





MAMMALOGY



This page intentionally left blank



MAMMALOGY

Adaptation, Diversity, Ecology

Fifth Edition

George A. Feldhamer
Joseph F. Merritt
Carey Krajewski
Janet L. Rachlow

Kelley M. Stewart

W

Jobns Hopkins University Press
Baltimore



© 2007, 2015, 2020 Johns Hopkins University Press
All rights reserved. Published 2020

Printed in Canada on acid-free paper
987654321

Johns Hopkins University Press
2715 North Charles Street
Baltimore, Maryland 21218-4363

www.press.jhu.edu
Library of Congress Cataloging-in-Publication Data

Names: Feldhamer, George A., author.

Title: Mammalogy : adaptation, diversity, ecology / George A. Feldhamer,
Joseph F. Merritt, Carey Krajewski, Janet L. Rachlow, and Kelley M. Stewart.

Description: Fifth edition. | Baltimore : Johns Hopkins University Press,

2020. | Includes bibliographical references and index.

Identifiers: LCCN 2019017733 | ISBN 9781421436524 (hardcover : alk. paper) |
ISBN 1421436523 (hardcover : alk. paper) | ISBN 9781421436531 (electronic) |
ISBN 1421436531 (electronic)

Subjects: LCSH: Mammalogy.

Classification: LCC QL703 .F44 2020 | DDC 599—dc23

LC record available at https://lccn.loc.gov/2019017733

A catalog record for this book is available from the British Library.

For charts on weights & measures and conversions,
see pages 726-727.

Special discounts are available for bulk purchases of this book. For more information,
please contact Special Sales at specialsales@press.jhu.edu.

Johns Hopkins University Press uses environmentally friendly book
materials, including recycled text paper that is composed of at least
30 percent post-consumer waste, whenever possible.



For Carla, Carrie, Andy, fenny, Lucy, and Wyatt
—George

For my granddaughters, Maisy and Polly
—Grandpa Joe

For Birdie, fenny, and Robby
—Carey

For Terry and Joel, and especially Fim
—Janet

For Thad, Riley, and Ryan
—Kelley



About the Authors

George A. Feldhamer is Professor Emeritus of Zoo-
logy and former Director of the Environmental Studies
Program at Southern Illinois University. His research fo-
cused exclusively on mammalian populations, ecology, and
management; biology of introduced deer; and threatened
and endangered species of rodents and bats. He is a former
associate editor for the Fournal of Forest Research and the
Wildlife Society Bulletin. He is the senior editor of Wild
Mammals of North America: Biology, Management, and Con-
servation (2003) and an author of Mammals of the National
Parks (2005) and Deer: The Animal Answer Guide (2012), all
published by Johns Hopkins University Press. He was co-
editor of Ecology, Behavior, and Conservation of the Golden
Mouse: A Model Species for Research (2007), and an author of
Bats of linois. Dr. Feldhamer has had 36 years of experience
teaching an upper-division mammalogy course. In 2011,
he received the Joseph Grinnell Award from the American
Society of Mammalogists “to honor individuals who have
made outstanding and sustained contributions to educa-
tion in mammalogy.”

Joseph F. Merritt was senior mammalogist with the
Illinois Natural History Survey, University of Illinois. He
is the former Director of Powdermill Biological Station of
the Carnegie Museum of Natural History and served as
Distinguished Visiting Professor at the US Air Force Acad-
emy in Colorado Springs, Colorado, during the academic
year of 2004-2005. Dr. Merritt is a physiological ecologist
and functional morphologist specializing in adaptations of
mammals to cold. He is the author of Guide to the Mam-
mals of Pennsylvania, published by the University of Pitts-
burgh Press, and editor of several technical monographs on
specific taxa of mammals. His book Biology of Small Mam-
mals was published by Johns Hopkins University Press in
2010. He is the recipient of the American Society of Mam-
malogist’s 2015 Hartley H. T. Jackson Award and has served
on the publications committee of the American Society of
Mammalogists (ASM) since 1990. He is the former Editor-
in-Chief of the Fournal of Mammalogy. Dr. Merritt has
instructed mammalogy for 43 years and currently teaches
mammalogy at the University of Colorado Mountain Re-
search Station.

Carey Krajewski is Professor of Zoology at Southern
Illinois University. His research in mammalogy has in-
volved molecular studies of marsupial phylogeny, particu-
larly the systematics of dasyuromorphians, as well as the
evolution of gruoid birds. He was an associate editor for the
Fournal of Mammalogy and Molecular Phylogenetics and Evo-
lution and is currently associate editor of the Fournal of
Mammalian Evolution. From 1993 to 2010 Dr. Krajewski was
an honorary research fellow in the Genetics Department at
La Trobe University, Australia. He was named 2004 Out-
standing Scholar in the College of Science at SIU and was
Chair of the Zoology Department from 2011 to 2018.

Janet L. Rachlow is Professor of Wildlife Ecology in
the Department of Fish and Wildlife Sciences at the Uni-
versity of Idaho. Her research focuses on behavioral ecol-
ogy, conservation, and relationships between mammals and
their environments, and her work has spanned mammalian
taxa from ground squirrels to grizzly bears. In 2015, she re-
ceived the Outstanding Researcher Award in the College of
Natural Resources at the University of Idaho. Dr. Rachlow
is a member of the IUCN Lagomorph Specialist Group
and Vice President of the World Lagomorph Society, and
she currently serves on the board of directors for the
American Society of Mammalogists.

Kelley M. Stewart is an Associate Professor of large
mammal ecology in the Department of Natural Resources
and Environmental Science at the University of Nevada,
Reno. Her research focuses on effects of density depen-
dence, reproduction, and nutritional condition of large
mammals on movement patterns, resource selection, pop-
ulation dynamics, and community structure. Dr. Stewart
teaches courses in wildlife ecology at both the graduate
and undergraduate levels. She was named the Teacher of
the Year in 2012 by the College of Agriculture, Biotechnol-
ogy, and Natural Resources at UNR. She has been primary
advisor for 16 graduate students working on various aspects
of ungulate ecology, 3 undergraduate Honors Students, and
2 postdoctoral research associates.



Y e i
" “ ‘ . 3 1
N 'y
r L\wx
"
Preface xi Chapter 17 Order: Eulipotyphla 366
Chapter 18 Orders: Carnivora and
PART 1 Pholidota 376
Introduction 1 Chapter 19 Orders: Perissodactyla and
Cetartiodactyla 404
Chapter 1 The Science of Mammalogy 2 Chapter 20 Infraorder: Cetacea 430
Chapter 2 Methods for Studying Mammals 16 Chapter 21 Order: Chiroptera 458
Chapter 3 Phylogeny and Diversification
of Mammals 46
Chapter 4 Evolution and Dental
Characteristics 60 PA RT 4
Chapter 5 Biogeography 80 Bebavior and Ecology 485
Chapter 22 Sexual Selection, Parental Care,
and Mating Systems 486
PART 2 Chapter 23 Social Behavior and
: Communication 500
Structure and Function 107 ]
Chapter 24 Movement Patterns and Spatial
Chapter 6 Integument, Support, and Relationships 516
Movement 108 Chapter 25 Populations and Life History 530
Chapter 7 Modes of Feeding 130 Chapter 26 Community Ecology 542
Chapter 8 Environmental Adaptations 162
Chapter 9 Reproduction 200
PART 3 Special Topics 563
: . . : Chapter 27 Parasites and Zoonotic Diseases 564
Adaptive Radiation and Diversity 223 .
Chapter 28 Conservation 574
Chapter 10 Orders: Monotremata
and Marsupials 228 Glossary 589
Chapter 11 Orders: Macroscelidea, References 610
Afrosoricida, Tubulidentata 262 Credits 681
Chapter 12 Orders: Proboscidea, Index 686
Hyracoidea, Sirenia 270
Chapter 13 Orders: Pilosa and Cingulata 288
Chapter 14 Orders: Scandentia and
Dermoptera 298
Chapter 15 Order: Primates 304
Chapter 16 Orders: Rodentia and
Lagomorpha 328

vii



- Contents

s

-

viii

Preface X1
PART 1
Introduction 1
Chapter 1 The Science of Mammalogy 2
Mammals 2
Why Study Mammals? 3
History of Mammalogy 5
Modern Mammalogy as an Interdisciplinary
Science 12
Resources for Mammalogists 13
Summary 14
Suggested Readings 15
Discussion Questions 15
Chapter 2 Methods for Studying
Mammals 16
Field Methods 17
Laboratory and Museum Methods 22
Systematic Methods 33
Summary 42
Suggested Readings 44
Discussion Questions 45
Chapter 3 Phylogeny and Diversification
of Mammals 46
Relationships and Classification of Living
Mammalian Orders 46
Timing of the Mammalian Radiations 53
Summary 57
Suggested Readings 58
Discussion Questions 59
Chapter 4 Evolution and Dental
Characteristics 60
Synapsid Lineage 60
Origin of Mammals: Monophyletic or
Polyphyletic? 65
The First Mammals 66
Cenozoic Mammals and Mammalian Radiation 70
Interrelationship of Characteristics and Increased
Metabolism 71
Summary of Anatomical Trends in Organization
from Mammal-Like Amniotes to Mammals 72
Characteristics of Modern Mammals 73

Dentition 74
Summary 78
Suggested Readings 78
Discussion Questions 79

Chapter 5 Biogeography 80

Global Provincialism of Mammalian
Distributions 81

Historical Biogeography 84

Ecological Biogeography 97
Summary 104
Suggested Readings 105
Discussion Questions 106

Structure and Function 107

Chapter 6 Integument, Support, and

Movement 108

Integument 108

Basic Skeletal Patterns 116

Muscles 119

Modes of Locomotion 120
Summary 127
Suggested Readings 128
Discussion Questions 129

Chapter 7 Modes of Feeding 130

Foods and Feeding 130

Foraging Strategies 154
Summary 159
Suggested Readings 160
Discussion Questions 161

Chapter 8 Environmental Adaptations 162

Heat Transfer between a Mammal and the
Environment 163

Temperature Regulation 163

Adaptations to Cold 163

Adaptations to Heat 184
Summary 198
Suggested Readings 198
Discussion Questions 199



Chapter 9 Reproduction 200
The Reproductive Systems 201
Gestation 212
Reproductive Variations 214
Parturition 217
Lactation 218
Summary 220
Suggested Readings 221
Discussion Questions 222
Adaptive Radiation and Diversity 223
Chapter 10 Orders: Monotremata
and Marsupials 228
Monotremata 228
Marsupials 234
Summary 260
Suggested Readings 261
Discussion Questions 261
Chapter 11 Orders: Macroscelidea,
Afrosoricida, Tubulidentata 262
Macroscelidea 262
Afrosoricida 264
Tubulidentata 266
Summary 268
Suggested Readings 268
Discussion Questions 269
Chapter 12 Orders: Proboscidea,
Hyracoidea, and Sirenia 270
Proboscidea 271
Hyracoidea 277
Sirenia 280
Summary 285
Suggested Readings 286
Discussion Questions 287
Chapter 13 Orders: Pilosa and Cingulata 288
Superorder Xenarthra 288
Summary 296
Suggested Readings 297
Discussion Questions 297
Chapter 14 Orders: Scandentia
and Dermoptera 298
Scandentia 298
Dermoptera 300
Summary 302

Contents

Suggested Readings
Discussion Questions

Chapter 15 Order: Primates

Ordinal and Morphological Characteristics
Fossil History
Economics and Conservation
Suborder Strepsirrhini
Suborder Haplorrhini
Summary
Suggested Readings
Discussion Questions

Chapter 16 Orders: Rodentia
and Lagomorpha
Rodentia
Lagomorpha
Summary
Suggested Readings

Discussion Questions

Chapter 17 Order: Eulipotyphla

Order Eulipotyphla
Summary
Suggested Readings
Discussion Questions

Orders: Carnivora
and Pholidota

Chapter 18

Order Carnivora
Order Pholidota
Summary
Suggested Readings
Discussion Questions
Chapter 19 Orders: Perissodactyla
and Cetartiodactyla

Perissodactyla
Cetartiodactyla
Summary
Suggested Readings
Discussion Questions

Chapter 20 Infraorder: Cetacea

Morphology

Fossil History

Economics and Conservation

Parvorders and Families
Summary
Suggested Readings
Discussion Questions

302
303

304

305
307
307
308
314
325
326
327

328

328
359
364
365
365

366

366
375
375
375

376

376
398
401
402
403

404

405
413
428
429
429

430

431
439
441
442
455
456
457

ix



X Contents

Chapter 21 Order: Chiroptera 458
Suborders and Superfamilies 459
Morphology 460
Fossil History 467
Economics and Conservation 467
Suborder Yinpterochiroptera 469
Suborder Yangochiroptera 474
Summary 483
Suggested Readings 484
Discussion Questions 484
PART 4
Bebavior and Ecology 485
Chapter 22 Sexual Selection, Parental
Care, and Mating Systems 486
Anisogamy and Competition for Mates 486
Sexual Selection 488
Parental Investment 492
Parent-Offspring Conflict 493
Mating Systems 494
Summary 497
Suggested Readings 498
Discussion Questions 499
Chapter 23 Social Behavior and
Communication 500
The Sociality Spectrum 500
Why Mammals Live in Groups 501
How Social Behavior Evolves 504
Communication 508
Summary 515
Suggested Readings 515
Discussion Questions 515
Chapter 24 Movement Patterns and
Spatial Relationships 516
Home Range 516
Territory 517
Habitat and Selection of Resources 519
Dispersal 521
Migration 524
Summary 528
Suggested Readings 528
Discussion Questions 529

Chapter 25 Populations and Life History 530
Population Processes 530
Population Growth and Equilibrium 532
Life History 536
Cycles 537
Summary 540
Suggested Readings 541
Discussion Questions 541
Chapter 26 Community Ecology 542
Ecological Niche 543
Species Interactions and Community Structure 543
Community Function 554
Community Patterns 555
Summary 561
Suggested Readings 561
Discussion Questions 562
Special Topics 563
Chapter 27 Parasites and Zoonotic
Diseases 564
Mammalian Parasites and Diseases 564
Vector-Borne Zoonoses 566
Nonvector Zoonoses 570
Summary 573
Suggested Readings 573
Discussion Questions 573
Chapter 28 Conservation 574
Nature of the Problem 575
Approaches to Solutions 584
Case Studies 585
Summary 588
Suggested Readings 588
Discussion Questions 588
Glossary 589
References 610
Credits 681
Index 686



4
.ﬂ‘-:i ol o 1
N

Research on all aspects of mammals continues at a rapid
pace, as it has for many decades. Considerable molecular
and morphological work of the past 15 years has resulted
in a substantial increase in the number of recognized ex-
tant mammalian families (167), genera (1,314), and species
(6,399) (Burgin et al. 2018). It continues to be an exciting
challenge to produce a textbook for a one-semester upper-
level undergraduate or graduate mammalogy course, which
balances both breadth and depth of coverage. In this edi-
tion, we have reduced the amount of text from the fourth
edition while endeavoring to maintain and enhance rele-
vant, up-to-date content.

The volume is divided into five parts. Part 1 includes the
introductory and historical remarks in Chapter 1, as well as
discussion of several topics that will be crucial for under-
standing the rest of the book. Chapter 2 gives an overview of
the diverse methods that mammalogists employ in research
and continues the story of natural history and taxonomic
study up to the present. Chapter 3 reviews phylogenetic rela-
tionships among mammalian orders and gives a brief history
of this contentious topic. Chapter 4 describes the evolution
of synapsids based on the fossil record and provides a brief
tutorial on the morphology of mammal teeth, arguably the
most informative character set in mammalian paleontology.
Chapter 5 introduces the conceptual foundations of bioge-
ography and some of the modern analytical techniques used
to understand the distribution of mammals.

Part 2 integrates mammalian characteristics including
support and movement (Chapter 6), feeding and nutrition
(Chapter 7), physiological and environmental adaptations
(Chapter 8), and reproduction (Chapter 9). Part 3 (Chap-
ters 10 through 21) is a survey of the mammalian orders and
families, which describes key morphological, physiological,
and behavioral traits, as well as fossil history. Part 4 (Chap-
ters 22 through 26) examines sexual selection, mating sys-
tems, behavioral, population, and community ecology of
mammals. In Part 5 we provide a brief overview of mam-
malian zoonotic diseases and parasites (Chapter 27), and
finally current issues and initiatives in mammalian con-
servation (Chapter 28).

