Maximum more than 50 Ma, the
first major step toward a long trend of climatic deterioration during the Cenozoic
occurred near the Eocene-Oligocene boundary (around 33.7 Ma), apparently asso-
ciated with the initial appearance of ice sheets on the Antarctic continent. James P.
Kennett (1977) proposed that plate tectonics was the ultimate cause of the formation
of the Antarctic ice cap. He suggested that the formation of Antarctic circumpolar
currents in the Southern Ocean thermally isolated the Antarctic continent from the
world ocean. These circumpolar currents were initiated because of the initial tec-
tonic opening of a plate boundary between Antarctica and Australia (Tasmanian

Passage) and the later extension of this spreading center between Antarctica and

FIGURE 6.2

Comparison of size among mammals from the late Eocene (Chadronian)

From left to right: Hesperocyon gregarius, Palaeolagus, Mesohippus, and Leptomeryx. Few ungulate species at-
tained large size during the Chadronian of the late Eocene (35 Ma), but not even the small species depicted
here would be suitable prey for Hesperocyon, and only the early lagomorph Palaeolagus, along with rodents
and other smaller vertebrates, would feature regularly in this early dog’s menu.

FIGURE 6.3
A scene in western North America during the late Eocene (Chadronian)

The ability to climb onto thin branches would have helped the early canid Hesperocyon (right foreground),
from 35 Ma, to escape from potentially dangerous, much larger animals, such as the saber-toothed nimravid
Hoplophoneus primeavus (left) or the entelodontid Archaeotherium mortoni.
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South America (Drake Passage). However, computer modeling of the climatic pro-
cesses seems to indicate that a drop in atmospheric CO, may also be to blame for
the formation of Antarctic ice (DeConto and Pollard 2003). Whatever the cause of
the Antarctic ice sheet, global temperatures dropped by 4 to 5°C or even more with-
in a short span of 1 to 2 million years. Such a significant temperature change caused
a major faunal turnover among marine organisms, but the land animals were less
affected (Berggren and Prothero 1992).

After the tropical forest conditions in the early Eocene, a steady decline in global
temperatures throughout the Eocene gradually turned the plant communities into
something close to warm-temperate forests. The sharp drop in temperatures at the
Eocene-Oligocene boundary due to the isolation of Antarctica was associated with
a shift from warm-temperate, angiosperm-dominated forest types to cooler-tem-
perate, gymnosperm-dominated (mainly coniferous) forest types in high latitudes.
In midlatitude North America, the climatic deterioration initiated a process of pro-
gressively drier conditions and more seasonal environments. Plant communities at
midlatitudes responded to this trend of decreasing rainfall by changing from high-
productivity, moist forests in the late Eocene to low-biomass, dry woodlands at the
beginning of the Oligocene (34 Ma), progressing to wooded grasslands and ulti-
mately to large areas of open grassland in the middle Oligocene (30 Ma) (Leopold,
Liu, and Clay-Poole 1992).

The initial opening up of the continental interiors by the retreat of the woodlands
and the development of a woodland-savanna-grassland mosaic landscape were the
impetus for the evolution of the grassland vertebrate communities (figure 6.4; see
figure 6.1). Mammalian herbivores began to develop high-crowned teeth and in-
creased cursoriality. To a large extent, the history of canids is a story of the coevolu-
tion of a group of cursorial carnivorans with the emerging grassland communities.
Carrying over from the late Eocene, Hesperocyon remained the only canid with a
consistent fossil record during the early Oligocene. However, we also possess a few
tantalizing fossils indicating that Hesperocyon had begun to diversify in the early Oli-
gocene, seizing the opportunities afforded by the opening up of the landscape. This
initial radiation of Canidae produced ancestral members of all three subfamilies of
canids (Hesperocyoninae, Borophaginae, and Caninae). All these early progenitors
were fox-size small canids, but each bore the morphological hints of later events.
They suddenly appeared in the badlands of Nebraska, Colorado, South Dakota, and
Wyoming during the Orellan age (34 Ma) at the beginning of the Oligocene. For the
subfamily Hesperocyoninae, members of the Mesocyon-Enhydrocyon group and of
the Osbornodon group emerged, and for the subfamily Borophaginae, the earliest
member, Otarocyon, is recorded in the Orellan. For the subfamily Caninae, a single

jaw fragment indicates its presence as a progenitor of Leptocyon.
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FIGURE 6.4

A scene in western North America during the late Oligocene (Arikareean)

Left background, the large camelid Oxydactylus wyomingensis; left foreground, the canid Enhydrocyon crassidens;
right center, the oreodontid Leptauchenia decora, from 27 Ma.

The rest of the Oligocene saw the continued diversification of canids and the first
dominant dogs in the Hesperocyoninae’s history, such as Sunkahetanka, Philotrox,
Enhydrocyon, and Paraenhydrocyon. These hesperocyonines evolved highly hyper-
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FIGURE 6.5

Comparison of size among mammals from the late Oligocene (Arikareean)

From left to right: the canids Mesocyon coryphaeus, Archaeocyon leptodus, Enhydrocyon crassidens, and Phlao-
cyon leucosteus; the protoceratid Protoceras skinneri; the oreodont Leptauchenia decora; and the equid Miohip-
pus gidleyi. Horses such as Miohippus were among the largest potential prey for dogs in the Oligocene (27 Ma),
and catching them would normally have required group action. Smaller ungulates such as the protoceratids
and the abundant Leptauchenia could have been taken even by lone individuals of the largest dog species. Un-
gulate prey was essentially out of range for the smaller dog species, which would have taken rodents and other
small mammals, as well as, in the case of Phlaocyon, a large proportion of nonvertebrate food. Reconstructed
shoulder height of Miohippus: 70 cm.

carnivorous dentitions that are comparable to the dentition of the modern African
hunting dog, and they achieved the body size of small wolves to begin hunting prey
larger than themselves. In contrast, facing competition from the dominant hespero-
cyonines, the early borophagines tended to evolve toward hypocarnivorous denti-
tions and small body sizes to exploit less predaceous lifestyles. These borophagines
were represented by Archaeocyon, Cynarctoides, Phlaocyon, and others (figure 6.5).
Meanwhile, the canines were still biding their time with a few inconspicuous spe-
cies of Leptocyon throughout the Oligocene and early Miocene. By the middle to
late Oligocene (around 30 to 28 Ma), the combined diversity of canids had reached
its peak of about 25 species in western North America (figure 6.6). Such a high
taxonomic diversity within a single family of carnivorans on a continent was un-
precedented before this time and has not been seen since, and it demonstrates the
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impact of early canids in the carnivoran communities of North America. This peak
diversity was also the first by a carnivoran family in a time otherwise dominated by
archaic predators, such as hyaenodonts, in most parts of the world. It signaled that
the time for carnivorans had arrived. Indeed, hyaenodonts and other archaic preda-
tors had begun to decline, and their roles were eventually taken over by members of

the Carnivora.

The Mid-Miocene Climatic Optimum and
the Second Diversification of Canids

After the initial shock of plummeting global temperatures in the early Oligocene,
temperatures began to rebound modestly, but were largely stable through much of
the Oligocene and into the middle Miocene (about 30 to 15 Ma). World climates
during this time were still rather mild in modern terms. This stable period, with a
gradual warming trend, peaked at the so-called Mid-Miocene Climatic Optimum.
Although Antarctic ice first had formed at the beginning of the Oligocene (34 Ma),
the ice caps during that epoch were small, located mostly on the high Antarctic pla-
teau, and highly dynamic (fluctuating with time). By the end of the middle Miocene
(14 Ma), another drastic drop in temperature occurred, this time with the formation
of a permanent Antarctic ice sheet. This fall in temperature precipitated a massive

response from plant communities.
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FIGURE 6.6
Diversity of species through time in the three subfamilies of Canidae

The width of each subfamily at a particular time slice in the figure corresponds to the number of species within
the subfamily (shown in the scale above the Hesperocyoninae). Although both the Hesperocyoninae and the
Borophaginae had a substantial diversity during the Oligocene, members of these subfamilies occupied differ-
ent niches. The early borophagines were predominantly hypocarnivores, which complemented the hesperocy-
onines’ hypercarnivory. By the time the Hesperocyoninae underwent its drastic decline in the early Miocene,
the borophagines began to occupy the hypercarnivorous niches left open by the disappearing hesperocyo-
nines. A similar complementary relationship also existed later between the borophagines and canines.

Direct records of the plant communities in the Miocene are relatively rare. Exist-
ing evidence, however, indicates the presence of a certain amount of open grassland,
perhaps alongside forests, in the midlatitudes of North America during the early
Miocene. During these dramatic climatic changes, mammalian herbivore commu-
nities in the continental interiors underwent a similarly drastic turnover. In part be-
cause of evolution and in part, for the first time, because of immigration by Eurasian
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natives, herbivore diversity steadily increased through the early to middle Miocene
until reaching an all-time peak in the Mid-Miocene Climatic Optimum (around
15 Ma). This peak is revealed in the extraordinary fossil record of North American
horses, a celebrated example of evolutionary adaptation for open vegetation com-
munities. As many as 16 genera (probably including many more species) of horses
were present in the middle Miocene, a peak diversity that has steadily declined ever
since (figure 6.7). Although lacking a correspondingly rich fossil record of plants,
we can reasonably deduce that a high diversity in mammalian herbivores probably
corresponded to a high diversity in the plant community as well.

Perhaps not coincidentally, canids experienced their second spurt of diversifica-
tion in the middle Miocene, although it involved mostly borophagines. (Hespero-
cyonines were on their way to becoming extinct, and canines were still relatively
inconspicuous.) This peak had a somewhat lower taxonomic diversity (20 species)
than that of the late Oligocene (25 species), but canids nevertheless experienced
their maximum ecological breadth during this time. Canids had by this time ac-
quired more complete hypercarnivorous or hypocarnivorous morphologies, corre-
sponding to a wide range of diets from pure meat to a mix of foods, including a large
component of fruits and vegetable matter. In an indirect way, such a high ecological
diversity by a family of carnivorans was also a reflection of variable plant communi-
ties and perhaps also of competition (or lack thereof) from other groups of carniv-
orans in North America.

By the late Miocene (8 to 7 Ma), apparently in response to the presence of the
permanent Antarctic ice sheet, open grasslands became dominant in midlatitude
western North America. Furthermore, near the end of the Miocene, there was a
worldwide turnover of the plant communities in the midlatitudes: from C3-photo-
synthesizing plants adapted to a high level of atmospheric CO, to C4-photosynthe-
sizing plants adapted to a reduced level of atmospheric CO,. C3 plants have a three-
carbon photosynthetic pathway and include trees, shrubs, forbs, and cool-season
grasses. In contrast, C4 plants have a four-carbon photosynthetic pathway and in-
clude mostly grasses that are better adapted to hot, high-light, and water-stressed
environments. C4 plants seem to have a competitive advantage over C3 plants in
lower levels of CO,. The transition from C3 to C4 plants in the late Miocene was
thus another major indication of further climatic deterioration.

In addition to changes in the photosynthetic pathways of plant communities in
a lower level of atmospheric CO,, numerous mammalian herbivores had indepen-
dently evolved high-crowned cheek teeth by the late Miocene. The height of the
crown in herbivores’ teeth is defined by the total height of the enamel, including
parts that are buried deep in the jaws but that will eventually emerge from the jaws
when the crown surface is ground down by use. The high-crowned (also known as
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FIGURE 6.7

Comparison of size among mammals from the Miocene (Barstovian) of North America

From left to right: the borophagine dog Aelurodon ferox, the small ruminant Blastomeyx gemmifer, the hippari-
onine horse Neohipparion coloradense, the ruminant Cranioceras skinneri, and the small hipparionine Pseud-
hipparion retrusum, from around 12 Ma. Reconstructed shoulder height of Neohipparion: 110 cm.

hypsodont) cheek tooth is defined by a crown height greater than its occlusal length,
and it is an ecologically important indicator of diets because it can sustain much
more wear associated with the eating of fibrous and abrasive vegetation such as dry
grasses. Grasses generally grow in open and seasonally dry environments. Mam-
mals with low-crowned teeth generally eat tender tree leaves and low shrubs and are
commonly referred to as browsers. By contrast, mammals with high-crowned teeth
can handle tougher and drier grasses that are closer to the ground and thus contain
more grit that helps wear the teeth faster. These grass eaters are referred to as graz-
ers. Late Miocene grazers faced the prospect of eating low-quality vegetation (dry
grasses) in greater quantity to compensate for its low nutrition. The high content of
grit (wind-blown sands attached to grasses) and the presence of phytoliths (micro-
scopic particles of silica contained in leaf epidermis as a self-defense mechanism) in
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many grasses caused additional tooth wear. The combination of these factors was a
powerful inducement in the evolution of hypsodont teeth.

As the landscapes opened up, it became increasingly critical for the grazing her-
bivores to be more cursorial (figure 6.8). A cursorial grazer can better escape from
predators and has the added advantage of covering larger grazing range in order to
avail itself of optimal pastures. Again, the classic story of the evolution of horses
serves as a perfect example. One of the most common ways to develop the ability to
run faster and walk for longer distances in a more open landscape is for the limbs
to be elongated and lightened, particularly the more distal limb segments (those
toward the hands and feet rather than those in the upper arms and thighs). This pro-
cess is perfectly illustrated in horses by the elongation of their finger and toe bones
and the loss of their lateral digits until they eventually stood on a single finger/toe in
an ultimate unguligrade posture, as seen in modern horses (Miocene horses did not
reach this stage and commonly had three toes).

Against the background of rapid evolutionary change among mammalian her-
bivores during the late Miocene, canids had to adjust to keep up with their prey.
Although carnivorans probably did not care much what their prey ate, they did have
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FIGURE 6.8

A scene in Florida during the late Miocene (Clarendonian)

From left to right: the canid Epicyon haydeni, the rhinocerotid Teleoceras fossiger, the barbourofelid Barbourofe-
lis loveorum, the three-toed horse Neohipparion leptode, the camelid Aepycamelus major, and the protoceratid
Synthetoceras tricornatus, from around 9 Ma.

to adapt to the increasingly cursorial nature of the herbivore communities. The re-
sult is the ever-present saga of the coevolution of predator and prey. It is particularly
pronounced among large, pursuit predators such as Aelurodon, Epicyon, and related
forms of borophagines (figure 6.9). The late Miocene canid evolution also marked a
decline in diversity and ecological breadth in the borophagines. Competition from
new immigrants—such as felids, false saber-toothed cats, large mustelids, and giant
ursids—intensified, leading to adaptations for bone cracking among borophagines
such as Epicyon and early Borophagus. Bone cracking as a scavenging strategy was
also facilitated by a more open environment, which permitted greater visibility of
carcasses and thus more efficient use of leftover skeletons.

The expansion of open grassland in North America in the late Miocene seems
also to have set the scene for an early diversification and dispersal of the canines.
For much of the time since the origin of the subfamily Caninae at the beginning
of the Oligocene (about 33 Ma), the subfamily line of descent was sustained mainly
by a few species of Leptocyon that were no match for the contemporaneous and
more formidable hesperocyonines and borophagines. One feature of Leptocyon
that distinguished it from the canids of the other two subfamilies was a slender and
elongated limb, which, with the loss of a functional thumb and big toe, became a
critical advantage when the landscape opened up. By the late Miocene, the early
precursors of modern foxes (tribe Vulpini) and an ancestral genus of modern ca-
nines (tribe Canini), Eucyon, had emerged. In addition, other canids were no longer
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FIGURE 6.9

Comparison of size among mammals from the late Miocene (Clarendonian) of
North America

From left to right: the borophagine dog Epicyon haydeni, the camelid Aepycamelus, the ruminant Synthetoceras
tricornatus, and the hipparionine Neohipparion, from around 9 Ma. As shown by this comparison, Epicyon
was large enough as an individual to hunt some of the medium-size ungulates, although prey the size of the
Neohipparion and larger would have required group action. Total height to the head of Aepycamelus: 3 m.

competing for the foxlike niches for the first time in their long but inconspicuous
early history—borophagines had become ever larger and more powerful hypercar-
nivores and no longer vied for a more generalist predator’s way of life.

The time for the subfamily Caninae had finally arrived. One of the most impor-
tant events in the subfamily’s history is its breaking out of North America, the conti-
nent that had been the cradle of the family Canidae’s evolution for more than three-
quarters of its existence and from which the first two of the three subfamilies (Hes-
perocyoninae and Borophaginae) could not escape (except for a single incidence
in the middle Miocene [chapter 3]). A species of Eucyon first made it to Eurasia in
the late Miocene, setting the scene for the canines’ ultimate triumph in the world
(chapter 7).

The Pliocene Upheaval and the Great Canid Expansion to the World

Through much of the Pliocene (5 to 1.8 Ma), global climates steadily deteriorated
with a precipitous drop in temperatures. By the late Pliocene (about 3 Ma), an arctic
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ice sheet had begun to develop. This time, ice growth once again coincided with
another important tectonic event, the formation of the Isthmus of Panama, which
blocked direct ocean circulation between the Atlantic and the Pacific, although
global factors probably contributed to the arctic ice formation as well.

Continuing the trend that had started in the late Miocene (6 Ma), the expan-
sion of C4 grasslands was the main theme for plant communities, particularly in
the midlatitudes of the world, in an increasingly open landscape caused by a drier,
colder, and more seasonal climate during the Pliocene. Mammalian herbivores
adapted by acquiring increasingly high-crowned cheek teeth to tackle the tougher
and more seasonal grasses. Their limbs also became more cursorial, continuing the
earlier trend of lengthening in the distal segments of limbs and reduction in the
number of toes. By the Pliocene, the Dinohippus—Equus lineage had emerged, and it
achieved the ultimate reduction in the number of toes—it retained only the single
middle digit, with the second and fourth digits on either side reduced to no more
than small remnants of their former sizes. The single-digit horses outcompeted their
three-toed horse ancestors and within a short period became the dominant horses
in North America. By the late Pliocene to the early Pleistocene, Equus immigrated
to Eurasia and South America, along with the camels, which, like canids, had been
confined to North America during much of their existence.

Borophagines were down to one or two species of Borophagus during the Plio-
cene. Borophagus was a highly specialized bone-cracking dog capable of consuming
bones to make efficient use of carcasses. The more open landscape probably also
aided in better visibility of carcasses left over by other carnivores, but the increas-
ingly cursorial herbivores proved more and more difficult to catch for Borophagus,
whose skeleton was not adapted for great speed. Low diversity, high specialization
(such as bone cracking), and giant size are often signs of terminal lineages in carniv-
orans. Indeed, the great borophagine subfamily became extinct by the latest Pliocene
(2 Ma), when its last species, B. diversidens, disappeared from the fossil record.

The subfamily Caninae, however, thrived among the newly emerging, highly mo-
bile herbivore communities. As noted previously, the canines started with longer
and more slender limbs, characters that gave them a significant advantage when
dealing with increasingly swift prey.

In a wider perspective, the Pliocene was a critical period of expansion for ca-
nids. The combination of the most mobile canids ever evolved (in the form of early
vulpines and canines), easy access between continents (between North and South
America, between North America and Eurasia, and later between Eurasia and Af-
rica via western Europe), and more availability of open grassland created optimum
conditions for the greatest expansion of canid distribution ever. During the early
Pliocene, canids finally became established in the Old World. Early records of ca-
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nids in Asia, Europe, and Africa show that they lived in these areas almost simulta-
neously. Their first appearances on these continents differs by at most 1 to 2 million
years. In Asia, canids arrived in the Yushe basin in the early Pliocene (around 5 Ma).
In Europe, the record may be slightly older, as suggested by the presence of “Canis”
cipio in the latest Miocene (7 Ma) of Spain (Crusafont-Paird 1950). In Africa, the
first appearance of canids is recorded by the fossil of a small fox (Vulpes riffautae)
from the Djurab Desert in northwestern Chad (7 Ma) (Bonis et al. 2007). As canids
arrived on these continents, they quickly diversified in their new homes. This is the
third and last peak of canid diversification, which has continued through the Pleis-
tocene until today (chapter 7).

The great canid expansion also brought into contact Old World hyaenids and
New World canids, two families that are probably the most comparable ecologically
(chapter 5). However, by the Pliocene, the competitive landscape had changed sig-
nificantly, such that members of the two families were not direct competitors. The
newly arrived foxes and jackal-like canids were much smaller than most hyaenids,
which by now were large, bone-cracking hypercarnivores. North American canids,
those that remained in the New World, also had a limited chance to encounter a
highly derived hyaenid, Chasmaporthetes, which was the only hyaenid to make it
to the New World (figure 6.10). Chasmaporthetes may have competed with the last
species of borophagines, Borophagus diversidens; whereas the former was better at
running with a more cursorial limb, the latter was better at cracking bones. If judged
by the fossil record, Borophagus seems to have outnumbered Chasmaporthetes and

thus to have made a greater contribution to the carnivoran community.
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FIGURE 6.10

Chasmaporthetes
The Pliocene hyaenid Chasmaporthetes. Reconstructed shoulder height: 80 cm.
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By about 3 Ma in the Pliocene, the formation of the Isthmus of Panama connected
the North and South American continents, which had been isolated from each other
for millions of years, since the end of the Cretaceous (65 Ma). This connection re-
sulted in the Great American Biotic Interchange, in which numerous land mammals
on either continent were able to cross the land bridge and became part of the fauna
on the adjacent continent. Carnivorans that immigrated to South America generally
outcompeted native predators (such as borhyaenid marsupials) and quickly estab-
lished themselves as the dominant components of the predatory communities.

Canids were certainly players in this success story. Starting with only a few lin-
eages of canines in the Pliocene of Central America and southern North American,
they experienced an explosive radiation once they arrived in South America. Today,
the South American canids are the most diverse group of canids on any continent.
The 11 species of South American canids constitute almost one-third of the entire
canid diversity and are the largest group of predators in South America among vari-
ous families of living Carnivora (see appendix).

The Pleistocene Ice Age and the Establishment of Modern Canids

The last epoch in the Cenozoic is the Pleistocene (1.8 to 0.01 Ma). Often called the
Ice Age, this epoch is marked by extensive continental ice sheets that repeatedly
advanced toward the midlatitudes. Temperatures dropped to the lowest levels ever
in the Cenozoic, and during the peak glaciations continental ice sheets up to 3,000
m thick (nearly 2 miles) advanced as far south as Nebraska, Illinois, and Kansas in
North America, as well as over Scandinavia and much of northern Europe, occupy-
ing about one-third of the globe. When climates shifted from warm and humid to
cold and dry, and vice versa (during the interglacial periods), the plant communi-
ties underwent drastic, cyclical changes, often within short periods of time. During
the glacial maxima, distributions of animal and plant communities suffered from
contractions toward the equator; during the interglacial periods, they reoccupied
formerly lost ground toward the higher latitudes.

To cope with the extreme coldness during glacial maxima, many large mamma-
lian species, particularly herbivores, attained giant sizes in accordance with the gen-
eral biological rule that animals in colder climates tend to increase their body sizes
to help conserve body heat and to store larger quantities of fat to cope with winter
weather. As a result, Pleistocene megafauna emerged in the northern continents
(North America and Eurasia). Such giants as woolly mammoths, buftalo, giant deer,
and woolly rhinos roamed in Eurasia; mammoths, mastodonts, giant ground sloths,
large saber-toothed cats, and dire wolves reigned supreme in North America. Most
members of these megafauna, especially those from North America, became extinct
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at the end of the Pleistocene. Interestingly, the gray wolf (Canis lupus) was one of
the few exceptions and is still one of the most successful large canids in the world. If
one counts the domestic dog as a highly specialized adaptation for cohabiting with
humans, as some people have claimed, then Canis has achieved its ultimate success
in occupying nearly every corner of the world.

Canids had lived in the harshest climates since the beginning of the Cenozoic,
and Pleistocene canids were probably little affected by climatic conditions, judg-
ing from the existence of modern arctic wolves and foxes, which, along with polar
bears, are the hardiest carnivorans in the Arctic. In fact, much of the gray wolf evo-
lution apparently played out in high-latitude or even circum-Arctic regions. Given
the worldwide distribution of canids during the Pleistocene and the diverse envi-
ronments in which they lived, it is difficult to detect general patterns of canid evolu-
tion associated with changes in environment or in herbivore communities, as hap-
pened more obviously in the late Miocene. In general, large canines, such as the
genus Canis and related genera such as Cuon and Lycaon, tended to become larger
and more hypercarnivorous, a trend possibly accelerated by periodic glaciations,
but perhaps also simply by their own tendency to become larger as their body size
passed a certain threshold, as also happened to the earlier hesperocyonines and bo-
rophagines, which did not experience glaciations (chapter 5).

In Europe, the beginning of the Pleistocene was marked by the so-called Wolf
Event, the appearance of wolflike Canis near the Pliocene-Pleistocene boundary (1.8
Ma). Since then, Canis has had a continuous presence in Eurasia, along with various
species of foxes and raccoon dogs. Early humans, both Homo erectus and H. sapiens,
must have had close encounters with canids because the hunter-gatherer lifestyle is
broadly similar to the canid lifestyle. Ice Age humans thus may have competed with
some larger species of canids. By the latest Pleistocene, this close encounter resulted
in the domestication of the first canid in the Middle East or Europe or possibly
China (chapter 8).

In North and South America, canids played an important role as top predators
in the megafauna. The best-known example is the dire wolf (Canis dirus), which
by this time had reached 68 kg in body weight, not exceeded by any other canine
before or since (the only canids larger than the dire wolves were advanced species
of Aelurodon and Epicyon). Fossil records of the dire wolf are widespread in much
of the United States and Mexico south of the last glacial ice cap. Dire wolves also
ranged into Andean South America. In the southern California locality of Rancho la
Brea, they, along with the saber-toothed cat (Smilodon), occurred in high numbers
relative to other carnivorans. Blaire Van Valkenburgh and Fritz Hertel’s (1993) study
of canine tooth breakage on the La Brea dire wolves suggests that by the late Pleisto-

cene, dire wolves used carcasses more systematically than is seen in modern wolves,
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FIGURE 6.11
Cynotherium sardous

Life reconstruction of Cynotherium sardous, an extinct canid from the late Pleistocene (around 15,000 years
ago) of Sardinia. Shoulder height: 44 cm.

and they were probably in intense competition with other large predators, such as
saber-toothed cats and lions, for limited resources. Along with the megafauna, dire
wolves became extinct by the end of the Pleistocene.

The frequent advances and retreats of continental ice sheets caused correspond-
ingly drastic rises and falls of sea levels. Massive amounts of seawater were stored
in the ice sheets, and sea levels dropped by as much as 120 m during the glacial
maximum. A direct consequence of this lowering of sea levels was the emergence of
connections between the mainland and some of the surrounding islands, and then
the reisolation of the islands when sea surfaces returned to higher levels. Such a
repeated connection and disconnection between mainland and islands created op-
portunities for mainland animals to invade islands, but then to be subsequently cut
off from their mainland relatives. Isolation on an island is often a direct impetus
for speciation, commonly through adaptations to island conditions and a lack of
genetic exchange with mainland populations. Two such examples of canid specia-
tion are the extant island gray fox (Urocyon littoralis) from the Channel Islands, off
the shore of southern California, and the extinct Pleistocene Cynotherium sardous
from the island of Sardinia, off the west coast of Italy (figure 6.11). The former is a
sister species of the mainland gray fox (Urocyon cinereoargenteus), and the latter
may be derived from a hypercarnivorous, wolflike Xenocyon (Lyras et al. 2006). Fi-
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nally, the Falkland Island fox (Dusicyon australis), which was hunted to extinction
in the nineteenth century, may also be a product of speciation as a result of connec-
tion with the South American mainland and then isolation afterward, although the
great distance between the Falkland Islands and Argentina makes such a connection
more difficult to imagine, and some measure of overwater rafting may have been
involved for the fox to arrive on the islands.

Finally, the modern Holocene epoch (the previous 10,000 years) is marked by a
rebound of temperatures and retreat of polar ice caps, creating the environmental
conditions that we live in today. Pleistocene canids on the various continents, par-
ticularly those in the late Pleistocene, are increasingly similar to their living coun-
terparts. Probably all extant canine species evolved during the late Pleistocene, as is
the case for most, if not all, extant carnivorans.

In figure 6.6, we chart the changes in diversity through time to compare the his-
tories of the three canid subfamilies. The figure reveals a relay race among these
groups since their origin in the early Cenozoic (around 40 Ma) of North America.
Each subfamily shows an increase in diversity following the extinction of the pre-
ceding lineage. In the Caninae, the increase did not happen until the end of the
Miocene, with maximum diversity not established until the Pliocene. Interestingly,
the first departure from the generalized mesocarnivorous adaptation was to hypo-
carnivory, a broadening to a mixed diet. This adaptation is still represented by the
gray fox (Urocyon) of the New World (whose fossil sister lineage was Metalopex), the
raccoon dog (Nyctereutes) of eastern Asia, and the crab-eating zorro (Cerdocyon)
of South America, which is related to Pliocene species in North America. The Bo-
rophaginae had a similar adaptive history while it was represented by small species.
The relationship between the established group and the new group is suggestive of
competition until extinction of the older group reduces competitors, allowing diver-
sity to increase markedly in the younger group. Figure 6.6 suggests that the strong
differentiation in the Caninae over the past 4 million years was promoted by the loss
of the Borophaginae. A similar relationship is indicated by the history of the Hes-
perocyoninae and its effect on the Borophaginae.

Another feature of this successive aspect of canid evolution is that the adaptation
of hypercarnivory is restricted mostly to lineages in the later part of each subfam-
ily’s history, and the adaptation seems to be related mostly to the increasing size
of both predators and prey. Of course, this generalization applies most clearly to
the Borophaginae and the Caninae. The Hesperocyoninae was primitively hypercar-
nivorous and developed the molariform lower carnassial only in its latest genus, Os-
bornodon, which perhaps increased its longevity as a group until comparable large
borophagines (for example, Tomarctus) came into existence in the middle of the
Miocene (16 Ma).






GOING PLACES

AS PREDATORS WELL SUITED FOR TRAVELING long distances, modern ca-
nids are the only family of Carnivora to have a truly worldwide distribution (except
Antarctica). This wide dispersal has in no small part been due to their ability to
expand their home ranges and to achieve long-distance dispersal across continents
and habitats. Canid zoogeography provides insights into the intricate relationships
among canid species around the world. The immigrations of major lineages can be
traced across different continents during their geologic history. Studies of ancestral-
descendant (phylogenetic) relationships in the fossil record and the history of con-
tinental reconfigurations (plate tectonics) allow us to draw some conclusions about

the timing, direction, and identity of various dispersals during the canids’ history.

Early Endemism

More than two-thirds of the history of the canids was played out in North America,
the family’s continent of origin. With the exception of a single hesperocyonine lin-
eage, two of the three subfamilies, the hesperocyonines and the borophagines, never
left their home continent. Almost from the very beginning of their history, canids
seem to have had ample opportunities to cross Beringia, a periodic land bridge be-
tween eastern Siberia and Alaska (the present-day Bering Strait), to expand to the
Old World. Since the late Eocene (40 Ma), numerous carnivorans did just that, in-
cluding members of the Mustelidae, the Procyonidae, the Ursidae, the Felidae, and
the Nimravidae (an archaic group of saber-toothed “cats”), many of which crossed
more than once and in both directions.

Despite these intercontinental immigrations, mammalian communities main-
tained a large measure of identity on their home continents. Land bridges, such
as Beringia and the Isthmus of Panama, tended to be intermittent and were con-

trolled by global eustatic sea-level changes due to ice sheet formation at the poles
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or local tectonic reconfigurations of adjacent plates. Land bridges located in high
latitudes or near the equator, such as Beringia and the Isthmus of Panama, had a
strong filtering effect in that specific environments in and around the land bridges
encouraged the passage of some species, but prevented others from going through.
This is the reason why fauna in North America always maintained a distinct iden-
tity through time despite the occasional connections with the outside world (either
Eurasia or South America). Organisms that are confined to a particular region or
continent are called endemics. Several major groups of North American mammals
were either entirely or largely endemic in their continent of origin, including the
oreodonts (extinct even-hoofed mammals), the camelids (camels, lamas, and their
extinct relatives), and the equids (horses). Among carnivorans, the hesperocyonines
and borophagines were the best examples of two groups of endemic predators that
played a critical role in the North American predatory landscape for many millions
of years during the middle to late Cenozoic (30 to 8 Ma) (figure 7.1).

Such endemism in both herbivores and carnivores during much of the middle
Cenozoic was apparently the rule rather than the exception. The pattern of endemic
distribution may reflect the effectiveness of isolation mechanisms (such as barri-
ers formed by the seas between North America and Eurasia, and between North
America and South America) or the filtering effect of a land connection that acted
as an environmental bottleneck to prevent easy crossing.

Another factor that contributes to our assumption of this apparent endemism
may be related to our highly biased fossil records. Most of the known fossil records
are concentrated in the midlatitudes of the northern continents (Eurasia and North
America). Although such an aggregation of finds may be partially attributed to so-
cioeconomic factors (industrialized countries in the midlatitudes of the northern
continents tend to explore their fossil records more fully than other countries do),
this midlatitude bias may also be due to the actual preservation of fossils.

Terrestrial fossils of Cenozoic mammals tend to be more commonly preserved
in fluvial (river), lacustrine (lake), and floodplain deposits. Tropical forest environ-
ments do not readily preserve fossils, or if they do, the sediments that trap the fossils
are often poorly exposed because of the lush vegetation coverage. In high latitudes,
in contrast, the continental ice sheets during the Ice Age (Pleistocene [1.8 to 0.01
Ma]) scraped away many of the relatively soft sediments on top that were deposited
in the late Cenozoic. The result is a dearth of knowledge about fossils from both high
and low latitudes, leaving us a biased view of the middle (see figure 2.14). Therefore,
we know preciously little about the high-latitude faunas, which would be the most
informative for immigration events across Eurasia and North America.

Nonetheless, paleontologists do occasionally stumble on rare events of animal

migrations. Until recently, hesperocyonines were known only in North America,
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FIGURE 7.1

Phyletic relationships and intercontinental migrations of canid genera

Only selected genera are listed, and the actual diversity in each subfamily (Hesperocyoninae, Borophaginae, and

Caninae) is somewhat higher than shown. The width of each lineage in the figure roughly corresponds to the

diversity of the lineage through time. For a more realistic sense of diversity through time, see figure 6.6. Arrows

indicate directions of migrations.
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which was puzzling to paleontologists. Why didn’t the hesperocyonines make it to
Eurasia? Were they not well adapted to roam large areas, as are their living coun-
terparts, such as the wolves and foxes? Were they confined to the middle latitude
of North America and unable to cross the Beringian land bridge in the high arctic
region? A tantalizing hint emerged in the summer of 2005 when a team of Chi-
nese paleontologists (led by Xiaoming Wang) unexpectedly found a partial skull of
a medium-size hesperocyonine in the middle Miocene beds (Tunggur Formation,
around 13 to 12 Ma) of the Inner Mongolia Province in northern China. It is the
oldest canid fossil to be discovered anywhere outside North America. Despite this
single hesperocyonine in Asia, however, it is fair to say that hesperocyonines did not
significantly affect the Old World predator community.

The record of borophagine dispersal is even more dismal. Known fossil records of
the borophagines occur as far north as the northern United States and as far south
as Honduras and El Salvador. Despite their successes in both diversity and abun-
dance, the borophagines apparently never left North America. The rise of large, hy-
percarnivorous borophagines apparently followed the maximum diversification of
horses in the middle to late Miocene (18 to 10 Ma). It is thus reasonable to assume
that horses probably constituted a major source of prey for the borophagines. Why,
then, didn’t the borophagines follow the Hipparion (three-toed) horses to the Old
World? The dispersal of Hipparion to Eurasia in the late Miocene (about 12 to 1 Ma)
represents a major event in the history of mammalian zoogeography. Upon their ar-
rival in Eurasia, the three-toed horses quickly diversified and expanded to the entire
Old World to become a key faunal component wherever they went. They became
ubiquitous in the late Cenozoic (11 to 5 Ma), and their impact on the ungulate com-
munities must have been high.

Although for want of fossil evidence we are unable to fathom the cause of the
borophagines’ failure to disperse, we can take a look at the competitive landscape
as a way to explore possible scenarios. Canids and hyaenids independently evolved
many similar features. So convergent were the predatory behaviors of members of
these families that competitive exclusion may have played a role in explaining why
canids and hyaenids were confined to their continents of origin during much of
their histories. Throughout these histories, there were numerous opportunities for
canids and hyaenids to disperse to continents other than their own—many other
carnivorans, including felids, made the trip several times—and canids and hyae-
nids, with their highly developed cursorial adaptations that enabled them to travel
long distances with ease, were ideally suited to cross the continents. Yet neither fam-
ily made a significant dent in the other’s “home turf” A single hyaenid, Chasma-
porthetes, arrived in North America in the Pliocene (4 Ma), but was never successful
enough to be a significant component of the New World’s carnivoran fauna (see
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figure 6.10). Chasmaporthetes was probably in direct competition with Borophagus,
which was well into the last leg of its journey toward extinction. It is conceivable
that some borophagines may have made it to the Old World, but met strong compe-
tition from hyaenids and were quickly eliminated.

An alternative scenario may be that the environments in and around Beringia
had a strong filtering effect on which species could cross the land bridge. For ex-
ample, a heavily forested environment would have favored predatory species that
preferred wooded areas. Indeed, many of the medium to large carnivorans that suc-
cessfully immigrated to North America during the Miocene were felids and ursids,
two families that tend to prefer the cover afforded by trees (early hemicyonine ursids
that came to North America, however, had long, digitigrade legs that were probably
adapted to running in open environments). Recent discoveries of late Miocene to
early Pliocene (6 to 4 Ma) red pandas and meline badgers (Old World badgers)
in eastern Tennessee, which is part of the Eastern Deciduous Forest of the United
States, may even suggest the presence of forest corridors across much of Beringia.
If so, Beringia may have served as an environmental bottleneck to limit the disper-
sal of borophagines, which were adapted to open land. Unfortunately, we have pre-
ciously few late Cenozoic fossil records in northern Siberia and Alaska, where past
faunal exchange must have occurred, and until such a deficiency can be remedied,
history’s apparent paradox will remain a mystery.

Dispersal of Caninae

The subfamily Caninae, like its predecessors, remained landlocked in North Amer-
ica for more than two-thirds of its history, during which Leptocyon was living in the
shadow of both hesperocyonines and borophagines. Canines, however, did eventually
achieve a breakthrough by the late Miocene (7 Ma), making appearances in Europe,
Africa, and Asia in short succession. One of the Caninae’s distinguishing characters
is its more advanced stage of locomotive adaptation. For example, compared with the
more primitive Leptocyon, early Vulpes had lengthened legs, a reduced first digit in
the metatarsals, and no epicondylar foramen on the distal humerus—characters that
are commonly associated with lengthening of the stride and reduction in the weight
of the limbs (chapter 4). These cursorial developments are certainly more advanced
relative to developments in the hesperocyonines and borophagines. However, it is not
clear if such characters alone were enough to permit the canines to break through the
geographic barriers or if environmental factors—that is, the opening up of the land-
scapes (chapter 6)—may have contributed to the eventual dispersal of canines (figure
7.2; see figure 7.1). Whatever the reason that canines were able to immigrate to the Old
World, the predatory community there was never the same after they arrived.
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FIGURE 7.2
Intercontinental migrations of canids

As one of the most mobile groups of carnivorans, canids have worldwide distribution as a result of multiple
migrations across continents. The lists given here of canids that arrived at each continent are not exhaustive,
and the canids listed are a subset of all canids that made it to that particular continent. Numbers following
each taxon approximate the time of arrival millions of years ago (Ma).