As in previous editions, all literature citations are
collected at the end of the text to avoid redundancy. Tech-
nical terms throughout each chapter are in boldfaced
type when they are first introduced, and those terms are
defined in both the text and the glossary. Although there
is continuity between sections and chapters of the text,
instructors can select certain chapters based on individual
interest, emphasis, or time constraints without sacrificing
clarity and understanding.

The five authors bring a combined total of about 160
years of field and laboratory research experience working

with mammals in a variety of settings—as well as many de-
cades of teaching—to the collaborative endeavor of this
book. Each of us has also benefited from years of sugges-
tions, ideas, discussions, and constructive criticism from
many teachers, colleagues, students, and friends.

With this edition of the textbook, we welcome two new
coauthors and bid goodbye to two of the original coau-
thors, Lee C. Drickamer and Stephen H. Vessey. When the
book was being conceived, Steve had taught mammalogy
for many years, and Lee had taught ornithology. They
helped envision a mammalogy textbook that differed from
most previous books in this field by combining functional
approach to the subject with the more traditional mam-
malogy textbook pattern of concentrating on a taxonomic
framework as the basis for covering the subject. With
George Feldhamer and Joseph Merritt, they helped put
together a useful textbook that is now used in many mam-
malogy courses. We thank both Lee and Steve for their
contributions to earlier editions of this book and to the field
of mammalogy, as we welcome Janet Rachlow and Kelley
Stewart as new coauthors.
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CHAPTER 1

Mammals
Why Study Mammals?

History of Mammalogy

Antiquity

Discovering Biological Diversity in
the 17th and 18th Centuries

Explaining Biological Diversity in
the 19th Century

Integrating Knowledge of Biological
Diversity in the 20th Century

Modern Mammalogy as an
Interdisciplinary Science

Resources for Mammalogists
Information
Experience

The Science of
Mammalogy

Mammals

Mammalogy is the study of mammals, organisms belonging to the
taxonomic group Mammalia. One way of defining Mammalia is “the
most recent common ancestor of monotremes (platypus and echidnas)
and therians (marsupials and placental mammals) and all its descen-
dants” (Rowe 1988; Figure 1.1). As in this example, modern biologists
define all taxonomic groups by their evolutionary ancestry, not by
their traits. Taxonomic groups such as Mammalia do indeed have di-
agnostic, distinguishing, characteristic, or common traits, but it is
ancestry, not traits, that makes an organism a mammal. Thus, for
instance, members of all living mammal species have hair and mam-
mary glands, but a completely hairless mutant mouse would still be a
mammal. This way of understanding taxonomic diversity is relatively
new and confusing to many students, but it is one of the major con-
ceptual advances of 20th-century biology. (See Chapter 4 for more in-
formation on the taxa shown in Figure 1.1.)

Still, what s a mammal? How would you know one when you saw it,
given that organisms do not have their ancestry pinned to their sleeves?
We can trace that ancestry by characterizing the familiar groups to
which mammals belong in terms of key adaptations—traits that en-
hance an organism’s evolutionary fitness and exert a major influence on
the biology of a major taxonomic group. In order from more to less
inclusive, mammals are the following: eukaryotes (organisms with cells
containing a nucleus, membrane-bound organelles, and a cytoskele-
ton); animals (eukaryotes that are mobile, multicellular, and heterotro-
phic); chordates (animals with a notochord, dorsal hollow nerve chord,
postanal tail, and pharyngeal slits); vertebrates (chordates with verte-
brae and a cranium); retrapods (vertebrates with four limbs); amniotes
(tetrapods with three unique extraembryonic membranes—amnion,
chorion, and allantois); and synapsids (members of Synapsida, amniotes
with a single temporal opening on each side of the skull). Among living
vertebrates, tetrapods are ancestrally terrestrial animals derived from
one group of fishes; they include amphibians (frogs, salamanders, and
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Mammalia (Crown Group Mammalia)
Mammaliaformes

Figure 1.1 What is a mammal? The phylogenetic defini-
tion of Mammalia is all descendants from the last common
ancestor of living mammals. This is the “Crown Group Mam-
malia” of many authors (Benton 2015), who consider Mammalia
equivalent to Mammaliaformes as shown here (synapsids with
a dentary-squamosal jaw joint; see below and Chapter 4).
There is still debate about the branching order for some of
these lineages. Daggers indicate extinct groups. Based on
Pough et al. (2013).

caecilians) and amniotes. Amniotes comprise sauropsids
(including reptiles and birds) and synapsids. Mammals are
the only living synapsids, but there were many nonmam-
malian synapsids (please don’t call them “mammal-like
reptiles”—reptiles are sauropsids) that lived during the past
300 million years. Mammals (or the Mammaliaformes, as
some authors term them) are distinguished from their ex-
tinct synapsid relatives by the structure of their jaw joint,
which forms between the dentary bone of the mandible
(in extant mammals, the dentary and mandible are syn-
onymous; this was not the case in cynodonts) and the
squamosal bone of the skull. Thus, the classification of
Mammalia looks like this:

Eukarya
Animalia
Chordata
Vertebrata
Tetrapoda
Amniota
Synapsida
Mammalia

But still, what 7s a mammal? From the information
above, you could (in principle) identify one if you could ex-
amine its entire anatomy, both macroscopically and micro-
scopically. But ancestry and diagnostic traits are not the
whole story of mammalian evolution. That story is very
long indeed (see Chapter 4 and many of the chapters that
follow), but a few aspects are worth mentioning at the
outset. Again these are key adaptations. For example, mam-
mals are like birds in that they are endotherms—that is,
they maintain a relatively high body temperature by main-
taining a correspondingly high metabolic rate. Endo-
thermy has allowed mammals to thrive in a wide range of

Chapter 1 The Science of Mammalogy 3

thermal habitats, but also requires them to obtain much
more energy from food than do comparably sized ecto-
therms. Indeed, one apt characterization of a mammal rela-
tive to other vertebrates is “an eating machine.” Many of
the traits we associate with mammals ultimately serve this
purpose and form a correlated suite of adaptations that vary
tremendously among major groups. Complex teeth and
chewing actions, foraging strategies, locomotor specializa-
tions, and a wide range of body sizes—all have something
to do with the voracious appetites of these high-energy ani-
mals. Mammals have big brains (themselves a major energy
sink), which evolved from an early emphasis on olfaction to
include the elaboration of neocortical layers that process
diverse sensory information and coordinate more or less
“intelligent” responses (Kas 2013), mostly for the purpose
of eating. Hair (or fur), a trait mammals inherited from
their more recent synapsid ancestors, is also correlated with
endothermy: Acting as insulation, hair (or fur) traps body
heat produced at great cost and keeps it from dissipating
with every gentle breeze that passes over the skin.

A second adaptation that exerts heavy influence on
mammalian biology is the energy invested in offspring (see
Chapter 9). Mammals are either oviparous (i.e., lay eggs, as
in the case of monotremes) or viviparous (i.e., give birth to
live young, as marsupials and placentals do), but all provide
their young with nutritious milk produced in the mammary
glands of mothers, the trait for which mammals are named.
As with endothermy, making milk requires energy from
food. For monotremes and marsupials, milk production
(lactation) constitutes the major maternal investment in
offspring survival; but for placental mammals, suckling is
preceded by a lengthy period of gestation (development in
utero) during which the mother is supplying all offspring
needs. In no species of mammal do mothers simply leave
their offspring to fend for themselves (a common strategy in
other vertebrates such as turtles). In many species a pro-
longed postnatal association between offspring and mothers
(and sometimes fathers or more distant relatives) lies at the
heart of complex social systems so familiar to humans. So,
what are mammals? They are smart, mobile eating ma-
chines that exhibit great maternal care (Figure 1.2).

Why Study Mammals?

Why are mammals important (“to us” is implied)? The
first answer modern biologists give is that mammals are
significant components of functioning ecosystems, and
functioning ecosystems are what give Earth a biosphere
rather than a “dead-o-sphere.” The anthropocentric cor-
ollary is that humans depend (more completely than most
of us realize) on a biosphere that will support our swelling
population (Crist et al. 2017). Mammals form critical links
in terrestrial and aquatic food webs, transferring energy
and nutrients that power biotic processes for maintaining
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Figure 1.2 Traits of mammals. Mammals, such as this
narbalek or little rock-wallaby (Petrogale concinna), are
endothermic vertebrates with hair and mammary glands; they
invest a relatively large amount of energy in raising relatively
few offspring.

diverse life forms including, but certainly not limited to,
our own. Many are keystone species, ecosystem engineers,
or mutualists that impact biotic communities to a much
greater extent than predicted by their numbers. If we want
to understand the processes upon which our existence de-
pends, we need to study mammals. Because mammals are
important to us, we study them—both out of curiosity and
self-interest. We want to know what kinds of mammals oc-
cur in the world, how they got there, and how they func-
tion in ecosystems, both as organisms and as collections of
cells. Mammals are part of nature—they and the biotic
processes in which they participate are natural phenomena.
When we ask questions about the diversity and causes of
natural phenomena, look for explanations in terms of other
natural phenomena, and base our conclusions on rational
interpretation of evidence, we are doing science. Mammal-
ogy is the scientific study of mammals. Mammals are also
valuable to humans as natural resources. We cultivate them
for meat, dairy products, and materials (e.g., leather); we
nurture them as pets, hunt them for sport, and use them
as surrogates for ourselves in medical science. The US beef
industry, built on just one species (the cow, Bos taurus), has
a retail value around $100 billion (USDA 2017). Mammal
husbandry on farms and ranches around the world has been
a part of human cultures for thousands of years (Zeder
2012), and research into the processes by which mammals
were domesticated is yielding new insights (Blaustein
2015). Mammals are by far our favorite nonhuman com-
panions: in 2015, Americans spent over $60 billion on their
pets—a sum that is part of an upward trend likely to con-
tinue (JAVMA News 2015). Veterinary medicine is an ad-
vanced science centered mostly on mammals and practiced
with increasing effectiveness by trained professionals world-
wide. The house mouse (Mus musculus) is one of the most

important 7zodel organisms (species used for scientific stud-
ies because they are easy to work with) in biomedical re-
search and is valued for its small size, fecundity, short
generation time, and relatively simple husbandry. There
are now numerous “mouse models” of human diseases—
lab strains created by controlled breeding with genotypes
matching those of human diabetes, heart disease, obesity,
and other afflictions. Cats, rats, dogs, and several other
mammal species are also widely used in medical research.

Some mammals are important because they pose a threat
to humans, especially when they act as disease reservoirs or
vectors (see Chapter 27). Rodents are particularly common
reservoirs for human pathogens (i.e., they host the patho-
genic organisms, but do not get sick themselves). Han et al.
(2015) found that 217 of 2,277 rodent species examined (about
10%) are reservoirs for zoonoses (diseases transmitted from
animals to humans) caused by bacteria, fungi, flatworms, or
protists. The authors attribute this to the high fecundity and
short generation times of reservoir rodents. A particularly
well-documented case of rodent-borne zoonosis is the 1993
outbreak of hantavirus pulmonary syndrome (HPS) in the
southwestern United States, in which deer mice (Peromzyscus
maniculatus) were the reservoir, shedding virus in their urine,
feces, and saliva (CDC 2012). This outbreak involved 24 di-
agnosed cases of human HPS, 12 of them fatal. Mammal
species may also be pests when they are translocated outside
their historical ranges and introduced into novel areas where
they thrive at the expense of native species. The European
rabbit (Oryctolagus cuniculus) is one such invasive species on
the Iberian Peninsula, where it is outside its natural range.
Rabbits spread in large numbers over the southern two-
thirds of Australia following their introduction in the mid-
1800s, and rabbit foraging has degraded arid-land vegetation
to the detriment of native vertebrates (Australian Govern-
ment 2011). In the 21st century, the most urgent mammalian
science is conservation, the study of how human-induced
changes to the biosphere are driving mammal (and many
other) species toward extinction (Johnson et al. 2017). Since
the 16th century, 82 mammal species have gone extinct, 2
have become extinct in the wild, and 1,194 have come to be
threatened with extinction (IUCN 2018). Given that there
are close to 6,500 recognized species of modern mammals
(Burgin etal. 2018), it is sobering to realize that about 20% of
them are gone or in serious decline. The greatest threat to
mammals is habitat loss, driven by humanity’s relentless con-
version of natural areas into croplands, rangelands, mines,
and developed real estate. Individual species may suffer from
overexploitation by humans for food, sport, and animal
products. Some regional mammal faunas have been deci-
mated by invasive predators (often other mammals); for ex-
ample, cats, rats, and foxes introduced into Australia have
been responsible for the staggering death toll of its marsupi-
als (Woinarski et al. 2015; Figure 1.3). All threats to mam-
mals are aggravated by climate change. While mammalo-
gists study the biological causes and consequences of the
decline of mammals, conservation solutions go beyond biol-
ogy to include integrated resource management, public



Figure 1.3 Invasive species. Camera trap documentation
of a feral cat in southwestern Australia killing a native marsu-
pial, the brush-tailed phascogale (Phascogale tapoatata), whose
current conservation status is “near threatened.” IUCN 20178.

policy, sociology, psychology, economics, and ethics. These
issues are discussed further in Chapter 28.

And of course, we humans are mammals. A single species
within the Order Primates and most closely related to chim-
panzees, humans originated from a hominin ancestor in Af-
rica about 200,000 years ago (see Chapter 15). We share all
the general adaptations of mammals and the specific ones of
primates, but we are unique in possessing the evolutionary
novelty of a hypertrophied brain and its associated intelli-
gence, along with highly developed capacities for language,
tool use, and sociality. Our biological heritage is both a
blessing and a curse, allowing us to dominate the Earth for
our benefit, even as we push it beyond its capacity to sustain
us. Mammalogy places our species—the greatest but sloppi-
est ecosystem engineer of all time—into an evolutionary-
ecological context that helps us understand the transforma-
tive events taking place in the world around us.

History of Mammalogy

ANTIQUITY

From times when most humans were hunters and gather-
ers through the beginnings of agriculture 9,000 to
12,000 years ago, a body of knowledge about mammals and
other organisms was gleaned from experience and passed
from generation to generation. With the advent of written
language about 3,500 years ago, some of this knowledge
was recorded in glyphs, augmenting artistic depictions and
oral traditions. Particularly important in these early times
was knowing enough about local mammals to exploit them
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as food, avoid being harmed by them, and keep them as
pets or work animals. Such mammalian lore formed the ba-
sis of later, more scholarly, bodies of written information
in civilization centers around the world. Most of the his-
tory of mammalogy traces to the origins of Western sci-
ence in classical Greece around 600 BCE.

Mayr (1982) credits three contributions of classical
Greek culture to the development of modern biology: (1) an
interest in natural history (observable facts about wild
plants and animals); (2) philosophy, especially the commit-
ment to explain natural phenomena with natural causes
(i.e., science, or an early form of it); and (3) an interest in
medicine, disease, anatomy, and physiology exemplified by
the works of Hippocrates (460-377 BCE). Aristotle (384-
322 BCE) is a towering figure among the Greeks in both
natural history and philosophy. Works such as Historia Ani-
malium, De Partibus Animalium, De Motu Animalium, and
De Generatione Animalium reveal Aristotle’s years of care-
ful observation and reflection on the structure and life pro-
cesses of organisms then known around the Mediterra-
nean. From his familiarity with natural history and
traditionally recognized groups (e.g., birds), along with
philosophical principles that attached significance of pur-
pose to certain characteristics (e.g., blood, reproduction),
Aristotle developed a working classification (Singer 1959)
that divided animals into vertebrates (enaima, with red
blood) and invertebrates (anaima, without red blood). Ver-
tebrates were partitioned into viviparous (live-bearing) and
oviparous (egg-laying) types. Mammals were among the
former (monotremes would not be known to Western sci-
ence until 1798), but with distinct groups for humans,
whales, and other mammals (“viviparous quadrupeds”). Su-
perimposed on these groups was Aristotle’s scala naturae
(“ladder of nature”), a ranking from lower to higher based
on traits revealing the increasing development of vegeta-
tive, animal, and rational souls (psyche). Mammals sit atop
the ladder, just above other vertebrates, with humans above
everything. This view of relationships persisted for centu-
ries in one form or another; it was finally discredited in bi-
ology during the 19th century (especially in light of Dar-
winian theory), but vestiges persist even today in our
thoughtless and inappropriate use of “higher” and “lower”
to describe taxonomic groups (e.g., “higher primates” that
resemble us versus “lower primates” that do not).