EUCYON AND OTHER EARLY CANINES IN THE OLD WORLD

>

The first canine to arrive in the Old World was a coyote-size form named “Canis’
cipio (Crusafont-Pair6 1950). A maxillary fragment with P3 to M2 and an isolated
lower carnassial (m1) from the Teruel basin of central Spain in deposits of Turolian
age (late Miocene [about 8 to 7 Ma]) offer all that we know about this species. The
relatively primitive morphology of the teeth suggests that this species was either
Eucyon or a very primitive Canis. However, lacking more complete materials, we
cannot determine its precise phylogenetic position.

Lorenzo Rook (1992) reported a new species of Eucyon, E. monticinensis, from
the Monticino gypsum quarry near the village of Brisighella in Italy and from Venta
del Moro in Spain. These Eucyon materials are also late Miocene in age (about 7 to 5
Ma), but probably slightly younger than “Canis” cipio.

In Africa, the relatively poor canine fossil records have traditionally indicated
a rather late arrival of canines on the continent. However, recent findings (often
associated with the explosive new knowledge of hominid-bearing localities) have
pushed the canine records to ever earlier ages, comparable to the European records.
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Jorge Morales, Martin Pickford, and Dolores Soria (2005) described a new species
of Eucyon, E. intrepidus, from the Lukeino Formation (6.1 to 5.7 Ma) in the foothills
of the Tugen Hills in the Baringo District, along the Great Rift Valley in western
Kenya. This species is morphologically similar to early Eucyon species (but smaller
in size) from the late Miocene of Europe and early Pliocene of Asia (China).

In another recent finding associated with the earliest hominid remains (Sahel-
anthropus tchadensis), Louis de Bonis and his co-workers (2007) report a new fox,
Vulpes riffautae, from the Djurab Desert, northwest of N'Djamena in the West Af-
rican country of Chad. This new fox is associated with fossils from the late Miocene
(around 7 Ma). If this age estimate is correct, then Vulpes riffautae would be the ear-
liest vulpine record in Africa, possibly even the earliest in the entire Old World. The
Chad fox was very small, barely larger than a modern fennec (Vulpes zerda), which
is the smallest living fox in the world.

Based on these materials, it appears that canines of the Eucyon-Canis stage of
development and a small fox were already present in the late Miocene of Europe
and Africa. Fossil records of canines in Asia, however, are slightly younger, from
the early Pliocene and later (less than 5 Ma), even though canines must have passed
through the vast stretch of Asia to arrive in Europe and Africa. Such a lag in the ar-
rival of canines in Asia may simply be attributed to relatively poor documentation of
the Asian fossil record. However, an alternative scenario may be that the first canines
that crossed over Beringia stayed in higher latitudes, bypassing the midlatitude re-
gions of Asia, where our records are currently based, and going straight to Europe.

Whatever the scenario, canines are firmly recorded in the early Pliocene deposits
of northern China, particularly in the Yushe basin in central Shanxi Province. In the
Yushe basin, Nyctereutes (N. tingi) appeared shortly after 5 Ma, followed by Eucyon
(E. zhoui and E. davisi) slightly later. In fact, the presence of Eucyon in the Old World
was first documented by Richard Tedford and Qiu Zhanxiang (1996) from the Yushe
records. Since then, increasing evidence suggests that this transitional genus had a
modest success outside its continent of origin, North America. Several of its species
are currently recognized in the fossil records of Asia, Europe, and Africa, and these
species are in general considered the earliest canines in the Old World.

RACCOON DOG

The raccoon dog (Nyctereutes) was an important early immigrant to the Old World.
In the Yushe basin, the primitive species N. tingi entered the record in the latest
Miocene to the middle Pliocene (5.5 to 3 Ma). At about the same time, the Euro-
pean species N. donnezani lived in the area of present-day Perpignan, France. These

ancestral raccoon dogs were coyote-size animals, much larger than their modern
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FIGURE 7.3
Nyctereutes terblanchei

Reconstructed skull and head of Nyctereutes terblanchei. The mandible reconstruction is based on a fossil
from Kromdraai-A (1.6 Ma); the skull, after other species of the genus. Although the modern raccoon dog has
an original Asian distribution with artificial introductions into Europe, the distribution of Nyctereutes in the
Pliocene and Pleistocene (5 to 1 Ma) reached as far as South Africa. Mandible length: 14 cm.

counterpart. More advanced species, N. sinensis in China and N. megamastoides
in Europe, soon appeared in Eurasia, and they eventually led to the living species
N. procyonoides in East Asia. By the early Pliocene (3.8 to 3.5 Ma), Nyctereutes had
reached Africa, but the African raccoon dog did not survive beyond the Pleisto-
cene (1 Ma) (figure 7.3). The modern raccoon dog is a descendant of the N. sinen-
sis-megamastoides lineage in Eurasia, surviving because it became smaller in size
and more hypocarnivorous in dental adaptations. The modern East Asian raccoon
dog was introduced to northern Europe in the twentieth century.
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Although the Old World history of Nyctereutes can be traced by a useful fossil
record, it is still far from clear what its original stock in North America was. Nycte-
reutes seems to be closely related morphologically to the South American crab-eat-
ing fox (Cerdocyon) in that both share a somewhat hypocarnivorous dentition and
an enlarged angular process (a small bony protrusion on the lower jaw for insertion
of the pterygoid muscles), among other characters. According to this scenario, Nyc-
tereutes probably arose from a common ancestor of a Cerdocyon—Nyctereutes lineage
in North America. Records of Cerdocyon from the early Pliocene (5 Ma) of Texas
and New Mexico suggest that the Old World Nyctereutes could have arisen from a
North American stock close to Cerdocyon. However, molecular studies by Robert
K. Wayne and his colleagues (1997) place the raccoon dog at the base of the living
canines. This hypothesis suggests that the raccoon dog is either more basal to the

vulpines or within the fox lineage (see also Lindblad-Toh et al. 2005).

BAT-EARED FOX

The living African bat-eared fox (Otocyon megalotis) is a peculiar canine distin-
guished by an extra molar at the back of the lower tooth row due to its insectivorous
diet. Based on our morphological analysis (Tedford, Taylor, and Wang 1995), Oto-
cyon seems to be closely related to the North American gray fox (Urocyon), which
has never left its native continent. The Otocyon lineage had arrived in the Old World
by the late Pliocene (3 Ma) in the form of a transitional genus, Prototocyon, from
India, although its record in Africa may be somewhat earlier (around 4 to 3 Ma).

The extant Otocyon was presumably derived from Prototocyon in Africa.

FOXES

The earliest and most primitive foxes (tribe Vulpini) were a small, California spe-
cies (Vulpes kernensis) and a larger, continent-wide species (V. stenognathus) from
the late Miocene (about 9 to 5 Ma) of North America. Although a small Vulpes, V.
riffautae, had made it to West Africa by as early as 7 Ma, Eurasian foxes appeared
somewhat later. Vulpes beihaiensis from the early Pliocene (4 Ma) of China and V.
galaticus from the early Pliocene of Calta in Turkey were among the earliest foxes
in Asia and Europe. A number of Vulpes species appeared in the Plio-Pleistocene
of Eurasia and Africa. Up to 12 species of Vulpes (including the arctic fox, which
is sometimes included in a distinct genus of its own, Alopex) have survived to the
present time throughout Africa, Eurasia, and North America, making it the most

diverse living canine genus.
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Vulpes is one of a few canines that returned to North America, where it had origi-
nated. After the two ancestral species of North American Vulpes in the late Miocene
(6 Ma), V. kernensis and V. stenognathus, foxes became rather sparse during the
Pliocene (5 to 1.8 Ma), as indicated by the fossil record. The genus did not reappear
in North America until the middle Pleistocene (1 Ma). By then, the main theater
of Vulpes diversification had shifted to Eurasia. By the latest Pleistocene, the red
fox (V. vulpes) and arctic fox (V. lagopus) had expanded to North America. The
swift fox (V. velox) and kit fox (V. macrotis), however, may have been native North

American species.

CANIS GROUP

The first Old World immigrants— Vulpes, Eucyon, and Nyctereutes—were not con-
spicuous predators of their time, despite their presence in the late Miocene and early
Pliocene. These small to medium-size canines became important components in the
carnivoran community, but were far from achieving a top-predator status. The ar-
rival of Canis, however, finally ushered in the era of dominant canines in the north-
ern continents.

During the middle Pliocene (4 to 3 Ma), a wolf-size Canis, C. chihliensis, first ap-
peared in northern China. Shortly later, Eurasia became a vast playground for Canis
evolution, setting off a wave of diversification that established the family’s ultimate
success. Canis quickly spread to Europe through the species C. arnensis, C. etruscus
(figure 7.4), and C. falconeri, which either retained primitive characters of the genus
or acquired hypercarnivorous characters in the direction of the hunting dogs (Cuon
and Lycaon). This sudden expansion of Canis at the beginning of the Pleistocene
(about 1.8 Ma) is commonly known as the Wolf Event and is associated with the ori-
gin of the mammoth steppe biome following intense continental glaciations.

The gray wolf (Canis lupus) appeared in Europe toward the end of the middle
Pleistocene (0.8 Ma), but not in midlatitude North America until the latest Pleisto-
cene (about 0.1 Ma). An older record of the gray wolf can be found in the early to
middle Pleistocene Olyor Fauna of Siberia and its equivalent in Alaska (the arctic
Beringia). Wolves thus originated in Beringia, perhaps in coevolution with the large
ungulate assemblage of the arctic biome. They seem to have invaded the midlati-
tudes of North America, as did many of the large Beringian ungulates, only during
the last glacial cycle, becoming characteristic members of the latest Pleistocene and
living fauna.

That the modern gray wolf has achieved the ultimate success of being the most
widely distributed species of large carnivorans is probably due to its propensity for

dispersal. One of the strategies that gray wolves use to obtain a breeding position
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FIGURE 7.4
Comparison of Canis etruscus and Pachycrocuta brevirrostris

Life reconstruction of the European dog Canis etruscus, from the early Pleistocene (1 Ma), shown to the same
scale with the giant hyena Pachycrocuta brevirrostris. Large hyaenids and canids sought similar resources (car-
casses and live ungulate prey), and they would have competed in the European ecosystems of around 1 Ma.

is directional dispersal. Young adult wolves of both sexes, in order to escape their
subdominant position and to establish their own breeding pack, move in a single
direction for more than 80o km. Such a remarkable ability to disperse for a long dis-
tance in a single generation is perhaps the most important reason behind their wide
distribution. The modern gray wolf and red fox have the widest distributions of any
mammalian species, occupying the entire northern continents of Europe, Asia, and
North America (Holarctic), as well as North Africa in the case of the red fox.

The dire wolf (Canis dirus), made famous by the stunning number of individuals
recovered from the Rancho la Brea tar pits in Los Angeles, is another lineage that can
be traced to Eurasia. This wolf of the middle to late Pleistocene (1 to 0.01 Ma) is the
largest species ever to have evolved in the subfamily Caninae. Our phylogenetic anal-
ysis suggests that C. dirus arose from the large wolf C. armbrusteri, which suddenly
appeared in the early Pleistocene (1.5 Ma) of North America. These species share
a suite of hypercarnivorous characters, indicating that the dire wolf arose in North
America in the middle Pleistocene (1 Ma). Before its extinction in North America,
the dire wolf managed to expand to the north and west coasts of South America and
establish itself as the most formidable predator in the New World. It had become ex-
tinct by the latest Pleistocene (10,000 years ago) as part of the megafauna extinction.

In a comparable evolutionary burst in the middle Pleistocene of Eurasia, the Canis
falconeri group gave rise to the widespread hypercarnivore Xenocyon, which in turn



150 « GOING PLACES

gave rise to the dhole (Cuon) and the African hunting dog (Lycaon). Cuon appears
in the fossil record in the middle Pleistocene deposits of Southeast Asia (C. javani-
cus fossilis). An isolated record of Lycaon is found in the late Pleistocene Hayonim
Cave of Israel. The Lycaon record in Africa is poorly known, but this genus possibly
occurred as early as the middle Pleistocene, as indicated in the fossil records at the
Elandsfontein site of South Africa (Ewer and Singer 1956). During the late Pleisto-
cene, Xenocyon and Cuon also wandered into North America, briefly enriching the
fauna of the New World.

CERDOCYONINES

Our morphological analysis indicates that the South American canines (subtribe
Cerdocyonina) belong to a natural lineage whose common ancestor was a sister
group of the Eucyon—Canis—Lycaon clade (Tedford, Taylor, and Wang 1995) (see fig-
ure 7.1). Such a relationship is also increasingly borne out by DNA sequence analysis
(Lindblad-Toh et al. 2005). Long before the establishment of the Isthmus of Panama
in the middle Pliocene (about 3 Ma), however, certain lineages with cerdocyonine
affinities had already shown up in North America during the late Miocene to early
Pliocene. They are represented by records of Cerdocyon (C. sp. A) from the late Mio-
cene (6 to 5 Ma) and of Theriodictis (T.? sp. A) and Chrysocyon (C. sp. A) from
the early Pliocene (5 to 4 Ma). Our proposed sister relationship between the South
American clade and Eucyon davisi also implies an early appearance of the cerdo-
cyonines, possibly a few million years earlier than the current fossil record indicates
and presumably in the Central America region where the fossil record is very poor.

This early diversification of the cerdocyonines in North America prior to the
opening of the Isthmus of Panama implies that the migration to South America
must have been undertaken by more than one lineage. Representatives from at least
these three genera—Cerdocyon, Theriodictis, and Chrysocyon—must have indepen-
dently crossed the Isthmus of Panama, and others probably did as well. Thus the
large diversity of South American canines was probably built on top of a group that
was modestly diverse while still in North America.

Once in South America, the cerdocyonines suddenly faced a fauna made up of
native marsupials and notoungulates (large herbivores restricted to South America).
The cerdocyonines underwent an explosive radiation to become the most diverse
carnivoran group in South America, presumably at the expense of the native borhy-
aenids (chapter 2). In addition to forms that constitute the modern cerdocyonines—
such as the short-eared dog (Atelocynus), the bush dog (Speothos), and the various
zorros (Pseudalopex and Lycalopex)—the hypercarnivorous genus Protocyon, which

is extinct, was also part of the native radiation. Beside the cerdocyonines, species of
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Canis were able to take advantage of the land bridge. The oldest canine species, C.
gezi, is known only from deposits of Ensenadan age (early to middle Pleistocene [1
to 0.5 Ma]) in Argentina. Canis gezi and C. nehringi found in Lujanian (late Pleis-
tocene [0.2 Ma]) sediments in Argentina possibly are closely enough related to the
dire wolf (C. dirus) to suggest an earlier Pleistocene arrival and the modest differ-
entiation of a dire wolf lineage in South America. Together, Cerdocyon and Canis
established themselves as a dominant group of predators and permanently altered
the carnivore communities in South America.






DOMESTIC DOGS

THE STATUS OF DOMESTIC DOGS as “mans best friend” indicates that they
evoke more emotional responses than do other animals. Indeed, people often lose
their objectivity over questions about dogs. Terms such as beauty, intelligence, and
loyalty are frequently ascribed to dogs as though they are qualities inherent to dogs.
To understand the relationship between humans and dogs requires, however, that
we know more about the natural history of domestic dogs as they relate to their wild

ancestors and about the history and process of their domestication.

Why Is Domestication Important?

Although most people have no difficulty relating to dogs as something very special
in their lives, probably few of them have contemplated the evolutionary significance
of domestic dogs in the history of human civilizations. First of all, dogs were the
first domestic animal, a fact that has had profound consequences in human history.
Domestic animals are so ubiquitous now that we often take for granted both them
and all the conveniences they offer us in our daily lives. As Jared Diamond (1997)
has pointed out, however, large domestic animals can be one of the deciding factors
in the rise and fall of civilizations. Domestic animals are vital sources of food, labor,
transportation, and clothing—all essential items for societies. When civilizations
clash, those with the right domestic animals (such as horses in a war) can have an
overwhelming advantage that tilts the eventual outcome in their favor.

The very idea of a certain invention is often more important than the way that
invention is achieved. Once an idea is born, people find different ways to realize it.
In the case of domestication, the very idea that animals can be harnessed to human
betterment is much more important than which specific animal to domesticate and

in what sequence. Consequently, if dogs are truly the first animal to be domesti-
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cated, then they can rightfully claim to have instilled in humans the notion that ani-
mals can be raised in human dwellings, a radical idea that has had profound effects
on the earth’s biota (as in the case of dingoes in Australia), on people’s relationships
with animals, and on the way people live. Once such a notion became established,
domesticating other animals would be a matter of course by choosing the right spe-
cies and by experimenting with the right techniques for domestication through trial
and error.

It is perhaps no coincidence that the first domestication happened to the wolf, a
carnivoran with high social intelligence and well adapted to living with fellow be-
ings. Diamond (1997) notes that most large mammals are highly resistant to human
domestication. There are only about 14 successful and economically important large
domestic mammals, most of them originally from Eurasia and all of them herbi-
vores. None of the 14 large herbivores possesses the kind of social complexity that
dogs have and presumably were initially far less domesticable than dogs. Intriguing-
ly, all of the top five domestic mammals in terms of economic importance—sheep,
goats, pigs, cows, and horses—were first domesticated in and around the Fertile
Crescent in western Asia (a possible exception is the pig, which may have been first
domesticated in China). It is perhaps no coincidence that these five domestic mam-
mals are also among the first to show up in archaeological records in western Asia
(between 8,000 and 4,000 years ago). One of the earliest records of domestic dogs
is from Israel about 12,000 years ago, well before the records of the big five. Could it
be that people in the Middle East and western Asia first learned the ideas of domes-
tication through their association with dogs and quickly applied the same idea to
other large herbivores? If so, such an idea was nothing short of revolutionary, lead-
ing people to work with large, wary herbivores, to harness greater power, to travel
longer distances, and to carry more goods than they otherwise would have been

able to by their own means.

History of Dog Domestication

In 1977, a father-and-son team, Stanley J. Olsen and John W. Olsen, advanced the
thesis that the likely area of origin for domestic dogs was China. They subsequently
attempted to tackle systematically the fossil records of domestic dogs at a time when
issues about animal domestication were increasingly attracting archaeologists™ at-
tention (Olsen 1985). They started by assuming that a small subspecies of wolf would
be the most likely candidate, and the modern Chinese and Mongolian subspecies
Canis lupus chanco seemed to fit the bill. The Olsens then studied the Canis materi-
als from the Zhoukoudian sites, about 50 km southwest of the capital city, Beijing,
famous for the discovery of Peking Man (“Peking” is the Wade-Giles spelling of
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“Beijing”), a middle Pleistocene record of Homo erectus (500,000 years ago). The
Canis in question had been named Canis lupus variabilis by Pei Wenzhong in 1934,
and Stanley Olsen pointed out that in size and morphology it was intermediate be-
tween C. lupus chanco and a species represented by a domestic dog skull from a
Chinese Neolithic site in Hemudu.

As the first synthesis of then known fossil records, Olsen’s effort to make the con-
nection between Chinese fossils and domestic dogs was certainly a worthy one.
Olsen, however, realized that the co-occurrence of hominid and canid in the middle
Pleistocene (around 500,000 years ago) was far too early to be associated with do-
mestication events and thus cautioned that “although this association of hominids
and wolves at this early period does not imply in any way either taming or early
domestication, it does place both genera of animals in contemporary association
that apparently continued until such time that these events did occur” (1985:42). His
assumption of the continuity of hominids and canids in China is probably incor-
rect. Current knowledge suggests that the archaic Homo erectus likely had no direct
relationship with Homo sapiens, who arrived much later in Eurasia directly from
Africa (although an alternative multiregional hypothesis does exist that claims links
between H. erectus and H. sapiens). On the canid side, our own research also indi-
cates that the middle Pleistocene Zhoukoudian canid actually belongs to a species
of its own, Canis variabilis, which is only distantly related to the modern wolves.
Therefore, the Zhoukoudian materials probably have little relevance to dog domes-
tication. This is not to say that China could not have been the center of origin for
domestic dogs, but that the comparison of C. variabilis materials and domestic dogs
is probably not appropriate.

At about the same time the Olsens (1977) proposed that domestic dogs had origi-
nated in China, two Israeli zooarchaeologists, Simon J.M. Davis and Francois R.
Valla (1978), announced the discovery of a canid puppy buried with a human in
Mallaha, an archaeological site near the old Huleh Lake in the upper Jordan Valley
of Israel. The Mallaha site belonged to the Natufian culture, which is believed to
have been one of the last hunter-gatherer groups, dating to approximately 12,000
to 10,000 years ago. The Natufian people lived in circular dwellings in what were
perhaps the earliest permanently settled villages, foreshadowing later agricultural
societies. However, it is the way a human was buried with a dog that really captured
the archaeologists’ imagination.

In the entrance to the dwelling, 25 cm below a large slab of limestone, which is
often indicative of the presence of a burial, a human skeleton lies curled in a fetal
position on its right side. The skeleton belongs to an individual of old age, judging
by the wear on the teeth, but its sex is uncertain due to damage to the pelvic area.

The left hand of this skeleton reaches across the head and is partly buried below



156 « DOMESTIC DOGS

the head. This hand is wrapped around the chest of a puppy, and the person’s head
is resting on top of the puppy. The intimacy of these two individuals is truly re-
markable and argues strongly for a relationship that is more than a mere casual
association.

Analysis of the teeth and of the fusion sequence of the long bones in the puppy
skeleton indicates that it is of an individual around four to five months old. Adult
canid materials were also discovered, including a lower jaw from the same dwelling
and an isolated lower carnassial tooth (m1) from the terrace of Hayonim in west-
ern Galilee (the latter specimen is associated with a Natufian assemblage that has
yielded a *C date of 11,920 B.P.). The size of these three specimens falls in the lower
extremes of modern wolves in the Middle East, but is far smaller than late Pleisto-
cene wolves (around 45,000 to 14,000 years ago), which tended to be much larger
due to the colder climate at that time. However, the Natufian canids fall comfort-
ably in the size range of living dogs and of fossil dogs found at archaeological sites,
although they tend to be on the upper end of the range for domestic dogs. Analyses
of other morphological features, such as the degree of crowding of the premolars,
a character of domestic dogs due to the shortening of their rostrum, also place the
Natufian canid in the transitional position between wolves and dogs. It thus seems
reasonable to postulate that the Natufian canid belonged to an early dog species
that has subsequently gotten smaller. Davis and Valla speculated that “the puppy . . .
offers proof that an affectionate rather than gastronomic relationship existed be-
tween it and the buried person” and that it was “man-the-hunter” who had domes-
ticated the wolf (1978:609).

This example brings us to another distinction of dogs: they and cats (which were
domesticated later and also in the Near and Middle East) are the only carnivores
among early domesticates. Such a distinction is important because carnivorans
share the same food resources as humans. Large herbivores convert vegetation not
usable by humans into consumable products such as meat and milk. It is difficult to
imagine that dogs were first raised for food because they consume more humanly
edible food than they produce. Therefore, for dogs to have been maintained with
resources precious for humans themselves, the dogs must have served a vital func-
tion that was otherwise unobtainable. Davis and Valla (1978) were probably right
that dogs did not serve as human food until much later, when agricultural surpluses
could sustain more dogs (this is not to say that early humans did not eat dogs at all;
they probably did opportunistically). Was it collaborative hunting or companion-
ship that provided the compelling reason for a human to keep a dog?

Other discoveries of early domestic dogs have occasionally been reported in
scholarly journals, but they are often difficult to verify due to the poor quality of
the records. For example, German scientist Giinter Nobis reported in 1979 a partial
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right jaw of a domestic dog from a Cro-Magnon site in Oberkassel, near Bonn. This
jaw is dated to around 14,000 B.P. Only four teeth are left in the jaw (canine, fourth
premolar, and first and second molars), and it appears that the second and third pre-
molars were lost during life (the alveoli for the roots of these two teeth are no longer
visible). If the remains’ identity as a dog can be confirmed, this find would constitute
one of the earliest records of domestic dogs, and Nobis speculated that the German
dog may represent a domestication independent from those at the other sites in
Eurasia. However, it is difficult to ascertain a dog identity for the Oberkassel speci-
men, given its lack of skeletal regions that allow diagnosis, such as the forehead area
and coronoid process, parts of the cranial anatomy that are important in the iden-
tification of dogs. Consequently, specialists have not widely accepted this German
record as evidence of early dog domestication.

Mikhail V. Sablin and Gennady A. Khlopachev (2002) have reported two nearly
complete dog skulls from the upper Paleolithic site of Eliseevichi 1 in the Bryansk
Region of the central Russian Plain. Radiocarbon dates on associated fauna (mostly
mammoth, arctic fox, and reindeer) have yielded a range of 17,000 to 13,000 years
B.P.—the upper range of the date indicating that this find would be the earliest re-
cord for dogs. The two skulls are of large, northern wolf size. The main dog fea-
tures on the Eliseevichi skulls are a short rostrum and a broad palate, characters
that supposedly resemble those of the Siberian husky. Furthermore, on one of the
skulls (MAE 447/5298), there is a large hole on the left side of the braincase, which
Sablin and Khlopachev interpret to be a man-made break for access to the brain;
that is, they postulate that its brain was consumed by humans. Intriguing as the
new Russian materials may be, evidence for the argument that the Eliseevichi skulls
belonged to domestic dogs appears to be ambiguous. The P4 on ZIN 23781(24) (the
other skull from Eliseevichi) has a length of 27.3 mm, compared with the P3 length
of 17.4 mm. The size proportion between P3 and P4 is that of a gray wolf rather than
that of a dog, which would have a relatively reduced P3 to accommodate a shortened
rostrum. However, one cannot rule out that the Eliseevichi canid was a very primi-
tive, wolflike dog that was in a beginning phase of domestication—morphology at
this stage of divergence is usually incapable of unambiguously resolving the differ-
ence. DNA studies may help, but until some DNA can be extracted from the speci-

mens, the identity of the Russian materials will likely remain uncertain.

Morphology of Domestic Dogs

Although most authors agree that some kind of a southern (Chinese or Arabian)
wolf gave rise to domestic dogs because of the overwhelming morphological and
genetic similarities between the wolf and the dog, these similarities become a con-
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founding problem in distinguishing the remains of dogs from those of wolves at
archaeological sites. As a result, the discoveries of supposed domestic dogs at the
archaeological sites in China, Israel, and Europe have been disputed due to the ab-
sence of a clear criterion to distinguish dogs from wolves in fossil materials. For
example, Stanley Olsen (1985) dismissed the Natufian materials as possibly an aber-
rant specimen of wolf, whereas Tamar Dayan (1994), an Israeli evolutionary biolo-
gist, marshaled further evidence that the Israeli burial materials were more likely be
domestic dogs. Morphological characteristics, or the lack thereof, lie at the center of
the issue.

We begin by looking at modern dogs in order to establish a firm basis of compari-
son. With a few exceptions, modern dogs are generally smaller than wolves. Along
with smaller size, adult dogs also exhibit juvenile characters as though they have
never grown up, including such features as short snouts, floppy ears, and large eyes.
Biologists call these characters paedomorphic features, referring to the phenomenon
that animals that have reached sexual maturity still retain juvenile features. Some
evolutionary biologists have speculated that dogs with paedomorphic characters
appeal to the human sense of affection. In other words, a “cuteness factor” seems
to be at work in bridging the gap between dogs and humans. A paedomorphic
dog may also be more submissive, a vital characteristic for a successful domestic
relationship.

Skulls and jaws are the most commonly preserved elements at archaeological
sites. Dogs tend to have a more domed forehead (easily seen in the profile view,
which shows an obvious bulge above the orbit, or bony socket, of the eye) as well as
a shortened rostrum and jaws. Associated with the short rostrum are more crowded
premolars because there is less room in the jaws. To alleviate this crowding, the pre-
molars are also reduced in size. In addition, some authors claim to have observed in
dogs a narrower and more concave posterior border in profile view of the coronoid
process (the upwardly protruding bony plate above the mandibular joint) of the
lower jaw. The temporalis muscle inserts on this process. This muscle closes the jaw
and is much more robustly developed in wolves. Again, its form in dogs is part of
the paedomorphic form of the skull.

These morphological generalities work in identifying most modern domestic
dogs. When it comes to distinguishing dogs from wolves in the remains found at
archaeological sites, however, many of these characters break down as dogs become
more wolflike as the archaeological records move closer to the origin of domestic
dogs. At a certain point, it becomes almost impossible to ascertain the true identity
of a doglike specimen at an archaeological site. At that point, a definitive human-

dog association, as seen in the Natufian burial site, becomes more valuable.
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A Russian Experiment on the Fox

Morphological characters of dogs are certainly important, particularly in archaeo-
logical context, but how dogs were modified behaviorally is equally insightful in
gaining a comprehensive understanding of dog domestication. Behavioral consid-
erations are especially relevant given the fact that one of the most critical factors in
domestication is the successful modification of animal behavior toward humans. An
elegant Russian experiment helped to make this point clear.

Dmitry K. Belyaev believed that the key factor that initiated all the genetic and
morphologic changes of wolves into domestic dogs was behavior modification. In
particular, the amenability to domestication, or tameability, was the most impor-
tant factor in determining the success or failure of domestication. Belyaev and his
comrades began working with foxes in a long-term experiment of more than 40
years (described in Trut 1999). The Russian geneticists selectively bred foxes for a
single trait: tameness. After about 30 to 35 generations, a large percentage of the
foxes showed the unmistaken signs of domestic animals: they were docile and eager
to please. Remarkably, these behavioral selections also brought about several physi-
cal changes. The foxes began to have floppy ears, short and rolled tails, short legs,
lighter coat colors, and malocclusion of the teeth (the upper jaw shorter than the
lower jaw, as seen in some bulldogs)—characters common in domestic dogs, as
Charles Darwin noted long ago.

Belyaev explained his experiment in terms of selection for tameability and its con-
sequence for developmental processes. As noted, many of the physical and behavior-
al characters in dogs may be seen in light of the paedomorphic process—that is, the
retention of juvenile features in adults. After all, to be tame is to shut down the fear
response, a behavior that serves wild species well. In a sense, domestic dogs never

grow up and are stuck in juvenile stages both behaviorally and morphologically.

Genetic History of Domestic Dogs

Whereas archaeologists are rarely able to find more than a few fragmentary fossils
to hint at the records of early dogs, molecular biologists have increasingly turned to
DNA for information about the history of dogs. Changes in DNA over the genera-
tions are often preserved in the vast and rich sources of the dog genome. In Decem-
ber 2005, a complete map of the DNA code of a female boxer was published by a
group led by Kerstin Lindblad-Toh. The dog genome, as it is commonly known for
this kind of project, was the first to be sequenced among the 271 species of carniv-
orans. In fact, the complete genome of only a few organisms has been sequenced;



160 « DOMESTIC DOGS

among mammals, the dog is only the fifth species to be sequenced (the first four
are the human, the chimpanzee, the mouse, and the rat). The selection of the dog
to reveal its complete genetic code thus highlights the dog’s special status in human
society and its importance in medical and scientific research.

Among the results of the dog genome study is the ability to identify a small col-
lection of rapidly evolving sequences in various parts of the dog genome that can
be used to trace the phylogenetic relationships among living canids. A selection of
about 11,100 base pairs of DNA for 30 of the 34 living canid species has permitted
the reconstruction of the phylogenetic tree of the family Canidae. Not surprisingly,
domestic dogs and wolves are closely related, as morphologists and molecular biolo-
gists have long suspected.

Molecular biology has also contributed to a recent controversy over the time and
place of origin of the first domestic dogs. Carles Vila and his colleagues proposed
in 1997 that multiple domestication events happened as early as 100,000 years ago.
Such an estimate is based on the concept of the molecular clock, which assumes
a steady rate of change in molecular composition in a certain region of the DNA.
By using one or more existing fossil records as a minimum starting point for the
origin of a particular species, a molecular biologist can estimate the rate of base-
pair changes in a given amount of time. For example, Vila and his colleagues used 1
million years as the minimum time of divergence between wolf and coyote. Thus a
small amount of molecular difference in the mitochondrial DNA sequence between
wolf and dog can be translated to a time period of 100,000 years since the diver-
gence of these canines.

This estimate places dog domestication far earlier than any of the existing fossil
evidence indicates. Vila and his group suggested that early domestic dogs were far
too wolflike to be recognizable in the fossil record and that it was only after about
15,000 years ago that artificial selection achieved enough morphological difference
for us to be able to recognize dogs in the archaeological records.

In contrast to the study by Vila and his colleagues (1997), Peter Savolainen and
his co-workers (2002) contend that the first domestication of dogs was done in East
Asia about 15,000 years ago. Savolainen analyzed a large sample of 654 dog breeds,
each with 582 base pairs of mitochondrial DNA, and found a larger genetic varia-
tion in East Asia than in other regions, which suggests an East Asian origin for
the domestic dog. Because mitochondrial DNA is inherited from the maternal side,
Savolainen’s group could trace modern dogs to five female wolf lines. Of these lines,
a lineage (“Clade A”) that includes three closely linked positions in Chinese and
Mongolian wolf genes has the highest genetic diversity and thus was postulated to

contain the ancestral population of domestic dogs.
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Dogs of the New World

Despite these controversies, a general consensus exists that dogs were domesticated
prior to 15,000 B.P. and that domestic dogs originated in Eurasia. But what hap-
pened to dogs elsewhere? In particular, what is the relationship between New World
dogs and their Old World counterparts? The dog was the only domesticated species
that was present across Eurasia and the Americas before the arrival of Columbus in
the fifteenth century. Wolves, in contrast, had a Holarctic (the northern continents
of Europe, Asia, and North America) distribution and thus had every opportunity to
be associated with humans when they crossed the Beringian land bridge. As noted,
fossil evidence indicates that dogs were domesticated around 14,000 to 12,000 years
ago, a time period that either closely coincides with the first arrival of humans in the
New World, about 15,000 years ago, or even slightly lags behind the human crossing
of Beringia. If this timing is taken literally, then dogs could not have been with the
first humans to come to the Americas. The questions we have to ask therefore are:
Was there any connection between the New World dogs and the Old World dogs, or
were the New World dogs independently domesticated by the Native Americans?

To answer these questions, Jennifer A. Leonard and her colleagues (2002) devised
another genetic study of dogs. Modern New World dogs cannot be used in such a
study because their ancestors were likely to have been interbred with dogs brought
by European colonists, and their genetic makeup would not reveal their ancestral
conditions. Leonard and her colleagues, therefore, extracted DNA from the bones
of 37 dog specimens recovered from pre-Columbian archaeological sites in Mexico,
Peru, and Bolivia, which ensured that no interbreeding with European dogs had oc-
curred. Analysis of this ancient DNA revealed that native American dogs are closely
related to Eurasian ancestral lineages, suggesting that dogs accompanied late Pleis-
tocene humans when they crossed the Beringian landmass. If so, dogs must have
played a remarkable role in the early occupation of the Americas, a case in which a
domestic animal assisted humans to settle in a new world.

There is also circumstantial fossil evidence that humans brought their dogs along
when they first crossed Beringia to arrive in North America around 15,000 years
ago. Ted Galusha, the late collector and curator of the Frick Laboratory at the Amer-
ican Museum of Natural History in New York, noted that several skulls from the
late Pleistocene deposits near Fairbanks, Alaska, were extremely short-faced for
wild wolves and approached the facial proportions of modern Eskimo dogs. Ga-
lusha did not publish his results, which he turned over to Stanley Olsen for further
study. Olsen was convinced that these fossil skulls belonged to the forerunners of
the Eskimo dogs. However, true wolves were also undoubtedly present in the same
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deposits, making it difficult to resolve the question of whether the short-faced indi-
viduals were part of the range of variation within the wolf population. The genetic
study of 11 samples from Alaska by Leonard and her colleagues (2002) confirms the

individuals’ identity as dogs.

Australian Dingo

The Australian dingo (Canis lupus dingo) is another interesting example of humans’
first domestic animal braving a new world together with its masters. When the first
Europeans arrived in Australia in the eighteenth century, the dingo was the only
large placental mammal there, besides the Australian Aborigines, among a diverse
group of marsupials. The name “dingo” comes from the Eora Aboriginal tribe of
southeastern Australia. In external morphology, dingoes, with their tan coat color,
closely resemble domestic dogs, particularly those from southern Asia. In their be-
havior, however, they tend to be more independent than dogs, and they roam wild
over Australia. Although occasionally used for pets or hunting, dingoes generally
resist full domestication by modern humans.

Almost from the beginning of the Europeans’ arrival, there was debate about the
dingo’s possible origin as a feral dog and its possible relationship with southern Asian
dogs. Did it arrive in Australia as a semidomestic animal and then secondarily be-
come feral, or did it come on its own as a wild canid? Because there was substantial
open water of at least 50 km between islands along the Southeast Asian archipelago,
even during maximum glaciation when the sea level was at its lowest, could a wild
canid have swum across the sea without human aid? Or were dingoes carried on
boats by Southeast Asian fisherman and sea cucumber harvesters? Rodents and bats
are the only placental mammals to have made it to Australia on their own, presum-
ably by island hopping, rafting, and flying from Southeast Asian islands. No large
mammal has made the journey, and traveling by boat with humans seems to be the
most likely scenario for the dingoes.

Dingoes closely resemble southern Asian dogs and wolves morphologically. In ar-
chaeological records, the earliest definite dingo remains date to approximately 3,500
years ago. Peter Savolainen and his colleagues (2004) again applied molecular tech-
niques to answer questions about the connection between New World and Old World
dogs. Their analysis of mitochondrial DNA from 211 Australian dingoes, wolves, and
domestic dogs suggests that dingoes largely have the genetic makeup of domestic
dogs. They share a particular gene type called A29 with dogs from East Asia and
arctic America. By calculating the amount of genetic divergence, Savolainen’s group
concluded that dingoes arrived in Australia around 5,000 years ago in a single migra-

tion event, a date roughly consistent with the archaeological dates. If these dates from
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the archaeological and the molecular evidence are anywhere close to the true time of
the dingoes’ arrival, then the dingoes must have come by boat in a much later wave of
human dispersal than that of the first settlers of Australia, about 50,000 years ago.
Despite these studies, questions remain about how dingoes arrived in Australia.
Did they become feral because they were not fully domesticated in the first place?
Or did they find easy prey in the form of marsupials and thus have little use for
humans after landing in Australia? On an island continent without other placental
predators, dingoes probably faced relatively light competition and found it easy to
stay wild. Whatever the actual scenario, dingoes are a unique example of a carniv-
oran that invaded a new continent by an unconventional means (boats), through
either natural association with or domestication by humans, and ultimately became

the top dog in the community.

Why Were Dogs Domesticated First?