Works of natural historians later in antiquity contrast
sharply with Aristotle’s careful, often first-hand observa-
tions of animals. Prominent among the later natural histori-
ans is Pliny the Elder (23-79 CE), whose uncritical compila-
tion of fabulous animal tales may be of cultural significance,
but has little scientific value. Contrast the following pas-
sages from Aristotle and Pliny on the subject of elephants:

The elephant has four teeth on either side, by which it munches
its food, grinding it like so much barley-meal, and, quite apart
[from these, it has its great teeth, or tusks, two in number. In the
male these tusks are comparatively large and curved upwards; in
the female, they are comparatively small and point in the opposite
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direction; that is, they look downwards towards the ground. The
elephant is furnished with teeth at birth, but the tusks are not
then visible. (Aristotle, Historia Animalium book 11, part 5)

This is known for certain, that upon a time there was one ele-
phant among the rest, not so good of capacity, to take out his lessons,
and learn that which was taught bim: and being beaten and beaten
again for that blockish and dull bead of bis, was found studying and
conning those feats in the night, which be had been learning in the
day time. But one of the greatest wonders of them was this, that
they could mount up and climb against a rope; but more wonderful,
that they should slide down again with their heads forward. (Pliny,
Natural History, book VIII; Philemon Holland translation)

As noted by Mayr (1982), the study of animal natural
history was unprogressive between Aristotle and the 1500s,
except in the Muslim world, where Al-Jahiz’s (776-868)
Kitab al-Hayawan (Book of Animals) continued and ex-
panded the Aristotelian tradition. During that interval,
there were nonetheless some advances in anatomy and
physiology, especially the works of the Roman physician
Galen (CE 130-201). Galen dissected specimens from sev-
eral species of mammals and wrote influential treatises on
anatomy and physiology. His description of the musculo-
skeletal system of Barbary macaques (Macaca sylvanus) was
treated as definitive for human anatomy prior to 16th-
century work on human cadavers (Singer 1959). The Per-
sian philosopher Avicenna (980-1037) authored seminal
works on medical science (e.g., The Book of Healing, The
Canon of Medicine). Scientific study of animals revived
somewhat near the end of the Renaissance with work by
Vesalius (1514-1564) on human anatomy, Belon (1517-
1564) on natural history, and Harvey (1578-1657) on blood
circulation and embryonic development, among others.

DISCOVERING BIOLOGICAL DIVERSITY
IN THE 17TH AND 18TH CENTURIES

By the 1600s, European explorers were traveling to many
parts of the world. The specimens they discovered, de-
scribed, and brought back from distant lands stimulated
interest in biological diversity. Although none of these early
naturalists was strictly a mammalogist, their broad inter-
ests included mammals. One was Mark Catesby (1683-
1749), an Englishman who made two expeditions to North
America with financing from wealthy patrons. In 1754, he
published a two-volume treatise, The Natural History of
Carolina, Florida, and the Babama Islands, which included
original descriptions and color illustrations of native mam-
mals (Figure 1.4). This was perhaps the earliest mono-
graph on North American plants and animals. In it,
Catesby continued the tradition—stretching back to Leon-
ardo da Vinci (1452-1519)—of combining artistic skill and
scientific observation to communicate biological informa-
tion through paintings. That tradition has continued with
such artist-naturalists as Georges Buffon (1707-1788), John

Figure 1.4 Illustration from Mark Catesby. Based on
observations made during visits to southeastern North America
in the early 1700s, Catesby (1754) painted and described a
number of mammals, including this eastern chipmunk (Tamias
striatus).

James Audubon (1785-1851), Alexander Wilson (1766—
1813), John Gould (1804-1881), Ernst Haeckel (1834-1919),
Louis Agassiz Fuertes (1874-1927), Roger Tory Peterson
(1908-1996), Richard P. Grossenheider (1911-1975), Frank
Knight (1941-), and others.

This period of exploration and discovery stimulated the
development of modern taxonomy. English naturalist John
Ray (1627-1705) suggested that a species is a group of or-
ganisms that can interbreed, an insight that would be the
core of Mayr’s (1942) influential biological species con-
cept (see Chapter 2). As more types of organisms were dis-
covered, the need became apparent for a coherent system
of taxonomy, or rules to govern the naming and classify-
ing of species. Several schemes were proposed after 1500,
but that of Swedish botanist Carl von Linné (1707-1778),
better known as Linnaeus (Figure 1.5), became universally
adopted. Linnaeus’s Systema Naturae (1758) is generally
cited as the basis for modern animal taxonomy. Linnaeus
considered species to be fixed, discrete, individually created
entities, naturally organized into a set of hierarchical



Figure 1.5 Carolus Linnaeus. Linnaeus is considered the
founder of modern taxonomy. He formalized a system of
binomial nomenclature in which each species is given a unique,
two-word name. He also established a hierarchical scheme for
classifying species into more inclusive groups.

(smaller within larger) groups recognized at specific taxo-
nomic ranks. Thus, each species (e.g., the lion, Panthera
leo) belongs to a genus (Panthera), which belongs to a family
(Felidae), which belongs to an order (Carnivora), which be-
longs to a class (Mammalia). Membership in groups is de-
termined by the physical characteristics of the organisms,
beginning with descriptions of individual species. Each
species is given a unique two-word name consisting of its
genus name (a noun) and a specific epithet (an adjective),
which are both in Latin or Latinized. This is the familiar
binomial nomenclature we still use today.

Catesby, Ray, and Linnaeus are only three of many nat-
uralists active in the 1600s and 1700s. This period also
saw the rise of live-animal menageries (later known as zo-
ological parks, or zoos) and natural history museums
housing preserved specimens from around the world. Per-
haps most remarkable among the latter was the extensive
private collection of English biologist John Hunter (1728-
1793). Derived from his lifelong passion for acquiring bio-
logical materials and performing comparative studies, it
was the first to use displays of carefully prepared specimens
to educate observers about the structure and diversity of
organisms (Singer 1959). The Hunterian Museum in Lon-
don, operated by the Royal College of Physicians and Sur-
geons, is still open to the public. Descriptions of organisms
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and their parts made with microscopes were first published
during the 17th century, including works by the great Euro-
pean microscopists Marcello Malphigi, Nehemia Grew, Jan
Swammerdam, Antonie van Leewuenhoek, and Robert
Hooke. Microscopic study of mammals helped establish the
discipline of histology, the study of body tissues. By the dawn
of the 19th century, a proliferation of collections, classifica-
tions, and monographs describing the great diversity of or-
ganisms was challenging traditional explanations of that di-
versity. The history of life on Earth was ripe for scientific
explanation, and the coming century would provide it.

EXPLAINING BIOLOGICAL DIVERSITY
IN THE 19TH CENTURY

In science, potentially correct explanations that are tested
against their predictions are called hypotheses. As we now
understand the growth of scientific knowledge, hypothe-
ses can be (and usually are) rejected, but never absolutely
proved, because there are too many possible hypotheses ex-
plaining a particular phenomenon for us to test them all.
The good ones, then, are the ones that fail to be rejected.
False hypotheses may be abandoned or modified and re-
tested. A hypothesis that passes one test is subjected to
another (perhaps based on a different prediction than the
first), and another after that, and so on until it has passed
numerous (or at least several critical) tests. Such hypothe-
ses tend to explain many observations. In the tortuous his-
tory of science, some hypotheses survive tweaking and
testing to explain so many observations that they become
part of our worldview and engender new questions of their
own. We often call these theories; they are part of scientific
knowledge. In biology, there are many such theories:
Schleiden and Schwann’s cell theory, Mendel’s theory of
heredity, Pasteur’s germ theory of disease, Bernard and
Cannon’s homeostasis theory, MacArthur and Wilson’s
theory of island biogeography, and others. But the theory
of theories is Charles Darwin’s theory of evolution. Dar-
win’s first thesis, that species are related by genealogical
ancestry and that they change, diversify, or go extinct over
time, was established in the latter half of the 19th century
(largely by Darwin himself); the second thesis, that natu-
ral selection is the process that produces adaptations, took
most of the 20th century to formalize and test with rigor.

The 1800s began with a fascinating digression by a
number of different naturalists and philosophers secking
to explain the anatomical similarities among members of
major taxonomic groups (e.g., vertebrates). German poet-
philosopher J. W. von Goethe (1749-1832) was impressed
by the blueprint-like similarity of body structures among
groups, such as the bone-for-bone correspondence of
human and bird skeletons (Figure 1.6A-B) documented
by Belon (1555). This led Goethe and German naturalist
Lorenz Oken (1779-1851) to propound a theory of or-
ganic form in which members of a high-level taxonomic
group show structural variations on a simple common
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Figure 1.6 Skeletons and archetypes. (A-B) Belon’s (1555) comparison of human and bird skeletons; (C) Owen’s (1848)

vertebrate archetype.

form, a metaphysical abstract that British paleontologist
Richard Owen (1848) called an archetype. For example,
the vertebrate skeletal archetype consisted of a longitudi-
nally repeated series of vertebra- and rib-like elements
that supposedly were modified in different ways to pro-
duce the actual skeleton of a vertebrate species. A provoc-
ative application of this idea was the “vertebral theory of
the skull,” in which the vertebrate cranium corresponds
to modifications of the anterior-most archetypal elements.
This school of thought—called Naturphilosophie, ideal-
istic morphology, or transcendental anatomy—posited
that the archetype was an eternal essence or idea that
might be inferred through study of morphology (the
study of form, a term Goethe coined), but was not a his-
torical actuality. Although idealistic morphology was
abandoned, it led Owen to the concept of homology, ac-
cording to which structures in different species derived
from the same archetypal elements, regardless of their
current form or function. This concept, when reinter-
preted by Darwin, illuminated a critical body of evidence
supporting evolution.

Before Darwin, the first widely read arguments in favor
of evolutionary change among species were those of French
naturalist Jean-Baptiste Lamarck (1744-1829; Figure 1.7),
whose mechanism of evolution included spontaneous gen-
eration, an inherent drive toward perfection, and inheri-
tance of acquired characteristics—all subsequently re-
jected. Lamarck’s greatest contemporary critic was his
countryman and colleague at the Jardin des Plantes (bo-
tanical garden) in Paris, Georges Cuvier (1769-1832). Cu-
vier was the most important natural historian since Lin-

naeus, if not Aristotle. His monumental accomplishments,
all achieved through careful study of physical evidence
(mostly comparative anatomy) include the following: (1) es-
tablishing that fossils are remains of past organisms and
document the reality of extinction, which he attributed to
catastrophes in Earth history; (2) inspiring the develop-
ment of functional morphology with his “principle of cor-
relation of parts,” the idea that the form of individual ana-
tomical elements is determined by their mechanical relation
to other elements in the performance of organismal func-
tions; and (3) providing a new and influential classification
of animals. This new scheme, published in Cuvier’s Le
Regne animal (1817), recognized four major groups (ezz-
branchements) of equal stature (not ranked from lower to
higher) and unconnected by evolutionary or other histori-
cal relationships.

Classification of mammals varied among naturalists
from Linneaus to Cuvier, depending on the significance
they attached to particular traits, but all recognized mam-
mals as a natural taxon. Linneaus’s (1758) Class Mammalia
comprised 8 orders: Primates = primates, colugos, and bats;
Bruta = elephants, manatees, sloths, anteaters, pangolins;
Ferae = carnivorans; Bestia = pigs, armadillos, insectivorans,
opossums; Glires =rhinos, rabbits, rodents; Pecora = most
even-toed ungulates; Belluae =horses, hippos; Cete =ceta-
ceans. Oken (1802), convinced that there must be 5 classes of
animals to match the 5 human senses, recognized mam-
mals as Ophthalmozoa, exemplifying vision. Vertebrata
(including mammals) was one of Cuvier’s (1817) four emz-
branchements; his Class Mammalia comprised 8 orders:
Bimanes (humans), Quadrumanes (other primates), Carni-



Figure 1.7 Jean-Baptiste Lamarck. The early 19th-century
French naturalist put forward a coherent (though incorrect)
theory of evolution based on detailed knowledge of natural
history.

vores, Rodents, Edentates, Pachyderms, Ruminants, and
Cetaceans. Lamarck (1809) recognized 14 classes of ani-
mals, the first 10 of which were invertebrates and the last
four vertebrates, including Mammals (Class XIV). La-
marck’s groups were arranged according to his own scala
naturae, tracing six stages of organization through which
life evolves on its way to perfection. Fishes and reptiles rep-
resent the fifth stage, with “nerves terminating in a spinal
cord and a brain which does not fill up the cavity of the
cranium; heart with one ventricle and cold blood” (La-
marck 1809:156). Birds and mammals are at the sixth
stage, showing “nerves terminating in a spinal cord, and
in a brain which fills up the cavity of the cranium; heart
with two ventricles and warm blood” (163). Lamarck noted
that the egg-laying monotremes are “intermediate between
birds and mammals . . . they are neither mammals, birds
nor reptiles” (166). He recognized four orders of mammals:
exungulates (cetaceans); amphibian mammals (pinnipeds
and sirenians); unguiculates (edentates, rodents, marsupi-
als, insectivores, terrestrial carnivorans, bats, and pri-
mates). Humans form an unnumbered class Bimana—
“mammals with differentiated unguiculate [having nails or
claws, not hooves] limbs; with three kinds of teeth and op-
posable thumbs” (169). Following his description of Bi-
mana, Lamarck proposed the possibility of a “quadruma-
nus race” being “transformed into bimanous” by means of
goal-directed behavior producing acquired traits (e.g.,
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standing upright to “command a large and distant view”),
which are then passed on to offspring.

The work of these naturalist-taxonomists demonstrates
the scientific tradition from which evolutionary theory
emerged—the primary quest to understand relationships
among species (“the species problem” as it was called) and
the necessity that such an understanding explain what was
known about species’ characteristics. Aristotle, Linnaeus,
Oken, and Cuvier brought different background knowl-
edge and assumptions to the problem, but all forged their
answers in terms of static classifications: their way of un-
derstanding relationships among species was to discover
traits that define natural groups. They could argue over
whether particular characters delimited the groups that na-
ture intended, but they agreed (as did virtually all of hu-
manity) that defining traits would reveal natural groups.
These thinkers were what Mayr (1982 and elsewhere) called
essentialists—that is, they were convinced that groups such
as Mammalia are unchanging and have essential (defining)
characters, with the trick being to identify those charac-
ters, because nature so often covers its tracks. Lamarck was
different. His stages of organization are more like floors
in a tall building with multiple wings through which groups
of organisms—spontaneously generated as “infusorians”
(e.g., protists) in the basement—are constantly striving up-
ward, generation after generation, through a series of
linked stairwells toward the penthouse of perfection in
each wing, with some lucky enough to reach the Bimana
skydeck. Those that are now mammals belong to lineages
whose ancestors were once reptiles; living primates had an-
cestors that were seals. Lamarck’s view of how evolution
happens is incorrect, but his view that evolution happens and
his argument for it based on detailed information about bi-
ology (a term he coined) created a turning point in the
history of science. And because the corpus of knowledge
about mammals was more extensive than that for most
other living groups, it is fair to say that mammalogy prob-
ably contributed as much or more to the early development
of evolutionary thinking than other “ologies.”

The history of Darwinism has been described in detail
by many authors: Irvine’s (1955) is an engaging description
of events in Darwin’s lifetime; Bowler’s (2009) is a more
comprehensive narrative. The outlines of a theory of evo-
lution by natural selection first appeared in 1858 in a five-
page paper by English naturalists Charles Darwin (1809-
1882) and Alfred Russel Wallace (1823-1913) (Darwin and
Wallace 1858). The two men had independently distilled the
idea of natural selection by contemplating the species prob-
lem in light of their first-hand knowledge of natural his-
tory and familiarity with the writings of their predecessors
(those discussed above and many others). Darwin’s (1859)
On the Origin of Species had been in preparation for nearly
20 years while he gathered information from a tremen-
dous array of sources. Its chapters include the oft-
recapitulated evidence for change through time and com-
mon ancestry—data from geology suggesting a great age
of the Earth; the reality of species loss through extinction;
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documentation of transitional forms that link recent and
ancient species; similar species living in geographic prox-
imity; reinterpretation of homology as ancestral similar-
ity—as well as a carefully reasoned argument for natural
selection, with support from an extensive body of knowl-
edge on artificial selection. The scientific community ac-
cepted the historical fact of evolution relatively quickly
after On the Origin of Species, but natural selection required
a mechanism of heredity that was not available until the
rediscovery of Gregor Mendel’s (1866) laws of inheritance
around 1900 (see below).