As noted, dogs were the first animal to be fully domesticated by human hunter-gath-
erers, and, as such, they played a unique role in human history, instilling the idea
that animals could be harnessed for human purposes. As the first and presumably
the only domestic animal at the time, dogs accompanied humans to the Americas
and, in a sense, used human technology (the boat) to expand into Australia. They
are thus pivotal in the evolution of human societies, and, to a certain extent, their
importance is on a par with that of such key inventions as stone tools, bronze, and
agriculture. One is thus tempted to ask the question: Why were dogs domesticated
first? Why did it take a highly social carnivore to give humans the idea of domes-
tication? Did the mammal have to be intelligent to be able to coexist with us? Or
had dogs reached a level of sociability similar to that of humans? The beginning of
sedentary human communities is associated with the origin of agriculture. Perhaps
dogs were the only domestic animal that fit the hunter-gatherer lifestyle. Perhaps
humans observed and learned from wolves” pack-hunting techniques? Could it be,
as Stanley Olsen (1985) speculated, that humans as pack hunters themselves were
brought close to the wolves because of their shared tactics in obtaining prey?

Or perhaps hunting had nothing to do with the early contact of humans and
wolves. Olsen was probably the first to put this idea on the table: “It is possible that
hungry wolves were enticed (not necessarily by human design) to come closer to a
campfire, where meat was being cooked and the refuse discarded in the immedi-
ate vicinity of the camp. Perhaps wolves that had attached themselves loosely to
human habitation areas would consider such camps as their home territory, and the
warning growls toward intruders would also warn the human inhabitants of the ap-

proach of such outsiders” (1985:18).
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The conventional notion of domestication often contains an element of human
design. The idea that early humans intentionally selected certain desirable traits or
eliminated undesirable traits, thereby creating a breed that suited certain human
needs, is rooted in the modern practice of artificial selection in agriculture and ani-
mal husbandry. Although such societal intentions are part of decision making when
it comes to modern practices of domestication, human motivations in historical
context are difficult, if not impossible, to fathom and cannot be demonstrated em-
pirically by the archaeological records. To circumvent this difficulty, Darcy E. Morey
(1994) proposed a different approach to the question of the initial domestication of
dogs. He suggested that it is not necessary to presume human intentions to make
sense of early domestication.

Morey indicated that an evolutionary perspective would do away with anthro-
pocentric approaches. He argued that focusing on the human role in domestica-
tion ignores the evolutionary stakes for the participating animals. The success of
the dog-human association in almost every conceivable environment on every con-
tinent suggests that dogs have profited well from this arrangement, particularly in
contrast to the dwindling wolf populations worldwide. Perhaps the ancestral dogs
(or wolves) found such an association advantageous and thus willingly participated
in an experiment that eventually benefited both parties. Such a view does not have
to invoke the conscious act of humans to tame a wild carnivore and thus is free from
the intractable and messy arguments about human intentions.

Morey (1994) suggested that late Pleistocene hunter-gatherers (from around
12,000 years ago) were in regular contact with wolves because both hunted many
of the same prey. Some wolf pups were then probably incorporated into a human
social setting, and some adopted pups survived to adulthood. These wolves must
have learned that subordinate status to dominant humans was the condition to be
tolerated in human society and that being able to solicit food from people was also
a valuable skill. The diet of wolves that lived around human settlements must have
changed as well, from predominantly meat to a variety of meat and plants, some of
it garnered or scavenged from humans’ scraps. In such a domestic setting, smaller
body size is also a favorable trait. Small size and submissive behavior can easily be
achieved by paedomorphosis during individual development.

Behavioral biologists Raymond Coppinger and Lorna Coppinger (2001) have
taken Morey’s (1994) model of the dog’s self-domestication a step further. They
envision the following scenario for dog domestication. First, agriculture created
human settlements, a way of living that contrasted with the nomadic hunter-gath-
erer lifestyle. In every human village, there were discarded products such as bones,
carcasses, grains, fruits, as well as human waste. The Coppingers argue that this
human dump site became the first niche for some wolves. These wolves would fre-
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quent the garbage dump to gain access to the new food source. Those wolves that
were less frightened by humans tended to be more successful in making a living
this way because they would waste less energy evading humans when they saw
them approach. Such wolves by definition were more tame, thereby leading to the
early association of wolves and humans, which ultimately led to the domestication
of dogs.

One of the important distinctions of the Coppingers’ (2001) model is that it does
away with wolves’ sociality in the equation. They argue that sociality has nothing
to do with domestication. In fact, they suggest that the incipient dogs subsisted on
low-quality food and must have had smaller brains (along with a smaller body size,
smaller heads, and smaller teeth) than wild wolves, which had to coordinate the
pack (chapter 5). Contrary to the popular belief that dogs possess a high intelli-
gence, the Coppingers point out that dogs not only have a smaller brain than wolves,

but also are less intelligent.

Why Were Canids Domesticated?

Although the garbage-dump model is an attractive alternative, perhaps the biggest
difficulty with Raymond and Lorna Coppinger’s (2001) hypothesis is that once the
sociality of wolves is deemed irrelevant, the domestication of dogs is no longer a
unique association of two social species: Homo sapiens and Canis lupus. Other hy-
pocarnivorous carnivorans are also adept at feeding on human waste dumps. Rac-
coons and bears are two well-known examples, although the former were not in
contact with humans until the Paleo-Indians arrived in North America, at which
time humans already had dogs as their companions. Bears, though, were around
Mesolithic hunter-gatherers, but were never domesticated. But bears are not social
predators and may not be easily domesticable.

Before we address the question of why canids first, let us broaden the perspective
somewhat to consider the spectrum of early domestic animals. With the exception
of cats, which had a relatively minor economic role (catching mice) in early human
societies, dogs stood alone as the only carnivore among 14 successfully domesticat-
ed large herbivores. If we get past the anthropocentric notion of domestication as a
human invention, which Darcy Morey (1994) and the Coppingers (2001) suggest we
do, then humans might have been educated about the possibility of living with other
animals by association with certain species. However, early humans were hunter-
gatherers, and most of the large herbivores were probably their prey. It is therefore
difficult to envision that any of the prey species were not especially guarded when
encountering humans. Furthermore, there is little that would entice these herbi-

vores to come close to human settlements; the same human waste dumps that were
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attractive to the wolves as a supplement to their diets were hardly worth visiting
from the herbivores’ point of view.

In contrast, carnivorans as predators are less afraid of approaching other species;
they have to do it routinely in order to catch their prey. This is not to say that early
humans and wolves did not have an antagonistic relationship; all top predators oc-
casionally confront other predators either to loot the other’s spoils or to attack the
other. But it is perhaps far easier for a carnivoran to approach another predator,
such as a human, than it is for an ungulate herbivore to approach a predator. There-
fore, it may have been inevitable that the first domestic animal came from a member
of the Carnivora.

Various families of carnivorans were part of the mammalian fauna surrounding
early Homo sapiens. We can probably quickly eliminate Mustelidae (weasels, bad-
gers, and otters), Viverridae (civets), Herpestidae (mongooses), and Procyonidae
(raccoons and ringtail “cats”) as families of small carnivorans that could not play
the same role as dogs in human society (the New World Procyonidae were not even
in contact with humans until the Paleo-Indians expanded into the Americas). That
elimination leaves four families of large carnivorans to consider: Felidae (cats, lions,
and tigers), Ursidae (bears and giant panda), Hyaenidae (hyenas and aardwolves),
and Canidae. Although some felids can be highly social predators, they are hyper-
carnivores (chapter 4) that have essentially a pure meat diet. In other words, human
dump sites were probably not appealing to them and, in any case, probably could
not have provided them with enough food for subsistence (cats obviously were an
exception because they are small enough not to pose a burden on humans). Ursids,
as a generalized omnivore, would also have found garbage dumps attractive, but, as
noted, bears do not have the right temperament to be readily tamed. Even if they
could be tamed, they lack the wolves’ running abilities and hunting skills and thus
would not have contributed enough for a long-term relationship with humans. Fi-
nally, hyaenids are close enough to canids in their dietary requirements and social
behavior to have frequented human dump sites. Hyaenids, however, appear to lack
the requisite temperament to be domesticated.

Thus Canidae is the only group of carnivorans that possesses the right qualities to
be domesticated. Canids are not too large and thus can be dominated by humans,
and they are mesocarnivorous enough to be able to handle a variety of foods. Such a
dietary preference probably predisposed canids to scavenge human garbage dumps.
A final critical factor is dogs’ temperament. Among all domestic animals, dogs are
among the most submissive to humans. Even if we discount the longer history of
dog domestication, dogs seem to be more predisposed toward humans than other
domestic animals. Cats, for example, have almost an equally long history of domes-

tication (approximately 9,000 years), but as all cat owners know, cats are far more
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independent and less solicitous toward humans—millennia of artificial selection has
not brought about a cat that is as submissive to humans as dogs are. This submissive
attitude toward humans probably also facilitated the training for other functions
once dogs fully integrated themselves into human societies: as companions, hunting
partners, sentinels, guards, and so on.

In a study of social cognition in dogs, Brian Hare and his colleagues (2002) sug-
gest that dogs possess a high level of social-communicative skills with humans.
Their study measured the ability of dogs to follow visual, gestural, and other cues
to accomplish tasks. Dogs in such experiments outperformed chimpanzees and
wolves in comprehending human communicative signals. Hare and his colleagues
concluded that dogs’ ability to use human social cues was developed in the process
of domestication. We caution, however, that many studies demonstrating special
abilities by domestic animals are probably testing mental capacities acquired during
long processes of domestication and that these skills are not likely to have been pres-
ent during initial domestication.

Regardless of dogs’ initial capability, a combination of morphological and behav-
ioral characteristics seems to have made them uniquely qualified to be incorporated
into human society. In a sense, it was almost inevitable that dogs were the first ani-

mals to have a mutually beneficial relationship with humans.

The Dizzying Array of Dog Breeds

With the possible exception of the goldfish, with its often bizarre morphology artifi-
cially bred from a species of carp, domestic dogs are perhaps the most differentiated
from their wild ancestors. The wonderful variety of sizes, shapes, and coat colors
they have would make an unsuspecting taxonomist place them in separate families
if he or she did not know that these traits are artificially selected. By contrast, do-
mestic cats are far more uniform in their morphology, and coat color is the main
source of variation. Such a tremendous amount of variation within a single subspe-
cies of wolves is almost inconceivable in nature. (These various traits have no sur-
vival value and would have been quickly eliminated if they were to occur naturally.)
Nonetheless, these variations seem to indicate a vast reservoir of genetic variability
not seen in other mammal species.

Why are dogs so variable? One clue may lie in why cats are so invariable. Jill A.
Holliday and Scott J. Steppan (2004) attempted to address this question by compar-
ing the morphological diversity of fossil cats and dogs. Cats are extreme hypercarni-
vores, and their entire muscle-skeletal-dental system seems to be perfected for a sin-
gle purpose—to catch prey. With the exception of the saber-toothed cats, much of

the history of cat evolution consists of species that resemble one another closely—so
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closely, in fact, that the fossils of different extinct cats are often difficult to distinguish
from one another. It appears that cats’ cranial and dental morphology has been fine-
tuned to the point that changes to such a body plan would perhaps be detrimental to
their survival, so natural selection has tended to eliminate these changes. Holliday
and Steppan thus ask the question: Does increasing hypercarnivory limit morpho-
logical variation? Framed in scientific terms, the question becomes: Are increasing
degrees of specialization correlated with decreasing phenotypic variation?

The answer to this question is “yes”: specialization to hypercarnivory has a strong
effect on subsequent morphological diversity, particularly regarding the jaws and
dentition. In layman’s terms, this means that cats tend to be locked in their mor-
phological system or, alternatively, that there has been a strong selective pressure to
eliminate variations from a nearly perfect system. Canids, however, are more flex-
ible in their dental and cranial morphology because primitively they are mesocarni-
vores. Therefore, evolutionarily speaking, canids appear to have more built-in flex-
ibility than felids have.

However, we need to be cautious against too literal an application of this discov-
ery. For one thing, Holliday and Steppan’s (2004) measurements are of skeletal and
dental areas that are often evolutionarily the most variable. These areas do not nec-
essarily change that much among dogs. For example, the relative proportion of the
shearing and grinding part of the dentition, an indication of the degree of hypercar-
nivory (chapter 4), is not nearly as variable as the proportions of other parts of the
dog skeleton. Instead, much of the skeletal variation in dogs is related to the timing
of development. In other words, paedomorphosis probably played a larger role in the

great morphological variations in the body size and cranial proportions of dogs.



APPENDIX 1

THIS LIST INCLUDES SPECIES OF CANIDS, their known geologic age, and their known geo-
graphic range. For living canids, we follow Wozencraft (1993); Tedford, Taylor, and Wang (1995);
and Wang, Tedford, et al. (2004b). For fossil canids, we follow Wang (1994) for Hesperocyoninae;
Wang, Tedford, and Taylor (1999) for Borophaginae; and Berta (1981, 1987, 1988) for South Ameri-
can Caninae. A forthcoming monograph on North American fossil Caninae by Tedford, Wang,
and Taylor describes a number of new species; these are variously listed as “sp. A,” “sp. B,” and
so on, in order to avoid nomenclatural confusions before they are officially published. There is
currently no comprehensive synthesis on Eurasian and African canids, and our list is a compila-
tion from various literatures, and we did not include many of the poorly documented species or
species from questionable records. The general sequence of the genera and species follows their
approximate position in phylogeny; that is, primitive taxa are listed first and followed by more
advanced taxa. The abbreviations are: Af, Africa; As, Asia; E, Early; Eoc, Eocene; Eu, Europe;
L, Late; M, Middle; Mio, Miocene; NAm, North America; Oligo, Oligocene; Pleist, Pleistocene;
Plio, Pliocene; R, Recent; SAm, South America.

SCIENTIFIC NAMES, COMMON NAMES AGE DISTRIBUTION
(FOR LIVING SPECIES)

Subfamily Hesperocyoninae Martin, 1989

Prohesperocyon wilsoni (Gustafson, 1986) LEo NAm

Hesperocyon gregarius (Cope, 1873)

L Eo-M Oligo NAm

Hesperocyon coloradensis Wang, 1994 E Oligo NAm
Mesocyon coryphaeus (Cope, 1879) L Oligo-E Mio NAm
Mesocyon temnodon (Wortman and Matthew, 1899) E-L Oligo NAm
Mesocyon brachyops Merriam, 1906 L Oligo-E Mio NAm
Cynodesmus thooides Scott, 1893 E-L Oligo NAm
Cynodesmus martini Wang, 1994 M Oligo NAm
Sunkahetanka geringensis (Barbour and Schultz, 1935) M Oligo NAm
Philotrox condoni Merriam, 1906 M Oligo NAm
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Enhydrocyon stenocephalus Cope, 1879 M-L Oligo NAm
Enhydrocyon pahinsintewakpa (Macdonald, 1963) M-L Oligo NAm
Enhydrocyon crassidens Matthew, 1907 E Mio NAm
Enhydrocyon basilatus Cope, 1879 L Oligo-E Mio NAm
Osbornodon renjiei Wang, 1994 E Oligo NAm
Osbornodon sesnoni (Macdonald, 1967) E Oligo NAm
Osbornodon wangi Hayes, 2000 E Mio NAm
Osbornodon scitulus (Hay, 1924) E Mio NAm
Osbornodon iamonensis (Sellards, 1916) E Mio NAm
Osbornodon brachypus (Cope, 1881) E Mio NAm
Osbornodon fricki Wang, 1994 E-M Mio NAm
Paraenhydrocyon josephi (Cope, 1881) E Oligo-E Mio NAm
Paraenhydrocyon sp. M Mio As

Paraenhydrocyon robustus (Matthew, 1907) E Mio NAm
Paraenhydrocyon wallovianus (Cope, 1881) L Oligo-E Mio NAm
Caedocyon tedfordi Wang, 1994 L Oligo NAm
Ectopocynus antiquus Wang, 1994 E-L Oligo NAm
Ectopocynus intermedius Wang, 1994 M-L Oligo NAm
Ectopocynus simplicidens Wang, 1994 E Mio NAm

Subfamily Borophaginae Simpson, 1945

BASAL BOROPHAGINAE

Archaeocyon pavidus (Stock, 1933) M Oligo NAm
Archaeocyon leptodus (Schlaikjer, 1935) E-L Oligo NAm
Archaeocyon falkenbachi Wang, Tedford, and Taylor, 1999 L Oligo NAm
Oxetocyon cuspidatus Green, 1954 E Oligo NAm
Otarocyon macdonaldi Wang, Tedford, and Taylor, 1999  E Oligo NAm
Otarocyon cooki (Macdonald, 1963) M-L Oligo NAm
Rhizocyon oregonensis (Merriam, 1906) M Oligo NAm

TRIBE PHLAOCYONINI WANG, TEDFORD, AND TAYLOR, 1999

Cynarctoides lemur (Cope, 1879) M-L Oligo NAm
Cynarctoides roii (Macdonald, 1963) M Oligo-E Mio NAm
Cynarctoides harlowi (Loomis, 1932) E Mio NAm
Cynarctoides luskensis Wang, Tedford, and Taylor, 1999 E Mio NAm
Cynarctoides gawnae Wang, Tedford, and Taylor 1999 E Mio NAm
Cynarctoides whistleri Wang and Tedford, 2008 E Mio NAm
Cynarctoides acridens (Barbour and Cook, 1914) E-M Mio NAm
Cynarctoides emryi Wang, Tedford, and Taylor, 1999 E Mio NAm
Phlaocyon minor (Matthew, 1907) M Oligo-E Mio NAm
Phlaocyon latidens (Cope, 1881) M Oligo NAm
Phlaocyon annectens (Peterson, 1907) E Mio NAm

Phlaocyon taylori Hayes, 2000 E Mio NAm
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Phlaocyon achoros (Frailey, 1979) L Oligo
Phlaocyon multicuspus (Romer and Sutton, 1927) E Mio
Phlaocyon marslandensis McGrew, 1941 E Mio
Phlaocyon leucosteus Matthew, 1899 E-M Mio
Phlaocyon yatkolai Wang, Tedford, and Taylor, 1999 E Mio
Phlaocyon mariae Wang, Tedford, and Taylor, 1999 E Mio

TRIBE BOROPHAGINI WANG, TEDFORD, AND TAYLOR, 1999

BASAL BOROPHAGINI

Cormocyon haydeni Wang, Tedford, and Taylor, 1999 L Oligo-E Mio
Cormocyon copei Wang and Tedford, 1992 L Oligo-E Mio
Desmocyon thomsoni (Matthew, 1907) E Mio

Desmocyon matthewi Wang, Tedford, and Taylor, 1999 E Mio

" SUBTRIBE CYNARCTINA MCGREW, 1937

Paracynarctus kelloggi (Merriam, 1911) E-M Mio
Paracynarctus sinclairi Wang, Tedford, and Taylor, 1999 M Mio
Cynarctus galushai Wang, Tedford, and Taylor, 1999 M Mio
Cynarctus marylandica (Berry, 1938) M Mio
Cynarctus saxatilis Matthew, 1902 M Mio
Cynarctus voorhiesi Wang, Tedford, and Taylor, 1999 M Mio
Cynarctus crucidens Barbour and Cook, 1914 M-L Mio
Metatomarctus canavus (Simpson, 1932) E Mio
Euoplocyon spissidens (White, 1947) E Mio
Euoplocyon brachygnathus (Douglass, 1903) M Mio
Psalidocyon marianae Wang, Tedford, and Taylor, 1999 M Mio
Microtomarctus conferta (Matthew, 1918) E-M Mio
Protomarctus optatus (Matthew, 1924) E-M Mio
Tephrocyon rurestris (Condon, 1896) M Mio

® SUBTRIBE AELURODONTINA WANG, TEDFORD, AND TAYLOR, 1999

Tomarctus hippophaga (Matthew and Cook, 1909) M Mio
Tomarctus brevirostris Cope, 1873 M Mio
Aelurodon asthenostylus (Henshaw, 1942) M Mio
Aelurodon montanensis Wang, Wideman, Nichols,

and Hanneman, 2004 M Mio
Aelurodon mcgrewi Wang, Tedford, and Taylor, 1999 M Mio
Aelurodon stirtoni (Webb, 1969) M Mio
Aelurodon ferox Leidy, 1858 M Mio
Aelurodon taxoides (Hatcher, 1893) L Mio