Mammals played a significant role in the Origin of Spe-
cies; Darwin mentions at least 50 different mammal species
or groups in developing his arguments. They appear most
frequently in his chapter on “Mutual Affinities of Organic
Beings,” in which Darwin relates the basis of classification
to his theory, demonstrating how evolution explains nested
patterns of phenotypic variation within taxonomic groups,
as well as vestigial traits (horses, giraffes, dogs, sirenians,
lions, marsupials, and shrews are his main examples). His
chapter on “Laws of Variation” also includes many mam-
mal examples (equids, cetaceans, rodents, edentates, mus-
telids) as Darwin explores the causes of character variation
among members of the same species. Darwin was not an
expert on mammals (except domesticated ones), but the vast
and growing literature on mammal biology in the mid-
1800s could not fail to have had a major impact on the
most important science book ever written.

While this revolution in biological thought was occur-
ring, the study of mammalian natural history went on apace.
A worldwide survey would be too lengthy, but highlights
from North America illustrate a region where naturalists
were particularly active in the 19th century. Thomas
Bewick’s A General History of Quadrupeds (1804) is the first
truly American book on mammalogy. The Viviparous Quad-
rupeds of North America by John James Audubon and John
Bachman (1790-1847) appeared in thirty parts between 1846
and 1854, with original paintings by the former and his son
John Woodhouse Audubon; it was one of the last publica-
tions by the great American naturalist. Sir John Richardson’s
(1829-1837) Fauna Boreali Americana was a multivolume set
with the revealing subtitle “The zoology of the northern
parts of British America: containing descriptions of the ob-
jects of natural history collected on the late northern land
expeditions, under command of Captain Sir John Franklin,
R.N.,/by John Richardson, surgeon and naturalist to the ex-
peditions”; the series included a volume on mammals.

Several books dealing specifically with mammalogy ap-
peared during the second half of the 19th century. In the
United States, most provided descriptions of mammals
from eastern North America that had been known for cen-
turies, to which were added new forms discovered during
expeditions to the West. Many follow a typical format. For
instance, the first 75 pages of Flower and Lydekker’s An In-
troduction to the Study of Mammals Living and Extinct (1891)
describe the structure and function of mammals, with em-
phasis on skeletal and dental traits. The remainder is de-

voted to accounts of individual mammalian orders. In addi-
tion to such general works, some treatises dealt with smaller
groups or single species. An example of the former is Coues
and Allen’s Monographs of North American Rodentia (1877).
Elliott Coues (1842-1899) later became the first curator of
mammals at the US National Museum in Washington,
DC. An example of the more specialist works is Morgan’s
The American Beaver and His Works (1868). John Gould’s
three-volume Mammals of Australia was completed in 1863.

Volumes like these raised the level of scientific literacy
about mammals, which fed into the great theoretical trea-
tises of the 19th century, including The Origin of Species. As
the 20th century opened, biology was developing a new
identity with a more complicated internal structure, but
mammals continued to stimulate scientific questions and
hypotheses in the young disciplines of evolution, genetics,
ethology, molecular biology, and ecology.

INTEGRATING KNOWLEDGE OF
BIOLOGICAL DIVERSITY IN THE
20TH CENTURY

In 1900, Carl Correns (1864-1933), Hugo de Vries (1848-
1935), and Erich von Tschermak (1871-1962) derived rules of
inheritance very similar to Mendel’s and, in the process,
brought Mendel’s all-but-forgotten paper of 34 years earlier
to scientific prominence. These rules would develop into the
Mendelian theory of heredity as we understand it today, but
were controversial for several decades while they were tested
against alternative hypotheses (Provine 1971). Interestingly,
the validation of natural selection and Mendelian heredity
were closely intertwined during the birth of genetics, a term
coined by English biologist William Bateson (1861-1926).
As noted above, Darwin’s model of selection required a
mechanism for transmitting character variation from one
generation to the next, while allowing the frequencies of
different characters to change as a result of differential
reproduction among parents with variable fitness. How-
ever, the leading hypothesis of heredity in 1900—blending
inberitance—posited that deviations from average trait
values in a population would tend to be reduced by each gen-
eration of mating (they would “regress toward the mean”),
making natural selection a weak force at best. As we know
today, the genetic bases of phenotypic traits are often more
complex than imagined by Mendel, and it took many years
for researchers to understand conflicting experimental re-
sults from breeding experiments. However, as support for
Mendelism solidified, theoreticians such as Ronald Fisher
(1890-1962),]. B. S. Haldane (1892-1964), and Sewall Wright
(1889-1988) forged mathematical models of natural selection
and other evolutionary forces to establish the discipline of
population genetics, usually dated from Fisher’s The Genetical
Theory of Natural Selection (1930).

During the middle decades of the 20th century, natu-
ralists linked the new genetics to the “species problem” that
Darwin had tried to solve. These architects of this



“Modern Synthesis” came from a variety of backgrounds,
but common themes in their work were (1) documenting
that real species and populations contain much phenotypic
(and presumably genetic) variation, and (2) demonstrating
that evolutionary forces can explain the patterns of vari-
ation observed in nature. Among the most influential were
Theodosius Dobzhansky (1900-1975), Ernst Mayr (1904—
2005), and George Gaylord Simpson (1902-1984). Dobzhan-
sky (1937) connected the abstract principles of mathematical
population genetics to empirical studies of genetic variation,
particularly chromosome variation in populations of fruit
flies (Drosophila). Mayr was an ornithologist who addressed
the species problem directly, arguing that species are repro-
ductively isolated populations and showing that patterns of
phenotypic variation in wild populations reveal the causes
and processes of speciation (Mayr 1942). This emphasis on
variation annihilated the essentialism of earlier taxonomists
and replaced it with “population thinking.” Simpson, a
mammalian paleontologist, showed that the theory of
natural selection was consistent with long-term patterns
(“macroevolution”) in the fossil record (Simpson 1944).
Mayr (1969) and Simpson (1961) also founded the school of
evolutionary taxonomy, advancing the principle that Lin-
naean classification should be based on evolutionary rela-
tionships (common ancestry) and adaptive divergence of
species. We discuss further developments in animal taxon-
omy in Chapter 2.

The Modern Synthesis was more than an integration of
natural history with population genetics; it also gave new
life to several disciplines whose questions predated Darwin,
but whose content was mostly descriptive prior to the 1900s.
One of these was biogeography, which went back at least to
the work of Prussian naturalist Alexander von Humboldt
(1769-1859) on the worldwide distribution of plants.
Dobzhansky and Mayr both emphasized the spatial distri-
bution of variation within and between species for under-
standing evolutionary processes and explaining the geogra-
phy of life. We take up this topic as it relates to mammals in
Chapter 5. The science of embryology was also transformed
by evolution. In the early 1800s, Estonian naturalist and
naturphilosoph Karl Ernst von Baer (1792-1876) discovered
the animal blastula and embryonic germ layers, the verte-
brate notochord, and the mammalian ovum; he proposed
the generalization that vertebrate embryos are more similar
at early stages of development than at later stages (“von
Baer’s Law”). This observation became the focus of much
evolutionary theorizing after the Origin of Species, includ-
ing German biologist Ernst Haeckel’s (1834-1919) too-
restrictive recapitulation theory (that embryonic stages of
descendant species correspond to adult stages of their ances-
tors; Gould 1977). The enigma of development persisted
through the birth of experimental embryology in the late
1800s until the molecular biology revolution of the mid-
20th century led to its modern incarnation as developmen-
tal biology. The insight of Jacob (1977) that organismal ad-
aptations have the character of evolutionary “tinkering”
with developmental programs, which was followed closely
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by the discovery of homeotic regulatory genes, inspired the
new discipline of evolutionary developmental biology (“evo-
devo”; Arthur 2002; Carroll et al. 2005). Ethology, the
study of animal behavior, arose in the mid-20th century
when naturalists such as Austrian zoologist Konrad Lorenz
(1903-1986) focused on explaining the adaptive nature of
behavior (especially instinctive behavior) in nonhuman ani-
mals and how it reflects evolutionary relationships among
species (Lorenz 1958). In Chapters 22-24 we explore key
topics in mammalian behavior.

The roots of molecular biology extend back to micro-
scopic studies of cell structure and the role of chromosomes
in inheritance exemplified by the work of T. H. Morgan
(1866-1945) on Drosophila. Bridges (1916), a student in
the Morgan lab, validated the chromosomal theory of
inheritance—that is, that genes reside on chromosomes.
Subsequent milestones include Beadle and Tatum’s (1941)
“one gene-one enzyme” principle based on mutational stud-
ies of yeast biosynthetic pathways; Avery et al’s (1944) and
Hershey and Chase’s (1952) experiments with bacteria and
viruses suggesting that DNA is the genetic material; Watson
and Crick’s (1953) model of DNA structure; the mechanism
of DNA replication (see Kornberg 1980); details of the tran-
scription and translation machinery in the late 1950s and
early 1960s, which were facilitated by new technology (elec-
trophoresis, ultracentrifugation, electron microscopy); and
working out of the genetic code following Nirenbirg and
Matthaei’s (1961) experiments with polyuracil (Moore 1993).
These momentous developments (many of which won Nobel
prizes) took place outside of mainstream mammalogy, but
the parallel development of biotechnology tools such as gel
electrophoresis, histochemical staining, restriction analysis,
and DNA sequencing revolutionized the study of mammal
evolution. We describe molecular population genetics and
systematics in Chapter 2.

Pre-Linnaean naturalists were well aware that organ-
isms respond to, and shape, their environment in various
ways while maintaining stable associations of species in lo-
cal areas. This was conceptualized as the economy, har-
mony, or balance of nature, which Linnaeus integrated into
his “natural theology” view of a static world divinely engi-
neered for the service of humans (Bowler 1992). Work by
Humboldt in the early 1800s prompted widespread inter-
est in the effects of abiotic factors on geographic distribu-
tions and local adaptations of species, a theme taken up by
Darwin. The discipline of ecology—a term coined by
Haeckel (1866) to encapsulate his view of species’ interde-
pendence in nature’s economy—emerged from attempts by
field biologists to establish a rigorous approach to study-
ing species-environment interactions. Botanists laid much
of ecology’s early foundation, including the ideas of an eco-
logical community formed by locally interacting species
(Warming 1909) and an ecosysterz comprising a community
and the abiotic factors that affect it (Tansley 1935). These
plant ecologists explored causal processes underlying com-
munities and ecosystems, as reflected in the debate between
advocates of a “super-organism” model in which interspecific



12

Part 1 Introduction

interactions lead to a predictable climax community (Cle-
ments 1916) and those favoring a random-assembly pro-
cess restricted by local abiotic factors and preexisting
species (Gleason 1917). Elton’s (1927) Animal Ecology ar-
ticulated the main ecological questions being pursued by
zoologists at the time, including the idea of a species’ niche
as first conceived by Joseph Grinnell (1917). Grinnell
(1877-1939) was a distinguished early mammalogist, the
first director of the University of California Berkeley’s
Museum of Vertebrate Zoology, and a graduate advisor to
three architects of American mammalogy: William H.
Burt (1903-1987), who helped develop the concepts of
home range and territory; Lee R. Dice (1887-1977), who
contributed to knowledge about interspecific competi-
tion and community structure; and E. Raymond Hall
(1902-1986), who conducted extensive research on the tax-
onomy and distribution of mammals. Along with Cornell
University’s W. J. Hamilton Jr. (1902-1990), who studied
life history traits, this cadre of researchers (Figure 1.8)
gave the emerging discipline of mammalogy a firm and
lasting connection to ecology.

Meanwhile, from its initial concern with community
function, ecology expanded to lower and higher hierarchi-
cal levels. Work by A. J. Lotka (1880-1949), V. Volterra
(1860-1940), and G. F. Gause (1910-1986) led to models of
population growth and regulation, including the roles of
density-independent and density-dependent factors (e.g.,
competition, predation). G. E. Hutchinson (1903-1991),
E.P. Odum (1913-2002), and H. T. Odum (1924-2002) em-
phasized the relevance of biogeochemical cycles and energy
flow as the engines of ecosystem function. In later decades
of the 20th century, the interfaces between ecology, evolu-
tion, and genetics became productive areas of research,
with progress summarized in landmark works such as
Ford’s Ecological Genetics (1964), MacArthur’s Geographical
Ecology (1972), and Pianka’s Evolutionary Ecology (1974). At
the turn of the millennium, ecology was still a relatively
young science, but one with tremendous social relevance in
the face of worldwide environmental degradation. Mam-
malian ecology is the subject of Chapters 24-26.

Modern Mammalogy as an
Interdisciplinary Science

Mammalogists study mammals, but what kinds of research
questions do they pursue? While mammalogy is firmly
rooted in natural history (which, again, is the accumula-
tion of knowledge by observation of organisms in the wild),
the discipline has diversified in parallel with the history of
biology. Many mammalogists still conduct natural history
research, particularly on species in hard-to-reach places
about which little is known. This literature includes works
on distributions and regional diversity (e.g., Van Dyck and
Strahan 2008), biology of major groups (e.g., Dickman and
Woodford Ganf 2008), and in-depth analyses of single
species (e.g., Coppinger and Coppinger 2016). Although
mammals are one of the most thoroughly studied groups,
taxonomy continues to be a major theme in mammalogy—
including the discovery of new species (e.g., the Madidi
titi monkey, Callicebus aureipalati; Wallace et al. 2006), re-
visions of existing genera (e.g., Helgen et al. 2009; D’Elia
et al. 2016), and phylogenetic analyses (e.g., Westerman
et al. 2016). Often in conjunction with those analyses,
mammalogists continue to improve our knowledge of his-
torical biogeography (e.g., Do Amaral et al. 2016) and are
at the forefront of the emerging discipline of spatial ecol-
ogy (e.g., Gonzalez-Borrajo et al. 2016). Mammalogists are
active in anatomy (e.g., Cozzi et al. 2016), paleontology
(e.g., Berta and Sumich 2017), foraging and nutritional
ecology (e.g., Watts and Newsome 2017), endocrine physi-
ology (e.g., Haase et al. 2016), reproductive biology (e.g.,
Hayssen and Orr 2017), social behavior (e.g., Ortega 2016),
habitat selection (e.g., Long et al. 2016), life history stud-
ies (e.g., West and Capellini 2016), predator-prey interac-
tions (e.g., Clements et al. 2016), disease biology (e.g., Han
et al. 2016), and conservation (e.g., Voigt and Kingston
2016). Indeed, the contents of this book are—we hope—a
fair reflection of what modern mammalogists do.
Mammalogy in the 21st century has a character that is
distinct from that of previous generations, as is also true

Al

Figure 1.8 Distinguished mammalogists. The five men shown here were among a number of professionals who played key
roles in establishing mammalogy as a discipline in North America during the 20th century. (A) Joseph Grinnell; (B) William C. Burt;
(C) Lee R. Dice; (D) E. Raymond Hall; (E) William J. Hamilton, Jr.



for other taxon-focused disciplines such as ornithology,
herpetology, and ichthyology. Although mammals are
mammals, birds are birds, and so on, the interests and
training of scientists that study them now go well beyond
taxon-specific knowledge. Most mammalogists now have
expertise in several of the following subjects: bioinformat-
ics, biomechanics, biotechnology, chemistry, computer
science, geography, geology, mathematics, mathematical
modeling, physiology, statistics, and wildlife management.
Mammalogy today is not so much a discipline in itself, but
the intersection of ecology, evolution, genetics, morphol-
ogy, and systematics with that large branch on the tree of
life occupied by amniotes with fur and mammary glands.

Resources for Mammalogists

INFORMATION

We have tried to make this book worthy of the effort re-
quired to read it—effort that should be repaid with a foun-
dation of scientific knowledge about mammals appropri-
ate for advanced biology students. But that is not our only
goal. Like most areas of science, mammalogy is experienc-
ing a tremendous burst of research activity in the
21st century, resulting in a rapidly changing landscape of
questions and answers. That information is found in the
primary literature of peer-reviewed research, and we have
taken great pains to link this text to it. When you read a
statement such as “Competition between gray wolves
(Canis lupus) and coyotes (C. latrans) produced significant
trophic cascade in a north-central US forest (Flagel et al.
2017),” it is easy to ignore the citation at the end. But we
urge you not to do so, at least not always. Wolf manage-
ment is a significant public policy issue in the United States,
such that understanding how wolves affect community dy-
namics has implications for both science and society. The
kernel of knowledge expressed in the quoted sentence rep-
resents the result of a multiyear study by five researchers
at one university and two state agencies, which was pub-
lished in the Fournal of Mammalogy after being critiqued
by several other experts in the discipline who were unaf-
filiated with the work. Science—including mammalogy—
is as much about how we acquire knowledge as it is about
what we think we know. The latter changes frequently, but
the former (critical evaluation of evidence) will always be
the essence of how we learn about the natural world. To
become familiar with it, you must read the primary litera-
ture. The peer-reviewed journals cited in the Suggested
Readings and References sections of this text are the main
outlets for research about mammals. Explore them!
Reading the primary literature is essential, but it is often
more work than fun due to the telegraphic style in which
research papers are usually written. Fortunately, mammalo-
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gists are like most scholars in that they like to write books,
many of which are comprehensive summaries of knowledge
on specific topics written in a narrative style that is much
easier to read than a journal paper. If, for example, you want
to know more about whales, manatees, or seals, you could
consult Berta et al’s Marine Mammals: Evolutionary Biology,
3rd edition (2015). To explore the biology of mammals
weighing less than 5 kg, have a look at Merritt’s The Biology
of Small Mammals (2010). Such secondary literature sources
are a boon to students (including very advanced ones)
because their authors have done the hard work of synthesiz-
ing the primary literature. You will find many such volumes
cited in this text, and there are hundreds more by reputable
authors and editors accessible by an online search or visit to
the library. If mammalogy is one of your passions, profes-
sional reference books are a resource for lifelong learning.
Of course, we live in the internet age, with information
of all sorts available with just a few clicks. On the positive
side, a careful search can return reliable sources on just about
any topic. A gold mine of good information about mamma-
lian (and many other) taxa can be found at the University of
Michigan’s Animal Diversity Web (ADW) site, animaldiver-
sity.org, the Mammal Diversity Database (mammaldiversity
.org), the multi-institutional Encyclopedia of Life at eol.org,
and many others. On the negative side, there is much more
misinformation on the internet than in journals or books.
Indeed, you must evaluate web sites critically before trusting
their content; Cornell University provides a useful guide at
http://guides.library.cornell.edu/evaluating Web_pages.

EXPERIENCE

The scientific literature provides access to all the knowledge
that humanity has accumulated about the physical world,
but most of us find that only partially satisfying. Science is
an active process, and a good education in science—formal
or informal—requires doing it. For students from kindergar-
ten to graduate school, the pure experience of science is
research—asking a question about nature and pursuing the
answer by gathering and critically analyzing data. This is
best done under the guidance of a mentor who can help with
the sometimes formidable logistical and intellectual chal-
lenges. Researchers in mammalogy must be especially care-
ful; because populations of so many species are declining,
physical contact with wild mammals is governed by conser-
vation laws in many parts of the world. Many countries also
have legal safeguards for the humane treatment of mam-
mals. Sikes et al. (2011) provide guidelines to which many
mammal researchers adhere; educational and research insti-
tutions often have an institutional animal care and use com-
mittee (IACUC) that must approve mammal-handling pro-
tocols. This protection, which is prudent, enables students
to participate meaningfully in responsible research on
mammals. And that experience is priceless, so get some.
But science—especially biology—is not all about disci-
plined research investigations (though it would not be science
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without them). A big part of what we do is discovery; this is
true for science as a whole, but especially so for individual
scientists. When Helgen et al. (2013) announced their dis-
covery of the olinguito (Bassaricyon neblina) living in forests
of the northern Andes Mountains, it was the first newly rec-
ognized species of Carnivora in several decades. That was
exciting for all mammalogists, especially Helgen and his col-
leagues. Indeed, the personal experience of discovery can be
deeply meaningful. Pulling dozens of white-footed mice
(Peromyscus leucopus) out of traps during college produced
no discovery new to science, but was a significant learning
experience for most of this book’s authors. Most mammal-
ogists have similar stories. Nor must personal discoveries
be made in a research setting—coming face to face (unex-
pectedly) with an elk (Cervus canadensis) in Yellowstone
National Park, seeing a live okapi (Okapia jobnstoni) for the
first time at a zoo, catching a common brushtail possum
(Trichosurus vulpecula) in a carport in suburban Melbourne,
and holding a fossil tooth from the oldest monotreme (Stero-
podon) at the Australian Museum have all been transforma-
tive educational moments. Mammals can be observed in wild
and not-so-wild places, found with considerable effort or no
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effort at all, and appreciated with or without a scientific
agenda. Visit wildlife preserves, Association of Zoos and
Aquariums—accredited zoos and aquaria, and natural history
museums whenever you can, and learn about the mammals
you find there.

Finally, mammalogy is a community of scholars. Mam-
malogists around the world have formed professional
societies to support one another and foster growth of their
discipline, especially the training of students. The American
Society of Mammalogists (ASM; www.mammalogy.org),
the Society for Marine Mammalogy (www.marinemammal
science.org), and the Australian Mammal Society (austra-
lianmammals.org) are just a few of many examples. There
are mammal societies in 12 Central and South American
countries, and many others in Europe, Russia, and Asia.
Websites for these can be found at www.mammalogy.org
/committees/international-relations/mammal-societies.
These societies usually meet annually, publish journals,
maintain websites, distribute grant funds, contribute to
public policy discussions, and play other roles in promoting
the study and conservation of mammals. Most have rela-
tively modest membership dues—so join and participate.

e Mammals are a taxon (Class Mammalia) that can be defined
as all descendants from the most recent common ancestor of
monotremes, marsupials, and placental mammals. Among
living vertebrates, they are unique in having hair, mammary
glands, and several other traits (see Chapter 4). They are part
of a larger group of amniotes known as synapsids, the
nonmammalian members of which are extinct.

Many key adaptations shared by all mammals are related to
endothermy and the relatively large amount of energy
invested in offspring.

Mammals are important components of functioning ecosys-
tems. They are valuable to humans as sources of food, natural
products, labor, and companionship, as well as model
organisms for biomedical research. Some pose threats as
reservoirs for zoonoses or as invasive species.

Some 20% of recognized mammals species are threatened
with extinction due to anthropogenic activities.

Mammalogy is the scientific study of mammals. Its roots are
in the natural history tradition dating back to Aristotle and
subsequent authors who observed and recorded information
about mammals in the wild. It expanded with European
exploration of the world during and after the 16th century,
which, among other things, stimulated the development
Linnaean taxonomy in the mid-1700s.

¢ Knowledge of mammalian natural history contributed signifi-
cantly to the development of evolutionary theory in the

19th century. Prior to this, biologists were essentialists, defining
taxa in terms of static characters. Lamarck introduced the first
evolutionary theory with a biological basis, though its mecha-
nisms were incorrect. Darwin’s On the Origin of Species
demonstrated the reality of common ancestry and biological
change through time, but his proposed mechanism (natural
selection) could not be validated until a correct theory of
heredity was established in the 1900s.

Evolutionary biologists in the mid-1900s showed that natural
populations included tremendous phenotypic variation that
could be explained by the action of evolutionary forces,
including natural selection. Such “population thinking” replaced
the essentialism of previous centuries: species and higher taxa
are defined by their ancestry, not their characteristics.

e The 20th century also saw expansion of other biological
disciplines stimulated by evolutionary theory. Of special
relevance to mammalogy were biogeography, developmental
biology, ethology, molecular biology, and ecology.

Ecology initially developed with minimal influence from
evolution as field biologists transformed the concept of
“Nature’s economy” into a coherent hierarchical theory of
organism-environment interaction at individual, population,
community, and ecosystem levels.

Modern mammalogy is predominantly influenced by evolu-
tionary biology and ecology, but with a growing interdisci-
plinary emphasis that integrates knowledge and methods



from mathematics, statistics, chemistry, computer science,
geography, and management.

e The intellectual development of a mammalogist requires
meaningful experience as well as a knowledge base. Research
experience is the most professionally relevant, but personal

SUGGESTED READINGS
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discovery is also important and can be facilitated by observing
mammals in museums, zoos, preserves, and natural settings.

e The science of mammalogy is carried out by a worldwide
community of scholars who support one another and the
discipline through professional societies.
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1. In the opening paragraph of this chapter, we assert that
a mutant offspring of two mouse parents born without
hair is a mammal. How does this relate to a popular
definition of mammals as “extant amniotes with hair
and mammary glands”? A similar question, illuminating
for this one, comes from geometry, in which a square is
defined as a plane figure with four equal straight sides
and four right angles. Suppose you draw a square on a
piece of paper, then erase two of the sides and connect
the other two with a straight line, making a plane
figure with three straight sides and three angles. This
new figure looks like—and fits the definition of—a
triangle, but it “came from” a square. Is it a square or a
triangle? What's the difference between defining
mammals and defining geometric shapes?

2. Gray wolves (Canis lupus) were part of the natural
ecosystem in Yellowstone National Park, but were
deliberately exterminated there (and throughout
most of the contiguous 48 states) in the 1920s. How
would you expect this extermination to affect
ecosystem functions? Quite a lot about this case is
known, especially from studies following the re-
introduction of Yellowstone wolves in 1995. A simple
internet search will yield useful information.

3. Natural history is often maligned as “old fashioned”
compared to modern experimental biology, and this
reputation has affected the value many people attach
to expensive institutions such as natural history

museums and the specimen collections they maintain.
Do natural history studies still have an important
place in science? If you think so, what percentage of
the national investment in basic research does natural
history deserve? Explain your reasoning.

4. This chapter describes Aristotle, Linnaeus, Cuvier, and
Lamarck as great biologists, yet many of their expla-
nations of biological diversity are incorrect according
to current understanding. How can individuals who
were wrong about so much be great biologists?

5. Taxonomists before Linnaeus and continuing to the
present day have tried to identify natural taxa, but
with different understandings of what “natural”
means in this context. What are some possible ways to
define a natural taxon? Again, an internet search will
provide access to a large literature on this question.

6. Theodosius Dobzhansky (1973) said, “Nothing in
biology makes sense except in the light of evolution.
Barry Commoner’s (1971:29) “first law of ecology” is
that “everything is connected to everything else.”
Francis Crick (1988) asserted, “Almost all aspects of
life are engineered at the molecular level, and
without understanding molecules we can only have a
very sketchy understanding of life itself.” These are
powerful statements about the way biologists view
the world. How do you see them impacting mammal-
ogy in the past, present, and future?

"
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Methods for
Studying
Mammals

Like most fields of biology, mammalogy relies on a diverse array of
research methods that cross disciplinary boundaries. No single chapter
could describe them all, so we present a selection of techniques that are
widely used by researchers in different branches of mammalogy. For
convenience, we divide this chapter into three major sections: field
methods, laboratory and museum methods, and systematic methods.
These categories are not disciplinary—a single research project might
employ methods from each. For example, a phylogenetic study of a
particular group of mammals might begin with field work in which
specimens are collected, proceed to museum work in which those speci-
mens are prepared and examined, and culminate with a reconstructed
phylogeny, proposed classification, and estimated divergence times for
major groups.

An overview such as we provide here will inevitably omit many
important topics and lack detail on those that are discussed. Indeed,
some of the techniques we describe are complex and scarcely amenable
to cursory treatment. Our goal is to present these methods in the con-
text of the research questions they were developed to address. We in-
clude extensive references to more thorough and advanced descriptions
of each. Of course, no textbook treatment can replace hands-on expe-
rience and we strongly encourage mammalogy students to take advan-
tage of any field, laboratory, or data-analysis opportunities associated
with their course.

We cannot overemphasize the importance of mathematics and sta-
tistics in modern biology. Any student aspiring to a career in mam-
malogy must obtain sufficient training in modeling, probability the-
ory, statistical inference, experimental design, and computing. These
topics are too extensive for us to cover here, but readers may consult
any number of helpful texts at introductory or advanced levels (e.g.,
Quinn and Keogh 2002; Morisson et al. 2008; Motulsky 2014; Zar
2010; Gotelli and Ellison 2013; Hector 2015).



Field Methods

Mammalogists often ask such questions as: How many squir-
rels live in a particular forest or woodlot? What are the sizes
and shapes of their home ranges? Does their socio-spatial
system include dominance hierarchies or territories? When
are the squirrels most active? Answering questions like these
usually entails identifying and monitoring individual ani-
mals in the field. But most mammals are difficult to observe
directly in the wild because they spend at least part of their
time in inaccessible places, are active at night, or are simply
too small to see easily in their natural habitat. For these rea-
sons, researchers have developed a set of indirect methods
for studying mammals in the field.

TRAPPING AND MARKING
Trapping

Methods for capturing wild mammals include a variety of
trapping and netting techniques (Wilson et al. 1996;
Christman 2010; Hoffman et al. 2010). Whether mammals
are live-trapped or killed depends on the nature of the
study and the reason for their capture. Although many
studies now employ livetrapping, kill-trapping is often nec-
essary and justified. For instance, museum collections
maintain reference specimens for taxonomic studies and
biotic surveys, but the skin, skeleton, or tissue materials re-
quired for such analyses cannot be obtained from live ani-
mals. If trapped animals are to be used for a museum col-
lection, it is necessary to ensure that the specimen is not
damaged by the capture procedure. Trapping to remove
animals, such as pest species, from an area can best be ac-
complished with kill traps, guns, or poison. Mammal
trapping of any sort usually requires permits issued by
government conservation authorities and procedures ap-
proved by an institutional animal care and use commit-
tee (IACUC). Mammalogists must follow standard, le-
gally mandated practices for safe and humane handling of
trapped animals, such as those published by the American
Society of Mammalogists (Sikes et al. 2011).

Live traps come in several types and sizes (Powell and
Proulx 2003). For small rodents, the most widely used are
sophisticated Longworth traps, simpler Sherman or Elliott
traps made of sheet metal, wire-mesh Tomahawk traps, and
newer plastic BioEcoSS Tubé€Traps (Lambert et al. 2005).
For species of intermediate size, such as raccoons (Procyon
lotor), larger Tomahawk or Havahart traps with wire mesh
sides are available (Baldwin et al. 2004). Box traps (Fig-
ure 2.1) are constructed for capturing large mammals
such as ungulates or carnivorans (Grassman et al. 2005).
The dimensions and operations of such traps are adapted
to the subject species. Box traps can also be used to cap-
ture groups of smaller animals. Rood (1975) used large box
traps to capture banded mongoose (Mungos mungo) groups
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in East Africa, and enclosures have been used to trap groups
of ungulates (Kichenside 1998) and primates (Rawlins et al.
1984). Pitfall traps, consisting of a can or bucket buried in
the ground, are used to capture very small mammals, such
as mice and shrews (Umetsu et al. 2006; Santos-Filho et al.
2015). Pitfall traps are most frequently employed as kill
traps, but may function as live traps if checked frequently.
Padded leghold traps can be used for medium-large species
(Luengos Vidal et al. 2016). Mist nets are often the method
of choice to catch bats, particularly when the bats follow a
regular flight path to and from their roost (Trevelin et al.
2017). Larger nets, fired by guns, have been used to cap-
ture ungulates such as bighorn sheep (Ovis canadensis;
DeCesare and Pletscher 2006). Kill (“snap”) traps used
with small mammals include Museum Special, Victor, and
McGill types (Stanley et al. 2014). Traps for capturing bur-
rowing mammals include the “harpoon mole,” cinch, and
Macabee-type gopher traps. Descriptions of these and
other special-purpose traps and trapping methods are pro-
vided by Martin and colleagues (2001).