® SUBTRIBE BOROPHAGINA WANG, TEDFORD, AND TAYLOR, 1999

Paratomarctus temerarius (Leidy, 1858) M Mio
Paratomarctus euthos (McGrew, 1935) M-L Mio

NAm
NAm
NAm
NAm
NAm
NAm

NAm
NAm
NAm
NAm

NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm

NAm
NAm
NAm

NAm
NAm
NAm
NAm
NAm

NAm
NAm
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Carpocyon compressus (Cope, 1890) M Mio NAm
Carpocyon webbi Wang, Tedford, and Taylor, 1999 M-L Mio NAm
Carpocyon robustus (Green, 1948) M-L Mio NAm
Carpocyon limosus Webb, 1969 L Mio NAm
Protepicyon raki Wang, Tedford, and Taylor, 1999 M Mio NAm
Epicyon aelurodontoides Wang, Tedford, and Taylor, 1999 L Mio NAm
Epicyon saevus (Leidy, 1858) L Mio NAm
Epicyon haydeni Leidy, 1858 L Mio NAm
Borophagus littoralis VanderHoof, 1931 L Mio NAm
Borophagus pugnator (Cook, 1922) L Mio NAm
Borophagus orc (Webb, 1969) L Mio NAm
Borophagus parvus Wang, Tedford, and Taylor, 1999 L Mio NAm
Borophagus secundus (Matthew and Cook, 1909) L Mio NAm
Borophagus hilli (Johnston, 1939) L Mio NAm
Borophagus dudleyi (White, 1941) L Mio NAm
Borophagus diversidens Cope, 1892 Plio NAm

Subfamily Caninae Fischer de Waldheim, 1817

BASAL CANINAE

Leptocyon mollis (Merriam, 1906) M Oligo NAm
Leptocyon sp. A M Oligo NAm
Leptocyon vulpinus (Matthew, 1907) E Mio NAm
Leptocyon delicatus (Loomis, 1932) L Oligo NAm
Leptocyon gregorii (Matthew, 1907) L Oligo NAm
Leptocyon sp. B E-L Mio NAm
Leptocyon vafer (Leidy, 1858) M-L Mio NAm
Leptocyon sp. C L Mio NAm
Leptocyon sp. D L Mio NAm

TRIBE VULPINI, HEMPRICH AND EHRENBERG, 1932

Vulpes lagopus (Linnaeus, 1758), arctic fox L Pleist-R As, Eu, NAm
Vulpes stenognathus Savage, 1942 L Mio NAm
Vulpes sp. A L Mio NAm
Vulpes riffautae Bonis et al., 2007 L Mio Af
Vulpes alopecoides (Major, 1873) L Plio Eu
Vulpes beihaiensis Qiu and Tedford, 1990 E Plio As
Vulpes praeglacialis Kormos, 1932 E-M Pleist Eu
Vulpes chikushanensis Young, 1930 L Plio As
Vulpes praecorsac Kormos, 1932 M Pleist Eu
Vulpes angustidens Thenius, 1954 E Pleist Eu
Vulpes galaticus Ginsburg, 1998 Plio Eu
Vulpes bengalensis (Shaw, 1800), Bengal fox R As

Vulpes cana Blanford, 1877, Blanford’s fox R As
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Vulpes chama (Smith, 1833), Cape fox

Vulpes corsac (Linnaeus, 1768), Corsac fox
Vulpes ferrilata (Hodgson, 1842), Tibetan fox
Vulpes macrotis Merriam, 1888, kit fox

Vulpes pallida (Cretzschmar, 1826), pale fox
Vulpes rueppelli (Schinz, 1825), Riippell’s fox
Vulpes velox (Say, 1823), swift fox

Vulpes vulpes (Linnaeus, 1758), red fox

Vulpes zerda (Zimmerman, 1780), fennec fox
Metalopex sp. A

Metalopex merriami Tedford and Wang, 2008
Metalopex sp B.

Urocyon sp. A

Urocyon progressus Stevens, 1965

Urocyon sp. B

Urocyon sp. C

Urocyon minicephalus Martin, 1974

Urocyon cinereoargenteus (Schreber, 1775), gray fox
Urocyon littoralis (Baird, 1858), island gray fox
Prototocyon curvipalatus (Bose, 1879)
Prototocyon recki Pohle, 1928

Otocyon megalotis (Desmarest, 1822), bat-eared fox

TRIBE CANINI FISCHER DE WALDHEIM, 1817

~ = R”® A ==X

Plio-R
Pleist-R

L Pleist-R
L Mio

L Mio

L Mio

L Mio

E Plio
Plio

Pleist
Pleist
Pleist-R
L Pleist-R
Pleist

E Pleist

L Pleist-R

Af

As

As
NAm
Af

Af, As
NAm
As, Eu, Af, NAm
Af
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
As

Af

Af

® SUBTRIBE CERDOCYONINA TEDFORD, WANG, AND TAYLOR, IN PRESS

Atelocynus microtis (Sclater, 1882), short-eared dog
Cerdocyon sp. A

Cerdocyon? avius Torres and Ferrusquia, 1981
Cerdocyon thous Hamilton Smith, 1839, crab-eating fox
Chrysocyon sp. A

Chrysocyon brachyurus (Illiger, 1815), maned wolf
Dusicyon australis (Kerr, 1792), Falkland Island fox
Nyctereutes donnezani (Depérer, 1890)

Nyctereutes megamastoides (Pomel, 1842)

Nyctereutes tingi Tedford and Qiu, 1991

Nyctereutes sinensis (Schlosser, 1903)

Nyctereutes abdeslami Geraads, 1997

Nyctereutes terblanchei Ficcarelli et al., 1984
Nyctereutes procyonoides (Gray, 1834), raccoon dog
Pseudalopex culpaeus (Molina, 1782), culpeo
Pseudalopex griseus (Gray, 1837), SAm gray fox
Pseudalopex gymnocercus (Fischer, 1814), pampas fox
Pseudalopex sechurae (Thomas, 1900), Sechuran fox
Pseudalopex vetulus (Lund, 1842), hoary fox
Speothos pacivorus Lund, 1839

R

E Plio

E Plio
Pleist-R

E Plio
Pleist-R

L Plio-R
L Mio-Plio
M-L Plio
Plio

Plio

L Plio
Plio-Pleist
Plio-R
Pleist-R

SAm
NAm
Am
SAm
NAm
SAm
SAm
Eu
Eu
As
As
Af
Af
As, Eu, Af
SAm
SAm
SAm
SAm
SAm
SAm
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Speothos venaticus (Lund, 1842), bush dog
Theriodictis? sp. A

Theriodictis tarijensis (Ameghino, 1902)
Theriodictis platensis Mercerat, 1891
Protocyon troglodytes (Lund, 1838)
Protocyon scagliarum Kraglievich, 1952

" SUBTRIBE CANINA FISHER DE WALDHEIM, 1817

Eucyon sp. A

Eucyon davisi (Merriam, 1911)

Eucyon zhoui Tedford and Qiu, 1996

Eucyon intrepidus Morales, Pickford, and Soria, 2005
Eucyon monticinensis (Rook, 1992)

Eucyon adoxus (Martin, 1973)

Eucyon odessanus (Odintzov, 1967)

Nurocyon chonokhariensis Sotnikova, 2006
“Canis” cipio Crusafont-Pairo, 1950

Canis ferox Miller and Carranza-Castafeda, 1998
Canis lepophagus Johnston, 1938

Canis sp. A

Canis sp. B

Canis cedazoensis Mooser and Dalquest, 1975
Canis edwardii Gazin, 1942

Canis latrans Say, 1823, coyote

Canis rufus Audubon and Bachman, 1851, red wolf
Canis armbrusteri Gidley, 1913

Canis dirus Leidy, 1858

Canis gezi Kraglievich, 1928

Canis nehringi Ameghino, 1902

Canis etruscus Forsyth-Major, 1877

Canis falconeri Forsyth-Major 1877

Canis arnensis Del Campana, 1913

Canis antonii Zdansky, 1924

Canis chihliensis Zdansky, 1924

Canis palmidens (Teilhard and Piveteau, 1930)
Canis variabilis Pei, 1934

Canis teilhardi Qiu, Deng, and Wang, 2004
Canis longdanensis Qiu, Deng, and Wang, 2004
Canis brevicephalus Qiu, Deng, and Wang, 2004
Canis mosbachensis Soergel, 1925

Canis lupus Linnaeus, 1758, gray wolf

Canis africanus Pohle, 1928

Canis adustus Sundevall, 1847, side-striped jackal
Canis aureus Linnaeus, 1758, golden jackal

Canis mesomelas Schreber, 1775, black-backed jackal

L Pleist-R
Plio-Pleist
Pleist
Pleist
L Plio
L Plio

L Mio

L Mio
E-M Plio
L Mio

L Mio

E Plio

E Plio
Plio

L Mio

L Mio-E Plio
Plio

L Plio
Pleist

L Pleist

L Plio-Pleist
Pleist-R
L Pleist-R
Pleist

L Pleist
E-M Pleist
L Pleist

E Pleist

E Pleist

E Pleist

E Pleist

E Pleist

L Plio

M Pleist

L Plio

L Plio

L Plio

M Pleist
Pleist-R
E Pleist

R

R

E Pleist-R

SAm
NAm
SAm
SAm
SAm
SAm

NAm
NAm, As
As
Af
Eu
Eu
Eu
As
Eu
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm, SAm
SAm
SAm
Eu
Eu
Eu
As

Eu

As, Eu, NAm
Af

Af

Af, As

Af
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Canis simensis Riippell, 1835, Ethiopian wolf
Xenocyon dubius (Teilhard de Chardin, 1940)
Xenocyon texanus Troxell, 1915

Xenocyon lycaonoides Kretzoi, 1938

Cynotherium sardous Studiati, 1857

Cuon alpinus (Pallas, 1811), dhole

Lycaon magnus Ewer and Singer, 1956

Lycaon pictus (Temminck, 1820), African wild dog

R

M Pleist
L Pleist
Pleist

L Pleist
Pleist-R
M Pleist
L Pleist-R

Af

As

NAm

As, Eu, Af, NAm
Eu

As, Eu

Af

Af






APPENDIX 2
PHYLOGENETIC TREE OF
FAMILY CANIDAE

ONLY GENERIC-LEVEL RELATIONSHIPS ARE SHOWN, followed by the number of species
in parentheses. The thick vertical bars indicate the approximate geologic range of each genus. The
thin lines indicate proposed phyletic relationships. We follow Wang (1994) for the subfamily Hes-
perocyoninae; Wang, Tedford, and Taylor (1999) for the subfamily Borophaginae; and Tedford,
Wang, and Taylor (1995, in press) and Berta (1988) for the subfamily Caninae.
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GLOSSARY

FAMILY AND SUBFAMILY NAMES are given in this glossary, but genus and species names are
not included (for the latter, see the appendix and the index).

AmpHIcYoNIDs  Common name for the family Amphicyonidae, a group of extinct carnivorans
best known for their possession of both doglike and bearlike characters; although commonly
called bear dogs, amphicyonids are neither bears (ursids) nor dogs (canids).

ANAGENETIC CHANGE [ANAGENESIS) The progression of evolution in which a lineage does not
branch into different lineages, in contrast to cladogenetic change, in which the lineage branches
into two or more lineages.

Arctoips  Common name for the suborder Arctoidea, a diverse group of extinct and extant car-
nivorans that includes the dog family (Canidae), the bear family (Ursidae), aquatic carnivorans
(Pinnipedia), the raccoon family (Procyonidae), the skunk family (Mephitidae), and the weasel
family (Mustelidae).

ARTIODACTYLS Common name for the order Artiodactyla, a diverse group of herbivorous mam-
mals with an even number of hoofs, such as pigs, camels, deer, sheep, and cows.

AUDITORY BULLA Bony enclosure in the mammalian ear region that protects the delicate ear
bones (auditory ossicles).

AUDITORY ossicLes  Three tiny bones (malleus, incus, and stapes) in the ears of mammals that
transmit sound waves from the eardrum to the inner-ear nerves.

BIFURCATING PROCESS ~ See CLADOGENETIC CHANGE.

BoRHYAENIDS Common name for the family Borhyaenidae, a group of marsupial carnivores in
the Miocene of South America.

BOoROPHAGINES Common name for the subfamily Borophaginae, a diverse group of extinct North
American canids in the early Oligocene to the Pliocene.

BuNoDoNT Form of dental pattern in which individual cusps are rounded and low crowned; bu-
nodont teeth are often associated with an omnivorous diet.

canips  Common name for the family Canidae, a group of carnivorans that includes the living
wolves, foxes, coyotes, raccoon dogs, jackals, and hunting dogs, as well as their fossil relatives;
canids have a worldwide distribution and their fossil ancestors date back to the late Eocene
(more than 40 Ma).
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caniFormMs  Doglike carnivorans that include miacids, canids, amphicyonids, and arctoids; cani-
forms tend to have a primitively complete set of cheek teeth in contrast to the more reduced
dental patterns in feliforms.

canINEs  Common name for the subfamily Caninae, a diverse group of extinct and extant canids
from the early Oligocene to the present time; canines evolved in North America and migrated
to Eurasia in the late Miocene and to South America in the Pliocene.

CANINE TooTH Mammalian tooth positioned between incisors and premolars; commonly long
and sharp, canines are usually used as weapons by carnivorans.

CARNASSIALS  Pair of shearing teeth for processing meat formed by the upper fourth premolar
and the lower first molar; all carnivorans possess a pair of carnassial teeth.

cARNIVORANS Common name for the order Carnivora, a group of mammals that includes the
living dogs, cats, raccoons, weasels, skunks, pandas, bears, and other lesser-known preda-
tors; most members of this order are predators and are defined by their possession of a pair of
shearing teeth known as carnassials, made up of the upper fourth premolar and the lower first
molar.

CARNIVORES  Animals that consume meat as their primary diet. Carnivores may or may not be
members of the order Carnivora (or carnivorans) because some carnivorans are not meat eat-
ers (such as the pandas) and some carnivores (such as hyaenodonts) are not carnivorans.

cenozoic  Geologic time period dominated by mammals that spans from 65 Ma to the present.

cerpocyoNINEs Common name for the subtribe Cerdocyonina, a group that includes the extant
South American canids and their extinct relatives, some of which also lived in North America;
cerdocyonines include various zorros, the maned wolf, and the bush dog.

cHARACTERs Features in organisms that are used to study their genealogical relationships (for
example, a large ear is a character for the fennec fox).

cimoLesTIDs  Group of Mesozoic mammals that may be distantly related to carnivorans.

ctape  Group of organisms with a common ancestor, often equal to a monophyletic group.

ctapistics  Scientific method to deduce phylogenetic relationships by searching for derived
characters common to a subset of organisms.

CLADOGENETIC CHANGE [CLADOGENESIS] The progression of evolution in which a lineage branches
into two or more lineages, in contrast to anagenetic change, in which no branching occurs.

cLADOGRAM Branched diagram of relationships based on the hypothesis of shared derived
characters.

conserVATIVE  The tendency to retain ancestral conditions within a lineage.

coNVERGENCE  Evolutionary changes by independent lineages that result in similar appearances.

creopoNTs Common name for the order Creodonta, a group of extinct predators mostly from
the Paleogene that were eventually superseded by members of the Carnivora.

cRETACEOUS Geologic time period that spans 145 to 65 Ma.

CURSORIALITY (CURSORIAL]  The ability to run fast and for a sustained period of time.

p16ITIGRADE  Standing posture in which the proximal parts of the hands and feet are lifted above
the ground so that the animal stands on the digits.

EcTOoTYMPANIC BONE Portion of the auditory bulla that serves as the attachment site for the
eardrum.

ENAMEL  The hard, white, shiny substance that coats the outer surface of mammalian teeth.

enpemic  Organisms are referred as endemic if their natural distribution is restricted to a particu-

lar place or region.
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ENTOTYMPANIC BONE  Portion of the auditory bulla that often forms the main chamber wall of the
auditory bulla in carnivorans.

eoceNe  Geologic time period that spans 55 to 34 Ma.

FELIForMs  Catlike carnivorans that include viverravids, nimravids (archaic saber-toothed ani-
mals), felids, hyaenids, viverrids, and herpestids; feliforms tend to have a reduced set of cheek
teeth, in contrast to the more complete dental patterns in caniforms.

FRONTAL sINUS  Air space within the frontal bone, a character that has been repeatedly developed
in various lineages of carnivorans.

HEsPEROCYONINES ~Common name for the subfamily Hesperocyoninae, a group of extinct North
American canids from the late Eocene to the middle Miocene.

Homorocy Shared features among organisms that are due to their inheritance of these features
from their common ancestor.

HYAENIDS Common name for the family Hyaenidae, a group of carnivorans that includes the
extant hyenas and aardwolves as well as their extinct relatives; hyaenids have lived in Eurasia,
Africa, and North America from the Miocene to the present.

HYAEN0DONTS Common name for the family Hyaenodontidae in the order Creodonta, a group
of extinct dominant carnivores from the Paleogene to part of the Neogene.

HYPERCARNIVORY [HYPERCARNIVOROUS] Dental adaptations toward efficient processing of meat,
commonly involving sharp blades in the carnassial teeth for cutting flesh and tendons.

HYPOCARNIVORY [HYPOCARNIVOROUS] Dental adaptations toward a more generalized feeding (de-
emphasis of meat eating), commonly involving increased grinding areas in the posterior cheek
teeth.

HYPOTHETICAL-DEDUCTIVE METHOD The scientific philosophy that emphasizes the formulation of
hypotheses and their logical corollaries as a primary means to advance science.

HypsopoNTY Vertically elongated enamel surface (known as crown height) on the cheek teeth of
herbivores; hypsodont teeth generally indicate a diet that contains tough fibers in vegetation
(often grasses).

iINcisor  Frontmost row of teeth in mammals adjacent to the canines; incisors in carnivorans are
often simple and chisel shaped.

INTERNAL CAROTID ARTERY ~ Small artery that goes through the auditory bulla and often forms the
main supply of blood to the brain in carnivorans.

MESOCARNIVORY (MESOCARNIVOROUS) Unspecialized teeth in carnivorans that are intermediate
between the hypercarnivorous and hypocarnivorous extremes.

MEsoNycHIDs  Common name for the family Mesonychidae, a group of extinct mammals from
the Paleogene, some of which evolved predatory features similar to those of later carnivorans.

MEsozoic  Geologic time period dominated by dinosaurs and other reptiles that spans 250 to 65
Ma.

miacips  Common name for the archaic family Miacidae, a group of extinct caniform carniv-
orans from the Paleogene.

MIDDLE EAR  Region of the mammalian ear anatomy enclosed within the auditory bulla.

mioceNe  Geologic time period that spans 24 to 5 Ma.

MoLARs Permanent cheek teeth near the back of the jaws in mammals; molars are not replaced
during life (that is, there is no milk tooth precursor, as there is for the premolar).

mMonopHYLY  Natural group of organisms that includes their common ancestors as well as all their
descendants.
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MusTELIDS Common name for the family Mustelidae, a group of arctoid carnivorans that in-
cludes the extant weasels, badgers, otters, martens, wolverines, and their extinct relatives.

NEoGENE  Geologic time period that includes the Miocene through the Pliocene (24 to 1.8 Ma).

oLi6ocENE  Geologic time period that spans 34 to 24 Ma.

oMNIVORES  Animals that consume a wide variety of food instead of concentrating on a single
source of food, such as meat or vegetation, as their primary diets.

PALEOCENE  Geologic time period that spans 65 to 55 Ma.

PALEOGENE  Geologic time period that includes the Paleocene through the Oligocene (65 to 24
Ma).

PARsIMONY The scientific methodology for choosing the simplest (the most parsimonious) hy-
pothesis when faced with multiple alternative hypotheses; also known as “Ockham’s razor,”
after the fourteenth-century English philosopher and Franciscan friar William of Ockham.