Guns that fire tranquilizer darts are often used to im-
mobilize larger mammals (Kreeger 2012). This technique
is helpful when animals are held for only a brief period,
after which they may be given an antagonist drug to reverse
the anesthetic. For example, Lowe and Alderman (2014)
anesthetized female moose (Alces alces) with darts shot from
a helicopter to study the effects of population monitoring
on fecundity and recruitment. Auer and coworkers (2010)
immobilized red deer (Cervus elaphus) with shots from a
dart gun to study the effects of different anesthetics during
surgery. Dart guns can also be used to catch animals for
translocation or captive study (Jessup et al. 2014).

The care of animals captured in the wild and held in
captivity has been important since the advent of zoologi-
cal parks and the use of mammals as laboratory subjects.

Figure 2.1 Stephenson box trap. Large box traps of the
type shown here are used to capture larger mammals, such as
white-tailed deer (Odocoileus virginianus). Animals captured in
this manner can be measured, tagged, dyed for individual
identification, or fitted with collars for tracking by
radiotelemetry.
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In a landmark volume, Crandall (1964) spelled out many
of the procedures to be followed in caring for captive mam-
mals. This topic has become increasingly significant as
zoos and wildlife parks expand their mission to include
conservation as well as exhibition. Working with captive
mammals has enabled us to get a better understanding of
their physiology and behavior, information that is critical
for management of captive populations (Flacke et al. 2016).
Kleiman and colleagues (2010) provide an updated com-
pendium of procedures to care for captive mammals.

Marking

Appropriate marking techniques vary with the species be-
ing studied and whether individuals are free-ranging, held
in zoos, or are laboratory stocks (Silvy et al. 2012). For
techniques used with zoo and laboratory animals, see Kalk
and Rice (2010) and Lane-Petter (1978), respectively. Here
we are concerned only with free-ranging mammals and
those maintained in semi-natural conditions.

In some instances, physical features of individual mam-
mals can be used for identification. Individuals of large-
bodied species (e.g., ungulates, primates) can be identified
by a profile of observable characteristics such as size, color-
ation, scars or other marks of injury, and behavior patterns.
Vibrissae spot patterns have been used to identify individ-
ual polar bears (Anderson et al. 2010). This approach is well-
developed in studies of cetaceans, many of which show natu-
ral color or shape variations on their tail flukes and dorsal
fins (Elwen et al. 2014). Such markings can be photographed
and the images archived for a permanently accessible record
of individual identification (Mizroch et al. 2004). Photo-
graphic identification has been enhanced by computerized
matching techniques (Torres et al. 2017). Cunningham
(2009) used a computer matching system to estimate the
size of a harbor seal (Phoca vitulina) population.

In species with more cryptic habits and appearances,
artificial marking devices are used to identify individuals
that have been captured and released. The most common
devices are coded metal or plastic ear tags (Tettamanti
et al. 2015) or dyes (Michener 2004). Researchers en-
gaged in long-term field studies may give animals per-
manent brands or tattoos. McGregor and Jones (2016)
argued that use of electronic tattoo pens is a minimally
invasive technique for marking medium-sized Austra-
lian marsupials. Freeze-branding with liquid nitrogen
results in permanent white hairs or unpigmented skin
where the liquid was applied; this is a common technique
for large mammals such as cattle or horses (Turner et al.
2007). Clipping fur patterns and using depilatories to re-
move patches of hair have been used as marking tech-
niques in several species (Glennon et al. 2002), as have
toe clips (Borremans et al. 2015) and ear notching (Ngene
et al. 2011). The latter marks may be visible from a dis-
tance in larger mammals, particularly with the use of
binoculars.

MONITORING

Methods for monitoring the movements of wild mammals
may be divided into those that involve tracking physical
signs of animals and those that involve radio tagging. Both
are widely used, and the choice of method is dictated by the
nature of the species studied, the research question, and the
cost of conducting the research. Researchers must also en-
sure that the monitoring procedure does not alter the be-
havior or survivorship of the animals being studied.

Powder tracking (Lemen and Freeman 1985) involves
coating a small mammal with a fluorescent dust; its move-
ments after release can then be traced at night with an ul-
traviolet light. This technique has been used to study space
use (Kraft and Stapp 2013), habitat selection (Long et al.
2013), food hoarding (White and Geluso 2012), and disper-
sal (Kuykendall and Keller 2011). Bait marking can also be
used to assess spatial relations. When small plastic pellets
are ingested with bait food, the locations of feces contain-
ing pellets mark areas visited by individuals (Kilshaw et al.
2009). Fecal pellet surveys have been used to monitor wild
populations of ungulates (McShea et al. 2001), snowshoe
hares (Lewis et al. 2011), and rodents (Whisson et al. 2015),
while tracking tubes (or tunnels) have been used with
smaller mammals (Wilkinson et al. 2012; Stolen et al. 2014).
Activity patterns and habitat use in species with low popu-
lation density, secretive habits, or nocturnal activity may
be monitored with camera traps (Franco et al. 2011;
O’Connor et al. 2017). Aquatic species pose special prob-
lems for field monitoring; Churchfield and colleagues
(2000) used baited tubes to survey water shrews (Neomzys
fodiens). Field monitoring of wild populations has been rev-
olutionized by DNA markers (see “Genetics and Molecu-
lar Techniques” later in this chapter) associated with scat,
hair, or other biological residues (Ma et al. 2016).

The use of passive integrated transponder (PIT) tags
began as a means of identifying individuals in the field
(Neubaum et al. 2005), but has developed into an effective
monitoring technique for mammals and other vertebrates
(Smyth and Nebel 2013). PIT tags are small (1 cm), glass-
encased, electronic devices implanted beneath the skin.
Each PIT tag contains an integrated circuit with a digital
identification code and an antenna that transmits the code
when it is activated by the electric field of a transceiver. If
an animal is close enough to a transceiver for its PI'T to be
activated, the tag transmits its code to a data-logging sys-
tem that identifies the individual. PIT tags are inexpensive
and long-lasting; they require no internal battery and can
persist safely after implantation for many years. O’Shea and
coworkers (2010) fitted nearly 3,000 big brown bats (Epzesi-
cus fuscus) with PI'T tags for a study of population recruit-
ment patterns in Colorado. Soanes and colleagues (2015)
used PIT tags and cameras to monitor the use of road-
crossing structures by arboreal marsupials in Australia.

Radiotelemetry has been used extensively in wildlife
tracking since the 1950s (Bensen 2010). A radiotelemetry
system includes a battery-powered radio transmitter at-



Figure 2.2 Animal marking. The Asian elephant (Elephas
maximus) shown here has a neck collar.

tached to an individual mammal, the signal of which is
detected by an antenna connected to a receiver (Kenward
2000; Millspaugh et al. 2012a). Transmitters can be placed
in collars (Figures 2.2, 2.3) or implanted; receiver anten-
nae may be handheld, mounted (on ground vehicles, air-
craft, or towers), or on satellites. The receiver translates the
signal into audible sound or stores it digitally for analysis.
The position of an animal is determined by triangulation
using two or more bearings taken with one antenna moved
to different locations or multiple fixed antennae at differ-
ent locations (Millspaugh et al. 2012b).

In addition to pinpointing the locations of specific ani-
mals, radiotelemetry can be used to assess ecological traits
in the field, including dispersal and home range (Fey et al.
2016; Figure 2.4), habitat use (Aarts et al. 2008), homing
behavior (Lawes et al. 2012), and survival (Wittmer et al.
2016). For example, Hauver and colleagues (2013) used ra-
dio collars and genetic assays to study the role of space use
in the mating systems of raccoons (Procyon lotor). Radiote-
lemetry allowed Hardman and coworkers (2016) to moni-
tor survival of two species of reintroduced hare-wallabies
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Figure 2.3 Radio collars. A variety of radio collars have
been developed to use with mammals of different sizes. The
collar, battery, and transmitter should not exceed about 10%
of the weight of the animal. Thus, with constraints on collar
size in smaller mammals, there are often limitations on the size
of the battery and, consequently, on both the length of time
the transmitter will be functional and the distance over which
the signal can be detected.

(Lagorchestes) in Western Australia and demonstrate that
feral cats were responsible for all mortality of monitored
individuals. Physiological measurements such as body-core
temperature and heart rate can also be relayed by transmit-
ters (Zervanos and Salsbury 2003; Dechmann et al. 2011)
to assess activity levels and energy expenditures.

A geographic information system (GIS) is computer
software used to store, manipulate, and analyze spatial data
(Demers 2009; O’Neil et al. 2012; Wegman et al. 2016).
First developed in the 1970s (Tomlinson et al. 1976), GIS
implementation involves taking data from maps, aerial
photographs, satellite images, ground surveys, and other
sources and converting them to digital format. Geographic
data include spatial coordinates, topography, environmen-
tal variables, locations of discrete objects, or virtually any-
thing that can be displayed on a map. The data are inte-
grated, analyzed, and visualized with software, and GIS
databases are now available for much of the world. The
global positioning system (GPS), derived from naviga-
tion satellites developed by the US Department of De-
fense in the 1970s, uses satellite radio signals to pinpoint
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Figure 2.4 Home range. The home range of a mammal
can be plotted from a series of radiotransmitter locations.
Home-range area can vary with the age, sex, season, popula-
tion density, and reproductive condition of the animal.

the latitude, longitude, and elevation of a receiver on the
ground (Levitan and Harte 2016). GPS information can be
stored for subsequent analysis, frequently in conjunction
with GIS data.

Remote sensing technologies, including GIS and GPS,
have developed rapidly during the past 40 years, and their
application in mammalogy has expanded (Franklin 2009).
They are often used to study home range (Ramanankira-
hina et al. 2016), population density (O’Kane et al. 2014),
movement patterns (Porter and Garber 2013), predation
(Sand et al. 2005), and habitat use (Reisland and Lambert
2016). De Souza and colleagues (2015) recorded roadkill
mammals along a highway through Brazil’s Pantanal wet-
land, importing GPS coordinates of carcasses into a GIS
system and discovering a tenfold increase in vehicle-
wildlife collisions between 2002 and 2012, particularly in
lowland areas during high-water periods. Although ra-
diotelemetry and GPS are powerful technologies, the
equipment is somewhat costly. As a result, GPS research-
ers may be forced to monitor fewer individuals than are
typical of physical tracking studies; development of low-
cost systems is an active area of research (Zucco and
Mourao 2009).

Methodological and statistical problems can complicate
the collection and analysis of radiotelemetry data. As noted
above, the transmitter should not interfere with an animal’s
normal activity, nor should the animal’s behavior be af-
fected by the capture, handling, and attachment proce-
dures (Golabek et al. 2008). Rasiulis and colleagues (2014)
found that heavy transmitter collars reduced annual sur-

vival by 18% in a population of migrating caribou (Rangi-
fer tarandus). Electrical lines or environmental obstacles
(e.g., hills, trees) between the antenna and the transmitter
may cause inaccurate triangulation. Autocorrelation occurs
when locations (“fixes”) are obtained too close together in
time, such that each location is strongly dependent on the
previous one. Such lack of independence among data points
causes home-range size to be underestimated. The appro-
priate interval between locations depends on the behavior
pattern of the species studied, which in turn may be af-
fected by environmental variables. Planella and coworkers
(2016) showed that increasing the interval between GPS
recordings (10, 20, 40, and 60 minutes) causes a corre-
sponding reduction in detection rates of wolves in north-
eastern Spain.

Data obtained from trapping, marking, and monitor-
ing are especially important for studying habitat use and
biotic diversity (Buckland et al. 2001; Goad et al. 2014).
One of the most common approaches is a mark-recapture
study in which individuals from a population are cap-
tured, marked, released, and recaptured later (Krebs
2013). Recapture rates can be used to estimate demo-
graphic parameters, reproductive patterns, and home-
range size (Dracup et al. 2016). Population size can be
estimated from such data with several methods—
Lincoln-Petersen (Lincoln 1930; Peterson 1896), Schna-
bel (1938), Chapman (1954), Jolly-Seber (Seber 1982), and
others—which differ in their assumptions and statistical
properties (McCrea and Morgan 2014). Analysis of mark-
recapture data may be complicated by the assumption
that all members of a population are equally catchable.
This assumption is violated if, for instance, animals of
different sexes or ages have different capture probabili-
ties. In addition, some individuals become more catch-
able after repeated captures (“trap happy”) or avoid traps
after initial capture (“trap shy”). The impacts of “catch-
ability” and other parameters on estimates of population
parameters have been incorporated into statistical models
of the trapping process (Hammond and Anthony 2006)
and implemented by analytical computer programs such
as CAPTURE (Otis et al. 1978) and MARK (White and
Burnham 1999). Grimm and colleagues (2014) explored
the performance of several such models in estimating the
size of a well-studied population.

OBSERVATIONAL METHODS

Many mammals can be observed directly in the wild, par-
ticularly those that are large and live in open habitats. Di-
urnal species are easiest to observe, but nocturnal mam-
mals can be viewed with night-vision scopes (Rancourt
etal. 2005) or infrared imaging (Betke et al. 2008). Watch-
ing mammals provides data on life history characteristics
such as movements, habitat use, foraging, territoriality, re-
production, and interspecific interactions. Behavior, both



individual and social, is most commonly recorded using
observational methods.

Basic methods for making observational records have
been summarized by Altmann (1974), Crockett and Ha
(2012), and Dawkins (2007). The choice of observational
sampling technique should be based on what information
is needed and what behavioral activities can be seen and
recorded. Behavior can be variable in the same individual
over time and among individuals. Thus, a well-formulated
hypothesis and appropriate experimental design are impor-
tant considerations in selecting an observational method.
Observations can be made with the unaided eye, through
binoculars or telescopes, with still photographs, or with
video recording. The latter has proven especially valuable
because it allows multiple observers to study one observa-
tional sequence repeatedly and in slow motion.

Some observational sampling techniques record only
behavioral states (general categories of behavior) such as
“orooming” or “feeding”, while other methods note events
(specific brief actions) such as a “yawn” or “tail flick”; some
methods record both. The two most common methods of
observational sampling are focal animal and scan sampling.
Focal animal sampling is the recording of specified be-
havior states or events by a given individual (or group) in
bouts of prescribed length (Figure 2.5), sometimes with
video technology. Kolowski and colleagues (2007) observed
Kenyan spotted hyenas (Crocuta crocuta) in 2- or 15-hour
bouts to determine daily activity patterns, movements, and
den use. They found that females whose territories included
areas with livestock grazing were less active and showed
less den use than those in undisturbed territories.

Figure 2.5 Social interaction among Barbary macaques
on Gibraltar. Focal animal sampling can be used to examine
interactions among members of a group. Watching a single
individual for a prescribed time period provides an accurate
picture of its activities. In the case shown here, two individuals
are engaged in grooming behavior.
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Scan sampling involves recording the behavioral state
(e.g., resting, grooming, moving) of each animal in a small
group at predetermined intervals (such as every 15 seconds)
or over a predetermined block of time (such as 30 minutes).
Bearzi (2006) used scan-sampling to study feeding associa-
tions between groups of dolphins and California sea lions
(Zalophus californianus) in Santa Monica Bay, California.
Data were recorded on the behavior of all individuals in
dolphin groups during observation periods of >25 min. To-
gether with observations on the proximity and behavior of
nearby sea lions, Bearzi (2006) concluded that sea lions fol-
low and exploit the superior food-finding ability of dolphin
groups. This study also employed video recording, GPS
monitoring, and GIS analysis. Scan sampling and focal ani-
mal sampling are often used together. In a study of how
ungulates use natural licks in British Columbia, Ayotte and
coworkers (2008) used scan sampling every 15 minutes dur-
ing 6-hour bouts to count the numbers of individuals of 4
species present at specific licks and focal animal observa-
tion to record behaviors of single individuals. Hirschler and
coworkers (2016) found that focal-animal and scan sam-
pling produced significantly different estimates of vigilance
behavior in a population of prairie dogs (Cynomys gunnisoni).

Other observational methods include instantaneous
sampling (sequentially recording the behavioral state of an
animal at the end of each observation interval), all-
occurrences sampling (recording all occurrences of a par-
ticular event in a group of animals), and ad-libitum sam-
pling (recording all the states or events of all organisms in
a group). Such methods are described in more detail by
Altmann (1974) and Dawkins (2007). In addition to passive
observation, researchers may use sound playback to test
hypotheses that involve vocalizations. In this method, calls
that have been recorded are played to animals in particular
situations, and the animals’ reactions are monitored. For
example, Demartsev and colleagues (2016) used playback
of the “snort” component of male rock hyrax (Procavia
capensis) songs to demonstrate that this harsh sound pro-
duced distinct vocal responses from conspecifics.

A key issue that arises in observational studies, regard-
less of sampling method, is the observability of animals
under study. “Observability” has two meanings in behav-
ioral research. In the first sense, it refers to whether the
habitat permits regular, direct observation of an animal.
Topography and vegetation can interfere with an investi-
gator’s ability to observe terrestrial or arboreal mammals,
and observability issues are especially challenging for ma-
rine species (Nowacek et al. 2016). A second meaning of
“observability” is that some individuals may be more con-
spicuous than others, perhaps depending on their age, sex,
dominance status, or physiological state. For example, ob-
servability of white-tailed deer (Odocoileus virginianus) in
Oklahoma declined with increasing predation risk from
human hunters, suggesting that early season hunting will
maximize harvest rates of this common game species
(Little et al. 2014).
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Laboratory and Museum
Methods

PHYSIOLOGICAL MEASURES

Physiology is the study of how tissues and organs function.
The scope of this discipline, even if restricted to mammals,
is extremely broad, as is the range of experimental meth-
ods that physiologists employ. Modern animal physiology
encompasses molecular, cellular, and biochemical processes
in addition to the more traditional whole-organism ap-
proaches of previous decades (Hill et al. 2016). Mammalo-
gists have focused on a smaller, but still diverse, set of top-
ics including nutrition, energy metabolism, reproduction,
behavior, sensory mechanisms, growth, locomotion, dis-
ease, stress, and water balance. An overview of methods
employed in the first three of these areas illustrates how
mammalogists approach the study of physiology.

Nutrition

Nutrients are substances that an animal must obtain from
its diet to serve as raw materials for energy production,
growth, and other metabolic functions. Nutrients include
water, proteins, lipids, carbohydrates, nucleic acids, fiber,
salts, vitamins, and trace elements. Nutritional require-
ments, both the quantity and kinds of nutrients, may vary
significantly among species and individuals in different
physiological states. For this reason, it is difficult to deter-
mine the precise nutritional requirements of a species,
though it is usually possible to identify major dietary com-
ponents. Dietary preferences of wild mammals are usually
determined by direct observation or examination of scats
and stomach contents. Stomach content analysis provides
a more complete assessment of diet if a sufficient number
of individuals can be examined, but field mammalogists
more often analyze scats to estimate dietary preferences
(Wiens et al. 2006) because it is nondestructive and non-

invasive. Although only partially digested food items can
be identified by visual inspection, DNA typing can also be
used to identify prey in fecal samples (Casper et al. 2007).
"Traditional dietary classification is based on the primary
trophic level occupied by a species (i.e., herbivore, carni-
vore, omnivore). However, these categories conceal consid-
erable variation in food types that significantly affect a
species’ functional role in an ecosystem. Pineda-Munoz
and Alroy (2014) proposed a more fine-grained classifica-
tion of mammal diets based on volumetric analyses of
stomach contents from 139 terrestrial species in 13 therian
orders (Table 2.1). This scheme, based on primary (>50%
of gut contents) and secondary (20%-50% of gut contents)
food types, recognizes dietary generalists (<50% gut con-
tents of any single food type) and 22 categories of special-
ists. For example, a species that consumes 60% invertebrate
and 40% vertebrate food is an “insectivore-carnivore.” The
distribution of species among categories demonstrates that
although most terrestrial mammals are specialists, most
also have mixed diets. The authors argue that the tradi-
tional category of omnivore, in particular, is too vague to
be useful in research on terrestrial food webs.
Researchers are frequently interested in assessing the
nutritional condition of wild mammals (Sinclair et al.
2006) as a means of understanding how food limitation in-
fluences population dynamics. Nutritional condition is a
composite of several variables that reflect how well an ani-
mal has assimilated the raw materials for metabolism, and
it can be indexed by external body measurements, urine
chemistry, assays of electrical conductivity, or direct chem-
ical analyses. Cook and colleagues (2004) assessed the nu-
tritional condition of female elk in Yellowstone National
Park using three measured variables: body fat, body mass,
and thickness of the longissimus dorsi muscle. The body fat
index was a function of a “rump body condition score” and
“subcutaneous rump fat thickness,” the latter measured
with ultrasound imaging. Ultrasonography was also used
to measure thickness of the longissiumus, an index of pro-
tein catabolism. Body mass was a function of chest girth
circumference, body fat percentage, age, and pregnancy
status. Cook and coworkers (2004) found that nutritional

Table 2.1 Dietary classification of terrestrial mammals based on analysis of gut contents

Food Type Primary Diet (>50% of food) Secondary Diets (20-50% of food)*
Vertebrates Carnivore —, frugivore

Invertebrates Insectivore —, carnivore, granivore, herbivore, frugivore
Green plants Herbivore —, mixer, frugivore, granivore, insectivore
Seeds Granivore —, herbivore, insectivore

Fruit Frugivore —, herbivore, gumnivore, insectivore
Fungus Fungivore —, herbivore

Flowers-gum Gumnivore —

Multiple food types Generalist <50% of any single food type

Based on Pineda-Munoz and Alroy (2014).

**—" indicates specialist in a single food type.



condition was independent of age in Yellowstone elk, but
strongly related to lactational status and pregnancy. They
suggested that nutritional limitation during severe winters
is a major density-dependent factor limiting elk popula-
tions. Researchers have also developed methods that use
electrical conductivity to estimate fat reserves in live ani-
mals, including bioelectric impedance analysis (Pitt et al.
2006) and total body electrical conductivity (Wirsing et al.
2002). Franco and colleagues (2017) correlated blood lev-
els of the hormone leptin with body fat in the monito del
monte (Dromiciops gliroides), showing that the nutritional
condition of this South American marsupial is at a mini-
mum during the energetically demanding stage of sexual
maturation in the austral summer. Lipid and protein con-
tents can also be assayed by direct chemical analysis of
dried carcasses if destructive sampling is feasible.

Metabolism

Metabolism is the sum total of all chemical reactions tak-
ing place in an organism. The rate of these reactions is af-
fected by body temperature, body mass, muscle activity,
and other energetic demands of life. Thus, the metabolic
rate—the amount of heat energy released per unit time,
usually expressed as kilojoules per day (kJ/d)—of a mam-
mal is a fundamental consideration in studies of thermo-
regulation, hibernation, torpor, locomotor performance,
foraging, and reproductive behavior. Mammalogists are
concerned with two measures of metabolism: basal meta-
bolic rate (BMR) is the rate of energy conversion in a rest-
ing animal, with no food in its intestine, at an ambient
temperature that causes no thermal stress; field metabolic
rate (FMR) is the rate of energy use in an animal engag-
ing in normal activities under natural conditions (Hill et al.
2016). FMR is typically higher, more variable, and more
difficult to measure than BMR.

BMR is commonly determined in the laboratory with a
respirometer, a device that measures the rate of oxygen and
carbon dioxide exchange during normal breathing (Ligh-
ton 2008). This approach exploits the direct relationship
between oxygen consumption and energy production by
aerobic respiration. A test animal is confined to an air-filled
chamber for a specified period during which the amount
of oxygen in the chamber is monitored. In a closed cham-
ber, aerobic respiration causes a decrease in O, concentra-
tion and an increase in CO, from their initial (atmo-
spheric) values. The difference between initial and final
concentrations of O, (oxygen consumption), standardized to
one hour of respiration, measures BMR in units of ml O,
per hour. Open chamber respirometers are also widely
used, but the estimation of BMR is slightly more compli-
cated. Because body mass and BMR are correlated, oxygen
flux is typically standardized by the organism’s weight;
mass-specific BMR is expressed as ml O,/(g/h). The relation-
ship between body mass and BMR has fascinated verte-
brate physiologists for over a century, after it was shown
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that the two variables are related by an allometric power
law, BMR =2M". In this equation, # is a scaling constant,
M is body mass, and & has been estimated as the slope of a
log-log regression line of BMR on M (Capellini et al. 2010).
The predictive value of the allometric equation, and the
key to understanding its biological meaning, lies in the
value of 4. Since the work of Kleiber (1932), who regressed
BMRs from a sample of mammal species onto correspond-
ing values of body mass, 5=0.75 has been widely cited.
However, such studies assume that species are independent
data points, an assumption violated by phylogenetic rela-
tionships (Felsenstein 1985b). Statistical methods can now
account for this nonindependence by performing correla-
tion analyses on a phylogeny. White and coworkers (2009)
and Capellini and coworkers (2010) performed such
phylogenetically informed regression on mammalian BMR
data and found that the value of the scaling exponent var-
ies significantly (#=0.48 to 0.82) among major lineages
(Figure 2.6); this suggests that no single value applies to
all mammals. Thus, the allometric relationship between
BMR and body mass has evolved. We explore the biologi-
cal interpretation of metabolic scaling in Chapter 8.

The most popular method for measuring mammal
FMRs involves use of “doubly labeled water” (DLW; Speak-
man 1997), often in combination with studies of physio-
logical water flux. Water molecules with radioisotopes of
oxygen (**0) and hydrogen (deuterium or tritium) are in-
jected into an animal, and repeated blood samples are taken
at intervals of hours or days. Loss of isotopic oxygen in
blood over time is related to rate of CO, loss (L./d), which
in turn is proportional to metabolic rate (kJ/d). Williams
and colleagues (1997) used this technique to measure sea-
sonal variation in metabolic rates of South African aard-
wolves. During summer, the average aardwolf produced
112.5 L of CO, per day, or 2891.2 kJ/d of energy; in winter
the corresponding values were 71.8 L/d and 1844.8 kJ/d.
These are significantly lower than values predicted for
other eutherians of comparable size, but mirror the reduced
FMRs characteristic of most myrmecophagus (ant- or
termite-eating) mammals (McNab 1984), including the
marsupial numbat (Hume 2003). Munn and colleagues
(2016) used DLW to show that FMRs of western grey kan-
garoos (Macropus fuliginosus) were less than half that of
comparably sized merino sheep (Ovis aries). Given that the
two species compete for food when they co-occur, this sug-
gests that native kangaroos exert lower grazing pressure
than do introduced sheep.

Reproduction

Because production of progeny is a basic measure of indi-
vidual fitness and important to understanding population
dynamics, much attention has been given to mammalian
reproductive biology. Data on the number of females pro-
ducing young, litter size, and juvenile survivorship provide
the basic information for studies of population growth.
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Figure 2.6 Lineage-specific variation of basal metabolic rate scaling exponents. The horizontal dimension accommodates
an estimated phylogeny of mammalian orders; the vertical dimension shows values of the exponent b in BMR =aM? estimated with
phylogenetically informed regression for individual groups on the tree. Shaded region indicates the range of b (0.67-0.75) usually
reported from nonphylogenetic analyses. Adapted from White et al. (2009).

Numerous techniques have been developed for assessing
the reproductive condition of males and females.

For many male mammals, the testes are only scrotal just
prior to and during the breeding season; thus, determin-
ing whether the testes of an individual are scrotal (“de-
scended”) or abdominal provides an important clue to its
reproductive status. In male marsupials, reproductive ma-
turity is marked by spermatorrhoea, the discharge of sperm
into the urine (McAllan 2003). The weights of testes and
accessory sex glands are also useful indices of reproductive
activity (Morrow et al. 2016; Murphy et al. 2005). Sperm
count and sperm morphology, assessed by microscopic ex-
amination of ejaculates, provide data on numbers of sper-
matozoa and the proportion of defective or abnormal sperm
(Tannenbaum and Beasley 2016). Levels of reproductive
hormones also reveal male reproductive status and can be
measured by radioimmunoassay (RIA), a technique that
uses radioactively labeled antibodies to bind and quantify
amounts of specific proteins (e.g., androgens) from samples
of body fluids (de Souza Ameral et al. 2009). Testosterone
levels vary seasonally but also exhibit changes due to stress,

aggression, dominance status, sexual stimulation, and over-
all health.

Most female mammals also breed seasonally. A first step
in assessing female reproduction is detection of estrus, the
period during which a female is behaviorally and physiologi-
cally receptive to mating attempts. Estrus is the result of
hormonal changes associated with the maturation of ovar-
ian follicles and subsequent release of ova. During estrus,
females tolerate mating solicitation by males; they may
adopt a lordosis posture with the head and hindquarters el-
evated, and back depressed to permit intromission. One
consequence of the increase in circulating estrogens during
estrus is cornification of cells that line the vaginal walls.
Vaginal epithelial cells obtained with a moist swab can be
examined under a microscope, with appropriate histological
staining, to provide an indication of whether the animal is,
or has recently been, in estrus (Akinloye and Oke 2014).

Ovulation rate, the number of ova released at the onset of
estrus, can be determined in live animals by flushing the re-
productive tract immediately after ovulation. If the animal is
sacrificed, ovaries can be examined histologically to assess
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Figure 2.7 Indications of pregnancy. (A) The swellings in
two uterine horns are from a pregnant white-footed mouse;
each swelling represents a fetus and associated placenta. (B)
The uterine horns, dissected from the abdominal cavity, are
compressed between the bottom and inverted top of a Petri
dish, revealing the placental scars along both horns. This
information can be used to determine the number of embryos
that implanted in the uterus.

follicular development and check for the corpora lutea (“yel-
low bodies”), the remnants of ruptured follicles (de Bruin
etal. 2012). Counting placental scars (Figure 2.7) in the uterus
indicates the number of fetuses that implanted during the
most recent pregnancy (Fournier-Chambrillon et al. 2010).

In living female mammals that must be examined re-
peatedly, several other procedures can be employed to as-
sess reproduction. Laparotomy is a surgical examination of
the reproductive tract to determine the condition of the
ovaries and uterus (Green et al. 2002). With the invention
of fiber-optic techniques, laparotomy can be replaced by
laparascopy (Schulman et al. 2015). For larger mammals,
ultrasonography can be used to examine the morphology of
the reproductive tract and check for the presence and con-
dition of developing fetuses (Domingues et al. 2007; Mc-
Nay et al. 20006).

We can use RIA or enzyme-linked immunosorbent assay
(ELISA; Nelson and Kriegsfeld 2016) on blood samples to
determine circulating levels of female reproductive hor-
mones such as estrogens, progesterone, and prolactin (Nor-
ris and Lopez 2010). It is also possible to assay hormones in
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urine and feces (Asa et al. 2007; Bourke et al. 2011; DeMatteo
et al. 2006). This noninvasive technique has been applied to
both males and females, and it allows investigators to obtain
hormone measurements on free-ranging mammals.

STABLE ISOTOPE ANALYSIS

Mammalogists, archaeologists, paleontologists, and ecol-
ogists now exploit technology that allows study of isotope
ratios for key elements in biological tissues. Much of this
research has focused on animal diets, habitat properties and
preferences, dispersal, and migration (Ben-David and Fla-
herty 2012), though applications in other areas are numer-
ous and diverse. Isotopes are atoms of a particular element
that differ in their numbers of neutrons and, hence, atomic
masses. The nuclei of radioisotopes are unstable and emit
gamma rays or subatomic particles (“radiation”) when they
decay. In contrast and as their name implies, stable iso-
topes are long-lived and do not emit radiation. Radioiso-
topes have a long history of use in biotechnology and
medicine (e.g., X-rays), but study of stable isotopes has ex-
panded dramatically in recent decades. Most ecological
studies involve isotopes of carbon, nitrogen, oxygen, hy-
drogen, sulfur, and a few other elements that play major
roles in tissue structure or metabolism.

Although isotopes of the same element participate in the
same kinds of chemical reactions, their behavior in those
reactions varies as a function of their differing atomic
masses. For example, water molecules with hydrogen (‘H)
evaporate more readily than those with deuterium (°H)
because hydrogen bonds between water molecules are
weaker than deuterium bonds. The distinctive behavior of
isotopes extends to physiological reactions, including those
mediated by enzymes. Typically the lightest isotope of a
particular atom is most abundant in nature, but the actual
ratio of heavy to light isotopes in a particular specimen de-
pends on the physical and chemical processes by which
the specimen formed. The change in isotopic ratios as re-
actants are metabolically converted to products, known as
“fractionation” or “discrimination,” is why ratios in a prod-
uct (e.g., animal tissue) can be used to infer the source of
reactants (e.g., food types) or the processes by which the
product formed (Sulzman 2007).