PHYLOGENETIC SYSTEMATICS  Studies of organismal classification and taxonomy based on the or-
ganisms’ genealogical relationships.

PHYLOGENY Genealogical relationships that attempt to reconstruct historical relationships among
various lineages of organisms.

PLANTIGRADE Standing posture in which the entire hand and foot touch the ground and weight
is mostly spread on the palm of the hand and the heel of the foot.

pLaTE TECTONICS The study of large-scale configuration and movement of earth’s lithosphere
(continents and seas).

pLEISTOCENE  Geologic time period that spans 1.8 to 0.01 Ma, also popularly known as the Ice
Age.

pLioceNe  Geologic time period that spans 5 to 1.8 Ma.

PREMOLARS Cheek teeth near the front of the jaws in mammals; premolars consist of deciduous
(milk) premolars and permanent premolars that replace the deciduous teeth during life.

procyonips Common name for the family Procyonidae, a group of arctoid carnivorans that in-
cludes the extant raccoons, kinkajous, ring tails, coatis, and olingos, as well as their extinct
relatives.

RADIATION The rapid expansion of diversity within a group of organisms, often in response to
environmental changes or new resources.

RANCHO LA BREA A series of tar pits in Hancock Park in the city of Los Angeles that has preserved
one of the richest late Pleistocene mammal fauna in the world, including the highest concentra-
tion of dire wolves.

seLEN0oDONT Form of dental pattern often seen in the even-hoofed mammals (artiodactyls), in
which crescent-shaped ridges are repeated; selenodont teeth are often associated with an her-
bivorous diet.

sexvAL piMorPHIsM  The differential development of a morphological feature by males and fe-
males in the same species; markedly dimorphic features in some carnivorans include the size of
the body and the length of the canine teeth.

STRATIGRAPHY  Geologic study of rocks according to their relative positions (for example, upper
strata are younger than lower strata).

TALoNIDS  Rear half of the lower cheek teeth (premolars and molars); in carnivorans, talonids
often serve as a grinding part of the dentition.

TERRESTRIAL  Attributes related to living on solid ground (as opposed to, for example, aquatic,

or on the water).
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THYLACINIDS ~ Group of Australian marsupial predators that includes the recently extinct Tasma-
nian wolf.

UNGULIGRADE Standing posture in many mammalian herbivores, such as horses, in which the
entire hand and foot are lifted above ground, and the animals stand on the tip of their fingers
and toes.

ursips Common name for the family Ursidae, a group of arctoid carnivorans that includes the
extant bears and pandas as well as their extinct relatives.

vERTEBRATES Common name for the phylum or subphylum Vertebrata, which includes all ani-
mals with a backbone (vertebral column).

viverravips  Common name for the archaic family Viverravidae, a group of extinct feliform car-
nivorans from the Paleogene that have a reduced set of cheek teeth.

z006606RAPHY  The study of animal distribution, dispersal, and migration.
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Andrewsarchus mongoliensis, 14

Antarctica, ice sheet in, 120, 122, 125, 127

Antén, Mauricio, 96

arboreality, and claws, 94

Archaeocyon, 36; body size of, 105, 124; evolu-
tion of, 178; teeth of, 34, 34, 53, 75, 124

Archaeocyon falkenbachi, 170

Archaeocyon leptodus, 37, 38, 106, 124-125, 170

Archaeocyon pavidus, 170

Archaeotherium mortoni, 120, 121

arctic fox. See Vulpes lagopus

Arctoidea, 3, 126

Argentina, canids in, 151

artiodactyls, 14, 38, 108

Asia, canids in, 133, 142, 143, 145

Atelocynus, 150, 179

Atelocynus microtis, 173

auditory bulla, 2, 3, 23, 24, 36, 39, 83, 85, 86

Australia, 19

baculum, 107

Barbourofelis loveorum, 130

Bassariscus astutus, 38

bat-eared fox. See Otocyon megalotis

bear dogs. See Amphicyonidae

bears. See Ursidae

Belyaev, Dmitry K., 159

Beringia, 13, 51, 61, 139, 143, 145, 161

biological species concept, 4, 66, 67

Blastomeyx gemmifer, 128-129

body size: of borophagines, 36, 105, 124, 131; of
canids, 103-106, 106, 107, 135; and climate,

134-135; Cope’s rule on, 104-105, 107; of



210 + INDEX

body size (continued)
hesperocyonines, 105, 120, 121; of hyaenids,
105-106; and hunting, 103-106; in Ice Age,
134; of mammals of late Eocene, 120, 1215
of mammals of late Miocene, 128-129, 131;
of mammals of late Oligocene, 124-125;
of mammals of Pleistocene, 134-135; and
sexual dimorphism, 107-108

bone cracking, 112, 130, 132; teeth for, 12, 13, 24,
25, 33, 36, 46, 74, 82, 83, 88-89, 130

bone crushing. See bone cracking

Borhyaena, 19

Borhyaena tuberata, 18, 19

Borhyaenidae, 7, 17-19

Borophaginae, 31, 33-49, 53; body size of, 36,
105, 124, 131; brain of, 110; coevolution of,
with prey, 130; endemism of, 140; evolution
of, viii, 24, 35, 49, 51, 122, 126, 127, 128, 130,
131, 132, 137, 178; functional morphology of,
80, 112; geographic dispersal of, 142, 143; in-
tercontinental migrations by, 141; skull and
neck of, 100; species of, 170-171; teeth of,
33-35, 73, 89, 111, 124

Borophagini, 171-172

Borophagus, 33, 36, 46; body size of, 36, 105,
124; brain of, 110; evolution of, 34, 36, 46,
130, 132, 178; geographic dispersion of, 143;
jaw of, 83; as scavenger vs. hunter, 112; teeth
of, 46, 82, 89

Borophagus diversidens, 36, 49, 52, 83, 132, 133,
172, plate 7

Borophagus dudleyi, 172

Borophagus hilli, 172

Borophagus littoralis, 36, 172

Borophagus orc, 36, 172

Borophagus parvus, 172

Borophagus pugnator, 172

Borophagus secundus, 50, 89, 91, 112, 113, 172,
plate 5

brown hyena. See Parahyaena brunnea

browsers, 128

buffalo, 134

bush dog. See Speothos venaticus

Caedocyon, 26,178
Caedocyon tedfordi, 26, 170

camelids, 140

canid anatomy, 69-101; body size, 103-106,
106, 107, 135; brain, 99, 101, 110, 165; claws,
94-96; dome of head and frontal sinus, 83;
ear bones, 83-84, 85; jaw, 3, 4, 75, 80, 83, 158;
limbs, 89, 91-94, 97, 114; maxilloturbinates,
86-87, 88; neck, 96-99, 100; paedomorphic
features, 158, 159, 168; phalanges, 92-94, 95;
rostrum, 79-82, 158; skull, 3, 4, 69, 75, 78, 85,
158; standing posture, 89, 91-94; turbinates,
85-88. See also teeth

canid evolution, viii, 22; convergent, with
hyaenids, 116, 142; in Eocene, 119-120, 126,
141; in middle Miocene, 125-131, 126, 137,
141, 142, 143, 145, 148, 150; in Oligocene, 120,
122-125, 126, 141; in Paleocene, 117-119; and
physical environment, 117-138; in Pleisto-
cene, 134-137, 141, 149, 150; in Pliocene, 126,
131-134, 137, 141, 145, 146, 147, 148, 150; of
proto-canids, 119; timeline of, 118

Canidae, viii, 1, 3, 12, 20, 49, 70; domestica-
tion of, 135, 154-166; endemism of, 139-143;
in Eurasia, 12, 52, 58, 61, 132, 135, 141, 144,
148; fossil record of, viii, 20-22, 22, 23, 69,
120, 122, 144145, 147, 154-157, 158, 161-162;
geographic dispersal of, 143-151; hunting
behavior and social activity of, 103-116;
intercontinental migrations by, 141, 144,
148; mating systems of, 107; phylogeny of,
4; sexual dimorphism of, 107-108; species
of, 23; subfamilies of, 23-67; zoogeography,
139-151. See also canid anatomy; canid evo-
lution; Caninae; Canis

Caninae, viii, 24, 49, 51-65, 97; evolution of,
53,122, 126, 131, 132, 137, 179; geographic
dispersal of, 143-151; head of, 80, 97; inter-
continental migrations by, 141; species of,
172-175

Canis, 60-65, 174; body size of, 135; evolution
of, 52, 58-60, 148, 179; geographic dispersal
of, 158-160; morphology of, 110; sexual di-
morphism of, 107

Canis adustus, 174

Canis africanus, 174

Canis antonii, 174

Canis armbrusteri, 52, 53, 60, 149, 174



Canis arnensis, 148, 174

Canis aureus, 174

Canis brachyurus, 53

Canis brevicephalus, 174

Canis cedazoensis, 174

Canis chihliensis, 148, 174

“Canis” cipio, 133, 144, 174;

Canis dirus, 174, plate 8; anatomy of, 71; body
size of, 107, 135; evolution of, 52, 60-61, 61,
64, 134, 135-136, 151; geographic dispersal
of, 149, 151; sexual dimorphism of, 107-108;
skull and head of, 62

Canis edwardii, 53, 60, 174

Canis etruscus, 148, 149, 174

Canis falconeri, 148, 149, 174

Canis ferox, 174

Canis gezi, 151, 174

Canis latrans, 60, 174; ear of, 86; evolution of,
53, 58, 64, 65; interbreeding of, with wolf,
64-65; sexual dimorphism of, 107; skull of,
24

Canis lepophagus, 58, 60, 174, plate 7

Canis longdanensis, 174

Canis lupus, 61, 135, 174; brain of, 99; and
domestic dogs, 66; European distribution
of, 148-149; evolution of, 52, 53, 61, 64, 135,
148; head and neck of, 98; interbreeding of,
with coyote, 64-65; pack range of, 109-110;
skeleton of, 70; skull and mandible of, 72, 81;
social hunting by, 108

Canis lupus chanco, 154, 155

Canis lupus dingo, 19, 154, 162-163

Canis lupus familiaris, 1, 65, 66, 153-168; breeds
of, 167-168; as distinct species, 65-67; ge-
netic history of, 159-160, 161; morphology
of, 157-158; skull and mandible of, 2, 3, 4, 158

Canis lupus lupus, 66

Canis lupus occidentalis, 66

Canis lupus variabilis, 155

Canis lycaon, 65

Canis mesomelas, 174

Canis mosbachensis, 174

Canis nehringi, 151, 174

Canis palmidens, 174

Canis rufus, 64-65, 65, 174

Canis simensis, 175
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Canis teilhardi, 174

Canis variabilis, 155, 174

Canis-Xenocyon-Cuon-Lycaon lineage, 105

carnassials, 1, 2, 26, 43, 74

Carnivora, 1, 7; body size of, 103-106, 106;
brain of, 99, 101, 110, 165; dedicated her-
bivory in, 38, 40; dietary habits of, 69;
endemism of, 140; geographic dispersal of,
139; hunting behavior and social activity of,
103-116; as scavenger vs. hunter, 112; sexual
dimorphism of, 107-108; skull and jaw of,
79, 158; teeth of, 1, 3, 12, 13, 24, 25, 33, 36, 38,
46, 70-71, 72, 74, 75, 82, 83, 88-89, 130. See
also carnivoran evolution

carnivoran evolution: in Eocene, 119, 126, 141;
in middle Miocene, 125-131, 126, 137, 141,
142, 143, 145, 148, 150; in Oligocene, 120,
122-125, 126, 141; in Paleocene, 119; in Pleis-
tocene, 134-137, 141, 149, 150; in Pliocene,
126, 131-134, 137, 141, 145, 146, 147, 148, 150

carnivores, as distinguished from carnivorans,
7-8

carotid artery, and auditory bulla, 3

Carpocyon, 35,178

Carpocyon compressus, 172

Carpocyon limosus, 172

Carpocyon robustus, 172

Carpocyon webbi, 35, 172

cats. See Felidae

cave bear. See Ursus spelaeus

Cenozoic era, 5, 7-8, 117, 134, 137

Cerdocyon, 56, 173; evolution of, 52, 53, 137, 147,
179; geographic dispersal of, 150, 151

Cerdocyon avius, 173

Cerdocyon sp. A, 150, 173

Cerdocyon thous, 173

Cerdocyon—Nyctereutes lineage, 147

Cerdocyonina, 52, 55-56, 57, 150-151

Chasmaporthetes, 13, 89, 133, 133, 142-143

China, canids in, 142, 145, 154

Chrysocyon, 52-53, 56, 150, 173, 179

Chrysocyon brachyurus, 52-53, 56, 57

Chrysocyon sp. A, 150, 173

Cimolestes cerberoides, 8

cimolestids, 8

cladogram, 4, 177, 178-179
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claws, 94-96, 110
Coffee Ranch Quarry, 112
competitive group feeding, 113
convergent evolution, 42, 116, 142
Cope, Edward Drinker, 27, 104
Cope’s rule, 104-105, 107
Coppinger, Lorna, 67, 164
Coppinger, Raymond, 67, 164
Cormocyon, 34, 178
Cormocyon copei, 171
Cormocyon haydeni, 171
coyote. See Canis latrans
crab-eating fox (zorro). See Cerdocyon
Cranioceras skinneri, 128-129
Creodonta, 7, 14-17
Crocuta, 13
Crocuta crocuta, 12, 89, 90, 112
Crusafont-Pair6, Miguel, 74
Cuon, 53, 60, 110, 135, 148, 150
Cuon alpinus, 63, 175; evolution of, 53, 60, 64,
179; geographic dispersal of, 150; head of,
45; neck of, 99
Cuon alpinus fossilis, 64
cursoriality, viii, 129
Cynarctina, 35
Cynarctoides, 34, 38, 40, 51, 124, 170, 178
Cynarctoides acridens, 170
Cynarctoides emryi, 170
Cynarctoides gawnae, 170
Cynarctoides harlowi, 170
Cynarctoides lemur, 170
Cynarctoides luskensis, 170
Cynarctoides roii, 170
Cynarctoides whistleri, 170
Cynarctus, 34, 42, 43, 79, 178
Cynarctus crucidens, 171
Cynarctus galushai, 171
Cynarctus marylandica, 171
Cynarctus saxatilis, 171
Cynarctus voorhiesi, 171
Cynodesmus, 25, 27, 178
Cynodesmus martini, 169
Cynodesmus thooides, 169
Cynoidea, 3
Cynotherium, 179

Cynotherium sardous, 136, 136, 175

Damuth, John, 105

Daphoenodon, 10, 11

Daphoenodon superbus, 11

Davis, Simon J. M., 155, 156

Dayan, Tamar, 158

de Bonis, Louis, 145

dentition. See teeth

Desmocyon, 34, 178

Desmocyon matthewi, 171

Desmocyon thomsoni, 171

dhole. See Cuon alpinus

Diamond, Jared, 153, 154

diet, skulls, jaws, and teeth as indicators of, 75.
See also feeding styles

digitigrade posture, 92, 93

digits, 94, 129, 132

dingo. See Canis lupus dingo

Dinohippus—Equus lineage, 132

dire wolf. See Canis dirus

dispersal, of canids, 143-151

dogs. See Canidae; specific species

domestication, 67, 153-154, 160; and behavior
modification, 159; of canids, 135, 154-166;
of felids, 156, 166; and human waste
dumps, 163, 165; and morphology, 157-158;
of New World dogs, 161-162; and paedo-
morphic features, 158, 159, 168; of wolves,
154, 163, 164

Drake Passage, 122

Dusicyon australis, 52, 137,173, 179

ear bones, 83-84, 85

eating styles. See feeding styles

Ectopocynus, 26, 89, 178

Ectopocynus antiquus, 170

Ectopocynus intermedius, 170

Ectopocynus simplicidens, 170

ectotympanic bone, 3

endemism, 139-143

Enhydrocyon, plate 2; evolution of, 25, 30, 123,
178; jaw of, 83; as scavenger vs. hunter, 112;
teeth of, 26, 27, 30, 89

Enhydrocyon basilatus, 170



Enhydrocyon crassidens, 30, 31, 123, 124-125, 170

Enhydrocyon pahinsintewakpa, 170

Enhydrocyon stenocephalus, 170

entotympanic bone, 3

Eocene epoch, 119-120, 126, 141

Eocene Hothouse, 119-120

Eocene-Oligocene boundary, 120, 122

Epicyon, 46; brain of, 110; coevolution of, with
prey, 130; evolution of, 34, 130, 135, 178;
hunting by, 114; as scavenger vs. hunter, 112;
teeth of, 36, 46, 89

Epicyon aelurodontoides, 172

Epicyon haydeni, 46, 48, 130, 172; body size of,
131; head of, 47, 106; teeth of, 46, 47

Epicyon saevus, 46, 48,172

Epicyon-Borophagus lineage, 89

Equus, 132, 140

Eucyon, 174; evolution of, 52, 56, 58, 130, 131,
179; leg bones of, 97; Old World fossils of,
144

Eucyon adoxus, 174

Eucyon davisi, 52, 58, 145, 150, 174, plate 6

Eucyon intrepidus, 145, 174

Eucyon monticinensis, 144, 174

Eucyon odessanus, 174

Eucyon zhoui, 58, 59, 145, 174

Eucyon-Canis—Lycaon clade, 150

Euoplocyon, 35, 178

Euoplocyon brachygnathus, 171

Euoplocyon spissidens, 171

Eurasia: canid migrations to, 141, 144, 148; ca-
nids in, 12, 52, 58, 61, 132, 135; horses in, 142;
Ice Age mammals in, 134; raccoon dog in,
145-147

Europe, Wolf Event in, 135, 148

evolution, 3-4; convergent, 42, 116, 142; Cope’s
rule on, 104-105, 107; of predator with prey,
130; and speciation, 136. See also canid
evolution

evolutionary species concept, 66-67

Falkland Island fox. See Dusicyon australis
feeding styles: browsing, 128; grazing, 128-129;
herbivory, 122, 127-128, 132, 134-135; hy-
percarnivory, 1, 4, 74-75, 75, 76, 78, 80, 83,
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123-124, 135, 137; hypocarnivory, 1, 31, 74-75,
77> 79, 134; mesocarnivory, 1, 75, 137

Felidae, 8, 9, 71, 84, 139, 166; claws of, 96; do-
mestication of, 156, 166; geographic disper-
sal of, 142; and humans, 166; hunting behav-
ior of, 113-115; limbs of, 97; morphological
diversity of, 167-168; neck of, 97; phalanges
of, 92-94, 95; posture of, 93; rostrum of, 80;
skull of, 8s; teeth of, 8, 116

femur, in standing posture, 89, 91-94

fennec fox. See Vulpes zerda

Flower, William Henry, 3

Flynn, John J., 8, 116

foods. See feeding styles

forests, at Eocene-Oligocene boundary, 122

fossils, 20-22, 22, 23, 69, 120, 122, 144145, 147,
154-157, 158, 161-162

foxes: arctic fox, 51, 53, 55, 147, 148, 172; bat-
eared fox, 70, 147, 173; crab-eating zorro,
52, 53, 56, 137 147, 150, 151, 173; evolution of,
53, 55, 130, 133, 145, 147-148, 179; Falkland
Island fox, 52, 137, 173; fennec fox, 36, 39, 55,
56, 84, 145, 173; gray fox, 51, 53, 107, 114, 136,
137, 153, 173; island gray fox, 136, 173; kit fox,
53, 148, 173; red fox, 53, 64, 87, 107, 148, 149,
173; swift fox, 148, 173

Galusha, Ted, 161

genetics, of domestic dog, 159-160, 161

giant deer, 134

giant ground sloth, 134

giant panda. See Ailuropoda melanoleuca

Gittleman, John L., 101

glaciation: in Antarctic, 120, 122, 125, 127; in Ice
Age, 134-137; in Oligocene, 120

grasslands, 128, 132

gray fox. See Urocyon cinereoargenteus

gray wolf. See Canis lupus

grazers, 128-129

Great American Biotic Interchange, 17, 134

Great Rift Valley, 145

gyri, 99

Hall, E. Raymond, 66
Hare, Brian, 167
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Hayonim Cave (Israel), 150, 156

Hemiauchenia, plate 7

herbivores, 156; body size of, 134-135; at Eo-
cene-Oligocene boundary, 122; in Miocene,
127; social complexity of, 154; teeth of,
127-128, 132

Hertel, Fritz, 135

Hesperocyon, 26-27, 121; body size of, 105;
brain of, 99; claws of, 96; evolution of, 23,
24, 27, 178; fossil record of, 120, 122

Hesperocyon coloradoensis, 24, 169

Hesperocyon gregarius, 27, 169, plate 1; body
size of, 120, 121; evolution of, 24, 120; skel-
eton of, 29; skull and mandible of, 28

Hesperocyoninae: body size of, 105; endemism
of, 140, 142; evolution of, viii, 23-33, 35,
49, 122, 123-124, 126, 127, 131, 137, 178; head
shape of, 28, 80; intercontinental migrations
by, 141; species of, 169-170; teeth of, 23-27,
25, 28, 75, 89, 123-124

Hipparion, 142

Holarctic, 149, 161

Holliday, Jill A., 167, 168

Holocene epoch, 137

Homo erectus, 155

homology, 4

Hoplophoneus primeavus, 120, 121

horses: endemism of, 140; evolution of, 128,
129, 130, 132; geographic dispersion of, 142;
one-toed, 132; three-toed, 142; as unguli-
grade, 92, 93

humans: and canids, 145; and domestication
of canids, 135, 154-166; as hunter-gatherers,
164; waste dumps of, 163, 165

Hunt, Robert M., Jr., 11

Hunter-Schreger Bands (HSB), 89

hunting: and body size, 103-106; by canids vs.
felids, 113-115; by canids v. hyaenids, 115-116;
by hunter-gatherers, 164; vs. scavenging,
112-113; social, 108-111

Hyaena hyaena, 112

Hyaenictitherium, 13

Hyaenictitherium wongi, 13

Hyaenidae: body size of, 105-106; classification

of, 1, 8; convergent evolution of, with canids,

116, 142; evolution of, 12-13, 116, 133, 166;
geographic dispersal of, 142; hunting behav-
ior of, 114, 115-116; and humans, 166; stand-
ing posture of, 92; teeth of, 12, 13, 89, 116

Hyaenodon, 17

Hyaenodon horridus, 16, 17

Hyaenodontidae, 14-17, 119

Hyainailouros, 17; H. sulzeri, 17

hyenas. See Crocuta crocuta; Hyaena hyaena

hypercarnivory, 1, 4, 74-75, 75, 76, 78, 80, 83,
123-124, 135, 137

hypocarnivory, 1, 31, 74-75, 77, 79, 134

Ice Age, 53, 134-137

ice sheets: in Antarctic, 120, 122, 125, 127; in Ice
Age, 134, 137; in Oligocene, 120

Ictitherium, 13

Ictitherium ebu, 12

interbreeding: as biological species concept,
66; of coyote and wolf, 64-65

island gray fox. See Urocyon littoralis

Isthmus of Panama, 19, 134, 139-140, 150

jaw: anatomy of, 3, 4, 80; biomechanical prin-
ciples and function of, 80; fossils of, 158; as
indicator of diet, 75-83; strength of, 83

Jenks, S. M., 64

John Day Fossil Beds National Monument, 27

Kennett, James P, 120
keratin, 94

Khlopachev, Gennady A., 157
kit fox. See Vulpes macrotis

land bridge, 139-140; Beringia, 13, 51, 61, 139,
143, 145, 161; and Great American Biotic
Interchange, 17, 134; Isthmus of Panama, 19,
134, 139—140, 150

Leonard, Jennifer A., 161, 162

leopard, skull of, 76

Leptauchenia decora, 123, 124-125

Leptocyon, 24, 53-55, 172; evolution of, 24, 53,
122, 124, 179; geographic dispersal of, 143;
limb of, 130; teeth of; 51, 53, 75

Leptocyon delicatus, 53, 172



Leptocyon gregorii, 172

Leptocyon mollis, 172

Leptocyon vafer, 54, 55,172

Leptocyon vulpinus, 172

Leptomeryx, 120, 121

limbs: of canids, 89, 91-94, 114, 120, 130, 143; of
herbivores, 132; of horses, 129

Lindblad-Toh, Kerstin, 159-160

Linnaeus, Carolus, 1, 65

lion, 115

llama, 61

Lukeino Formation, 145

Lycalopex, 150

Lycaon: in Africa, 150; body size of, 135; brain
of, 110; evolution of, 60, 135, 148, 179; geo-
graphic dispersal of, 148, 150

Lycaon magnus, 175

Lycaon pictus, 175; geographic dispersal of, 150;
head of, 45; neck of, 99; origin of, 60; recon-
struction of, 63; skull and mandible of, 43,
78; social hunting by, 108, 109

Macdonald, David W, 114

Mammal Species of the World (Wozencraft), 66

mammals: browsers, 128; domestication of,
154; endemism of, 140; and Great American
Biotic Interchange, 17, 134; intercontinental
migrations by, 139; in late Eocene, 120, 1215
in late Miocene, 128-129, 131; in late Oli-
gocene, 124-125; in Paleocene, 118. See also
specific species

Mammuthus columbi, plate 8

mandible. See jaw

mandibular condyle, 80, 81

maned wolf. See Chrysocyon brachyurus

masseter muscle, 80, 81

masseteric fossa, 80, 81

mastodonts, 134

mating behavior, 107

maxilloturbinates, 86-87, 88

Mayr, Ernest, 66

meline (Old World) badgers, 143

mesocarnivory, 1, 75, 137

Mesocyon, 25, 27,178

Mesocyon brachyops, 169

INDEX - 215

Mesocyon coryphaeus, 29, 124-125, 169

Mesocyon temnodon, 169

Mesocyon-Enhydrocyon group, 25, 122

Mesocyon-Sunkahetanka—Enhydrocyon group,
24

Mesohippus, 120, 121

mesonychids, 7, 14

metacarpals, 92

Metalopex, 51, 137, 173, 179

Metalopex merriami, 173

metatarsals, 92

Metatomarctus, 35,178

Metatomarctus canavus, 171

Miacidae, 8-10, 23, 26, 84, 116, 119, 126

Miacis, 23

Miacis kessleri, 10

Miacis sylvestris, 9

Microtomarctus, 35,178

Microtomarctus conferta, 171

Mid-Miocene Climactic Optimum, 125-127

Miocene epoch, 125-131, 137, 141, 142, 143, 145,
148, 150

Miohippus gidleyi, 124-125

molecular biology, 160

Mongolia, canids in, 142, 154

monophyletic branches, 4, 52

Morales, Jorge, 145

Morey, Darcy E, 164, 165

morphological species, 4

Mustelidae, 139

muzzle. See rostrum

Nandinia, 84

Natufian culture, 155, 156, 158

natural selection, 3

neck, of canids, 96-99, 100

Neohipparion, 131, plate 4

Neohipparion coloradense, 128-129

Neohipparion leptode, 130

Nimbacinus dicksoni, 20, 20, 21

Nimravidae, 120, 139

Nobis, Glinter, 156-157

North America, 17; and Beringia, 13, 51, 61, 139,
143, 145, 161; canid fossil sites in, 20-22, 22;
and canid intercontinental migrations, 141,
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North America (continued)

144, 148; canids in, 20-22, 22, 52-53, 61, 64,
133, 134, 139, 148; and Great American Biotic
Interchange, 17, 134; hesperocyonines in, 23;

and Isthmus of Panama, 19, 134, 139-140,
150

Nowak, Ronald M., 66

Nurocyon chonokhariensis, 174

Nyctereutes, 51,137, 145-147, 179

Nyctereutes abdeslami, 173

Nyctereutes donnezani, 145, 173

Nyctereutes megamastoides, 146, 173

Nyctereutes procyonoides, 146, 173

Nyctereutes sinensis, 146, 173

Nyctereutes sinensis—megamastoides lineage,
146

Nyctereutes terblanchei, 146, 173

Nyctereutes tingi, 145-146, 173

Old World, canids in, 144-151

Oligocene epoch, 120, 122-125, 126, 141

Olsen, John W, 154, 155

Olsen, Stanley J., 154, 155, 158, 161, 163

Olyor Fauna, 148

oreodonts, 140

Osborn, Henry Fairfield, 31

Osbornodon, 25, 31-33, 35, 122; body size of,
105; evolution of, 137, 178

Osbornodon brachypus, 170

Osbornodon fricki, 23, 31, 32, 33, 170, plate 3

Osbornodon iamonensis, 170

Osbornodon renjiei, 31, 170

Osbornodon scitulus, 170

Osbornodon sesnoni, 31, 170

Osbornodon wangi, 170

Osteoborus, 36

Otarocyon, 34, 36-38, 84, 122, 178

Otarocyon cooki, 39, 170

Otarocyon macdonaldi, 170

Otocyon, 70, 147,179

Otocyon megalotis, 147,173

Oxetocyon, 34,178

Oxetocyon cuspidatus, 170

Oxydactylus wyomingensis, 123

Pachycrocuta, 13, 114

Pachycrocuta brevirrostris, 149

pack hunting. See hunting: social

paedomorphic features, 158, 159, 168

Palaeolagus, 120, 121

Paleocene epoch, 117-119

Paleocene-Eocene Thermal Maximum, 119

Paracynarctus, 34, 42,178

Paracynarctus kelloggi, 171

Paracynarctus sinclari, 171

Paraenhydrocyon, 25-26, 123, 170, 178

Paraenhydrocyon josephi, 170

Paraenhydrocyon robustus, 170

Paraenhydrocyon wallovianus, 170

Parahyaena brunnea, 112

Paratomarctus, 35,178

Paratomarctus euthos, 171

Paratomarctus temerarius, 171

Peking Man, 154

phalanges, 92-94, 95

Philotrox, 25, 123, 178

Philotrox condoni, 169

Phlaocyon, 34, 40, 42, 124,178

Phlaocyon achoros, 171

Phlaocyon annectens, 170

Phlaocyon latidens, 170

Phlaocyon leucosteus, 40, 41, 124-125, 171

Phlaocyon mariae, 171

Phlaocyon marslandensis, 171

Phlaocyon minor, 170

Phlaocyon multicuspus, 171

Phlaocyon taylori, 170

Phlaocyon yatkolai, 171

Phlaocyonini, 34

phytoliths, 128

Pickford, Martin, 145

plantigrade posture, 92, 93

Pleistocene epoch, 134-137, 141, 149, 150

Pliocene epoch, 126, 131-134, 137, 141, 145, 146,
147, 148, 150

Plioviverrops, 12

posture, 29, 89, 91-94

predation: and body size, 103-106; by canids

vs. felids, 113-115; by canids vs. hyaenids,



115-116; and coevolution, 130; vs. scaveng-
ing, 112-113

premolars, 73-74, 89, 90, 112, 158

Procyonidae, 40, 139, 166

Prohesperocyon, 23, 26, 84, 116, 119-120, 178

Prohesperocyon wilsoni, 169

Proteles cristatus, 105

Protepicyon, 46, 178

Protepicyon raki, 36, 172

Protepicyon—Epicyon-Borophagus lineage,
35-36

Protictitherium, 12

proto-canids, 119

Protoceras skinneri, 124-125

Protocyon, 52,147, 150, 179

Protocyon scagliarum, 174

Protocyon troglodytes, 174

Protomarctus, 35, 178

Protomarctus optatus, 171

Prototocyon, 179

Prototocyon curvipalatus, 173

Prototocyon recki, 173

Psalidocyon, 35,178

Psalidocyon marianae, 171

Pseudalopex, 150, 179

Pseudalopex culpaeus, 173

Pseudalopex gymnocercus, 173

Pseudalopex sechurae, 173

Pseudalopex vetulus, 173

Pseudhipparion retrusum, 128-129

raccoon, 93

raccoon dog. See Nyctereutes
Radinsky, Leonard, 110
Rancho La Brea, 64, 135, 149
red fox. See Vulpes vulpes
red panda, 143

red wolf. See Canis rufus
rete mirabile, 88

retractile claws, 94-96
Rhizocyon, 34,178
Rhizocyon oregonensis, 170
ringtail. See Bassariscus astutus
Rook, Lorenzo, 144
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rostrum, length of, 79-82

saber-toothed cats, 114, 120, 130, 134, 135, 139

Sablin, Mikhail V., 157

Sacco, Tyson, 110

Sahelanthropus tchadensis, 145

Savolainen, Peter, 160, 162

scavenging, 112-113

sea level changes, in Ice Age, 136

semiplantigrade posture, 29

semiseptum, 84

sexual dimorphism, 107-108

short-eared dog. See Atelocynus

Siller-Zubiri, Claudio, 114-115

Sinonyx, 14, 15

skeletal morphology, and reconstruction of life
appearance, 69

skull: fossilized, 3, 4, 69, 157, 158; function of,
78-79; as indicator of diet, 75-83

Smilodon, 135

social hunting. See hunting: social

Soria, Dolores, 145

South America, 17; and canid intercontinental
migrations, 141, 144, 148; canids in, 52, 56,
61, 134, 150; cerdocyonines in, 150-151; and
Great American Biotic Interchange, 17, 134;
and Isthmus of Panama, 19, 134, 139-140,
150

speciation, 136-137

species: biological species concept, 4, 66, 67;
evolutionary species concept, 66-67; mor-
phological, 4

Speothos, 53, 150, 179

Speothos pacivorus, 173

Speothos venaticus, 53, 57, 150, 174

spotted hyena. See Crocuta crocuta

standing posture, 89, 91-94

Steppan, Scott J., 167, 168

stratigraphy, 5

stride, 89, 91-94, 143

striped hyena. See Hyaena hyaena

sulci, 99

Sunkahetanka, 24, 25, 25, 27, 123, 178

Sunkahetanka geringensis, 169
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swift fox. See Vulpes velox
Synoplotherium, 14

Synoplotherium vorax, 14
Synthetocems tricornatus, 130, 131
Systema naturae (Linnaeus), 1, 65, 67

Tasmanian Passage, 120

Tasmanian wolf. See Thylacinus cynocephalus

Tedford, Richard, viii, 145

teeth, 1, 70-75; of amphicyonids, 10, 11; ba-
sined talonid, 42; for bone cracking, 12,
13, 24, 25, 33, 36, 46, 74, 82, 83, 88-89, 112,
130; of borhyaenids, 18; of borophagines,
33-35, 34, 36, 37, 38, 39, 40, 41, 42, 43, 43, 45,
46, 47, 50, 53, 73, 75, 79> 82, 89, 91, 111, 124;
bunodont, 40; of canines, 2, 51, 53, 54, 59,
60, 62, 70, 72, 73-74, 74, 75, 78, 80; carnas-
sials, 1, 2, 26, 43, 74; of carnivorans, 1, 3,
38, 70-71, 72, 75; of cimolestids, 8; enamel
on, 88-89, 91; of felids, 8, 76, 116; of graz-
ers, 128-129; of herbivores, 127-128, 132; of
hesperocyonines, 23-27, 25, 28, 30, 31, 32,
75, 89, 123-124; high-crowned, 127-128, 132;
of hyaenids, 12, 13, 89, 116; of hyaenodonts,
15, 16, 17; for hypercarnivory, 1, 4, 74-75, 75,
76, 78, 80, 83, 123-124; for hypocarnivory,
1, 31, 74-75, 77, 79, 134; hypsodont, 128, 129;
incisors, 73; as indicator of diet, 75-83; and
length of rostrum, 80, 158; of mesonychids,
14, 15; metaconule, 34; of miacids, 9, 9; mo-
lars, 74; postcarnassial molars, 111; premo-
lars, 73-74, 89, 90, 112, 158; selenodont, 38;
supernumery, 70; of thylacinids, 20, 21; of
ursids, 77; of viverravids, 8

Teleoceras fossiger, 130

temporalis muscle, 80, 81

Tephrocyon, 35,178

Tephrocyon rurestris, 171

Texoceros, plate 6

Theriodictis, 52, 56, 150, 179

Theriodictis platensis, 174

Theriodictis? sp. A, 150, 174

Theriodictis tarijensis, 174

thylacinids, 7, 19-20, 21

Thylacinus cynocephalus, 19—20

tibia, in standing posture, 89, 91-94
toes, 132

Tomarctus, 35, 42,137,178
Tomarctus brevirostris, 35,171
Tomarctus hippophaga, 35, 171
Truyols-Santonja, Jamie, 74
Tunggur Formation, 142
Tungurictis, 12

turbinates, 85-88, 87

tympanic bulla. See auditory bulla

ungulates, 92, 97, 124, 148

unguligrade posture, 92

Urocyon, 51, 107, 114, 137, 173, 179

Urocyon cinereoargenteus, 53, 136, 173
Urocyon littoralis, 136, 173

Urocyon minicephalus, 173

Urocyon progressus, 173

Ursidae, 10, 11, 42, 70, 113, 139, 143, 165, 166
Ursus spelaeus, skull of, 77

Valla, Francois, 155, 156

Van Valkenburgh, Blaire, 105, 110, 135

Vila, Calres, 160

Viverravidae, 8, 9, 116, 119

Vulpes, 172; evolution of, 53, 55, 179; geographic
dispersal of, 147-148; legs and stride of, 143;
sexual dimorphism of, 107; teeth of, 51

Vulpes alopecoides, 172

Vulpes angustidens, 172

Vulpes beihaiensis, 147, 172

Vulpes bengalensis, 172

Vulpes cana, 172

Vulpes chama, 173

Vulpes chikushanensis, 172

Vulpes corsac, 173

Vulpes ferrilata, 173

Vulpes galaticus, 147, 172

Vulpes kernensis, 147, 148

Vulpes lagopus, 51, 53, 55, 147, 148, 172

Vulpes macrotis, 53, 148, 173

Vulpes pallida, 173

Vulpes praecorsac, 172

Vulpes praeglacialis, 172

Vulpes riffautae, 133, 145, 147



Vulpes rueppelli, 173

Vulpes ruffautae, 172

Vulpes stenognathus, 147, 148, 172

Vulpes velox, 148, 173

Vulpes vetus, 53

Vulpes vulpes, 173; geographic dispersal of, 53,
64, 148, 149; sexual dimorphism of, 107;
skull of, 87

Vulpes zerda, 36, 39, 55, 56, 84, 145, 173

Wang, Xiaoming, 105, 110, 142

Wayne, Robert K., 64, 147

Wenzhong, Pei, 155

Werdelin, Lars, 83

Wesley-Hunt, Gina D., 8, 116

Wolf Event, 135, 148

wolves: dire wolf, 52, 60-61, 61, 62, 64, 71,
107-108, 134, 135-136, 149, 151, 174, plate 8;
domestication of, 154, 163, 164; geographic
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dispersal of, 161; gray wolf, 52, 53, 61, 64, 66,
70, 72, 81, 98, 99, 108, 109-110, 135, 148-149,
174; interbreeding of, with coyote, 64-65;
maned wolf, 52-53, 56, 57; neck of, 99; red
wolf, 64-65, 65, 174; social hunting by, 108;
Tasmanian wolf, 19—20

woolly mammoth, 134

woolly rhinoceros, 134

Wozencraft, W. Christopher, 66

Xenocyon, 53, 60, 149, 179
Xenocyon dubius, 175
Xenocyon lycaonoides, 109, 175
Xenocyon texanus, 175

Yushe basin, 132, 145

Zhanxiang, Qiu, 145
zorro. See Cerdocyon; Lycalopex; Pseudalopex
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