Consider two isotopes of carbon,?’C and”C, and the
ratio (R) between them in a particular tissue sample:
Ry,mple = PC/12C. To establish a common currency of iso-
topic ratios, values for an actual sample are compared to
those of an international standard or proxy thereof. For
example, the standard ratio (Ry) for carbon is that re-
corded from the Vienna Peedee Belemnite rock formation
(Ben-David and Flaherty 2012). The isotopic value of a
particular sample is calculated as a fractional deviation (8)
of the sample ratio from that of the standard, expressed in
parts per thousand (%o):

MC=(R R,..)/R,, x 1000.

sample
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Samples for which ratios exceed standard values are said
to be enriched in the heavier isotope; those with ratios
below standard values are depleted (and have negative
8s). Isotope ratios of tissue samples are measured with
mass spectrometry.

To illustrate the application of stable isotope analysis in
mammalogy, we focus on estimating the components of an
individual animal’s diet. Suppose our focal animal is a car-
nivore (e.g., a wolf) and its prey are two species of herbi-
vores (e.g., moose and elk). A seemingly straightforward
question is, “What percentage of the wolf’s diet consists of
moose versus elk?” One approach is to watch the wolf feed-
ing, but this would require many hours of observation to
obtain meaningful percentages. Alternatively, we could ex-
amine stomach contents or excreta, but these data would
require either sacrificing the wolf or collecting and analyz-
ing many scats; in both approaches, it may difficult to dis-
tinguish accurately between moose and elk tissues. Stable
isotope analysis exploits the different isotopic values (e.g.,
d1C) of prey that have distinctive diets—in this example,
moose and elk might differ in the proportions of C; and C,
plants they consume. Because the wolf’s only source of di-
etary carbon is its food, its isotopic ratio (8"°C,,) is a func-
tion of the fractional contributions from each prey type:

13 _ 13 13
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Here f;,,0sc and f, are the dietary fractions of moose and
elk, respectively, and sum to 1. The equation above repre-
sents a mixing model that can be solved for f~values given
experimentally determined 8Cs (Phillips 2012). In prac-
tice, estimating dietary fractions usually involves multiple
isotopes (e.g., 8”C and 8"°N), accounting for isotopic en-
richment by trophic level, and quantifying sources of un-
certainty to provide confidence intervals on estimates.
An instructive example of this method is Yeakel and col-
leagues’ (2009) study of the famous man-eating lions of
Tsavo, Kenya—subject of the 1996 Hollywood film The
Ghost and the Darkness. These two male lions were respon-
sible for killing a considerable number of railroad workers
in the Tsavo region in 1898, a period of drought and rin-
derpest epidemic that depressed native herbivore popula-
tions (Patterson 2004). Both lions were eventually shot and
their remains transferred to the Field Museum of Natural
History in Chicago, Illinois. Popular accounts of their his-
tory placed the number of human victims between 28 and
135, but examination of historical documents and the mu-
seum specimens led Peterhans and colleagues (2001) to en-
dorse the lower end of this range. Yeakel and coworkers
(2009) used 8"*C and 8"°N from the man-eater specimens,
modern lions, 8 potential ungulate prey species, and late
19th-century human remains from the Tsavo region to re-
construct the man-eaters’ dietary proportions; 3°C and
O N values were obtained from collagen in bone, a tissue
that is replaced relatively slowly and therefore records di-
etary contributions over many years. Isotope values in
man-eaters were also obtained from keratin in hair, a rap-

idly replaced tissue that recorded dietary intake during the
final 3 months of life (the end of the period during which
the lions took human prey). Using a statistical mixing
model, Yeakel and coworkers (2009) estimated that both li-
ons preyed primarily on grazing ungulates throughout
most of their lives, but hair keratin ratios reflected intake
of human tissue during the final three months. Interest-
ingly, just one of the lions was responsible for most human
victims. Given basic assumptions about lion feeding hab-
its, Yeakel and coworkers (2009) estimated that this indi-
vidual took 24.2 human victims, with the other account-
ing for 10.5. These estimates support the lower values of
human death toll from historical accounts and illuminate
the extent to which individual carnivores adjust their diets
in times of food scarcity.

GENETICS AND MOLECULAR
TECHNIQUES

For most of its history, mammalian biology focused on
studying whole animals or their preserved remains. As un-
derstanding of the biochemical basis of heredity pro-
gressed throughout the 20th century, however, sophisti-
cated laboratory methods were developed to assay variation
in chromosomes, proteins, and nucleic acids. Mammals
have been a central group in such research since its incep-
tion (Wahrman and Zahavi 1955; Harris 1966; Avise
et al. 1979), and the use of “molecular markers” has al-
lowed mammalogists to develop new and powerful ap-
proaches to the study of population genetics, speciation,
and phylogeny.

Chromosomes

The study of mammalian cytology involves visualization
of chromosomes obtained from cells in the metaphase por-
tion of mitotic division (Hsu 1979). At this stage, the
chromosomes are condensed (i.e., DNA is tightly wound
around nucleosomes within sister chromatids) and appear
as rod-shaped structures when viewed under a light micro-
scope. Typically, photomicrographs of mitotic spreads are
edited for publication such that chromosomes from an in-
dividual cell are arranged in order of size. Such an image
is termed the karyotype of a cell. The karyotype is usu-
ally the same for all cells of an individual (unless mutations
have occurred), but sometimes shows variation (polymor-
phism) among individuals from the same species. Karyo-
types often vary considerably among species, and such
variation may provide insights into chromosome evolution
(Kawada et al. 2008).

Karyotypes contain two major types of information: the
diploid 2N) number of chromosomes within a cell and the
morphology of each chromosome. A chromosome’s mor-
phology is described by its size, pattern of secondary con-
strictions, and position of its centromere—metacentric if
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Figure 2.8 G-banded karyotypes of marsupials.

(A) Rufous bettong (Aepyprymnus rufescens); (B) tammar
wallaby (Macropus eugenii). The chromosomes are arranged in
homologous pairs and numbered sequentially from largest to
smallest.

the centromere is at the center of the chromosome, acro-
centric if the centromere is closer to one end (Hartwell
et al. 2011). More detailed information about the chromo-
somes can be revealed by differential staining. One proce-
dure, named after the chemical dye Giemsa, produces
“G-bands” on chromosomes; the dark-staining bands
correspond to DNA regions that are low in guanine (G)
and cytosine (C) nucleotides, and usually contain few genes.
The G-banding pattern of each pair of homologous chro-
mosomes in a cell is unique (Figure 2.8). Similarly, “C-
banding” reveals areas of repetitive DNA sequences asso-
ciated with centromeres (Krebs et al. 2013).

Diploid numbers of mammals range from 2N =6 in the
Indian muntjac deer (Muntiacus muntjak) (Graphodatsky
et al. 2011) to 2N =102 in the plains viscacha rat (Tympa-
noctomys barrerae) (Contreras et al. 1990). Within groups,
karyotypes may be highly conserved (e.g., dasyurid mar-
supials, felids) or highly variable (e.g., diprotodontian
marsupials, canids, gibbons). Where karyotypes of closely
related species differ, they can usually be related to one
another by simple rearrangements such as fusions, fis-
sions, inversions, and translocations. Indeed, careful com-
parison of morphology and banding patterns may reveal
the evolutionary history of rearrangements within a group
(Dobigny et al. 2017).

During the past three decades, molecular cytogenetics
has exploited the in situ hybridization technique to map
the locations of specific DNA sequences on chromosomes
(Fan 2010). In this method, a single-stranded DNA frag-
ment of known sequence (the probe) is “labeled” with a
radioisotope or biotin molecule that will allow it to be
visualized. A solution containing the probe is then ap-
plied to a chromosome preparation that has been dena-
tured (i.e., the DNA has been made single-stranded).
During subsequent incubation, the probe binds specifi-
cally to its homolog(s) on the chromosome(s) by virtue of
their complementary sequences. Upon visualization, the
probe appears as a dark-staining or fluorescent region on
the chromosome spread, revealing the physical location
of its homologous sequence. Although early studies em-
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ployed repetitive DNA probes, such as ribosomal RNA
genes, a wide variety of probes is currently in use, includ-
ing single-copy genes. Most recent studies use biotin-
labeled probes that are visualized with fluorescently la-
beled antibodies (fluorescence in situ hybridization, or
“FISH”). Digital imaging of FISH preparations involv-
ing multiple probes is referred to as “chromosome paint-
ing” and can yield precise physical maps for several genes
on a single spread (Van Stedum and King 2010). Such
studies have been extremely useful for establishing pat-
terns of synteny, the localization of homologous genes on
the same chromosome in different species, often among
distantly related taxa (Kemkemer et al. 2009).

Protein Electrophoresis

Evolutionary geneticists have employed several methods
for studying variation at the protein level, including com-
parative immunology (Maxson and Maxson 1990) and di-
rect amino acid sequencing (Goodman 1978). By far the
most widely used approach, however, has been protein (al-
lozyme) electrophoresis (Wilkesman and Kurz 2017).
Allozymes are alleles of enzymes, and electrophoresis is a
method used to separate macromolecules based on their
charge and mobility through a porous medium (e.g., starch).
Distinct protein alleles have, by definition, different amino
acid sequences, and these in turn may result in different
chemical properties (e.g., charge, size, shape). When placed
in a slab of starch or cellulose acetate immersed in aque-
ous buffer and subjected to an electric current, allozyme
molecules will move through the medium at rates deter-
mined by their physical properties. After the gel is run for
a specified period, different allozymes will be physically
separated, occurring at different locations within the gel.
Enzymes catalyze specific biochemical reactions, and these
can be coupled to specific staining reactions to reveal the
precise location of allozymes on a gel. Such histochemical
staining allows different alleles at a particular enzyme lo-
cus to be identified by their mobility (Figure 2.9), and the
organism from which those alleles came to be character-
ized as a homozygote (two copies of the same allele) or a
heterozygote (two alleles).

Prior to the development of DNA assays, allozyme elec-
trophoresis was the method of choice for a wide range of
genetic problems in mammalogy—from parentage-
dispersal studies (Patton and Feder 1981) to phylogenetic
reconstruction (Baverstock et al. 1982). In most of these
areas, allozymes have now been abandoned in favor of DNA
markers. This derives in large part from the increased in-
formation content of DNA data, especially the ability to
quantify differences among alleles and the generally higher
level of variation among organisms at the DNA level. How-
ever, allozyme electrophoresis continues to be a valuable
tool in molecular ecology (Wennerstrom et al. 2016).
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Figure 2.9 Protein electrophoresis. Allozyme electropho-
resis of albumin (Al) and transferrin (Tf) alleles in white-footed
mice. These are two of the most common proteins in mamma-
lian blood. Note the variation in Tf alleles among individuals
1-10. Individuals 3 and 10 are homozygotes; the others are
heterozygotes.

DNA Sequences

Two indirect measures of DNA sequence variation led to
major advances in mammalian systematics and population
biology during the 1980s and 1990s, but, like allozymes,
have given way to direct sequencing methods. Whole-
genome DNA hybridization (Springer and Krajewski
1989) was used primarily for phylogeny reconstruction in
marsupials (Kirsch et al. 1997), rodents (Catzeflis et al.
1993), bats (Kirsch et al. 1995), and primates (Caccone and
Powell 1989). Restriction-site analysis led to the develop-
ment of DNA fingerprinting and intraspecific phylogeog-
raphy and has been applied widely in studies of parentage,
kinship, speciation, hybridization, conservation genetics,
and phylogeny (Avise 2004). These methods helped lay the
foundation for many hypotheses about mammalian evolu-
tion that have since been investigated with DNA sequence
and microsatellite data; some of these are described in later
chapters.

Development of the polymerase chain reaction (PCR,;
Mullis and Faloona 1987) brought DNA sequence and frag-
ment analysis within the technological reach of most evo-
lutionary geneticists. Prior to this, in vivo cloning proce-
dures were required to isolate particular DNA fragments
and manufacture sufficient copies of them for visualization
or sequencing. In PCR, target sequences are amplified in
vitro with a thermostable DNA polymerase that extends
short, oligonucleotide primers that have annealed to their
homologs at sites flanking a target region (hence, primers
are used in pairs, with each member corresponding to one
of the two complementary DNA strands of the target se-
quence). Initial PCR mixtures contain a small amount of
genomic DNA, many copies of each primer, free nucleo-
tides, and DNA polymerase in an aqueous solution with ap-
propriate pH and Mg* concentration. Typically, PCR tar-
gets a specific gene or region for amplification; thus, primer
design requires that the sequence of short regions (“primer
sites”) flanking the target be known in advance. Primers
are usually 15-25 nucleotides in length, just long enough
to ensure specific and stable annealing to the primer sites.
PCR proceeds through multiple cycles of primer anneal-
ing, extension, and denaturation carried out in an auto-
mated thermocycler. During each cycle, the polymerase
adds nucleotides to the free sugar (3') ends of the primers
using the complementary strand of target DNA as a tem-
plate (Figure 2.10). At the completion of a cycle, the region
of DNA between primers has been copied and is available
to serve as a template in the next cycle. By repeating this
process, the number of copies of the target sequence in-
creases geometrically; 30 cycles is sufficient to produce a
billion copies of a single template molecule. This vast ex-
cess of amplified DNA fragments can be separated from
the original genomic DNA, visualized by gel electropho-
resis, and purified for subsequent sequencing or other
analysis (McPherson and Meller 2006). The sensitivity of
PCR has made it possible to recover and analyze DNA
sequences from the remains of long-dead, or even extinct,
mammals (de Bruyn et al. 2011; Lorenzen et al. 2011).

Most DNA studies in mammalogy focus on either mi-
crosatellite markers or DNA sequences. The former are
derived from genomic loci showing tandem (back-to-back)
repeats of 2—4 basepair (bp) motifs spanning less than about
150 bp (Goodwin et al. 2010). Because these loci are highly
prone to slip-strand mispairing during DNA replication
(Graur 2016), they have a high mutation rate that gener-
ates considerable variation in allele size (i.e., number of re-
peat units) among individuals. Microsatellite markers tend
to be most useful for population-level problems such as ge-
netic subdivision (Eldridge et al. 2017). DNA sequences,
on the other hand, have been used at all levels of the taxo-
nomic hierarchy, though they have been most widely
applied to phylogeographic and phylogenetic questions.

In principle, assays of microsatellites are straightfor-
ward. Given primers that amplify a locus of interest, the
assay consists simply of high-resolution gel electrophore-
sis to determine the allele size(s) found in a particular in-
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Figure 2.10 Polymerase chain reaction. PCR involves
multiple cycles of denaturation, primer annealing, and primer
extension, resulting in a geometric increase in the number of
copies of a target sequence.

dividual. This is accomplished by comparing the mobility
of amplified fragments with DNA sequences of known
length (“size ladders”), on the principle that the rate at
which DNA molecules migrate through an electrophoretic
gel is inversely proportional to their length (Figure 2.11).
Once the genotypes of all individuals in a sample have been
scored, the size and frequency distributions of alleles lead
directly into analyses of parentage, gene flow, or popula-
tion history. In practice, however, there are some techni-
cal hurdles. For one thing, microsatellite loci that are
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highly variable in one species may be much less so in other,
closely related species (“ascertainment bias”). This means
that useful loci, and the primers that amplify them, may
need to be identified de novo for different species, a process
that requires preparation and screening of genomic librar-
ies. PCR amplification of microsatellite loci also entails
idiosyncrasies that can affect interpretation of data. For ex-
ample, PCR is inefficient for alleles with very large or very
small repeat numbers; when such alleles fail to appear on
scoring gels, heterozygotes may be mistaken for homozy-
gotes (“allelic dropout”). Alternatively, the PCR itself may
be subject to strand slippage and produce amplification
products containing more or fewer repeat units than the
template, which appear as multiple “stutter” bands on a
scoring gel. Investigators regularly monitor their data for
such phenomena, and the value of microsatellites as highly
variable markers has far outweighed these complications.

Until recently, the most commonly used DNA sequenc-
ing method was the “chain-termination” technique devel-
oped by Sanger and colleagues (1977). In this approach, an
oligonucleotide primer is annealed to purified, denatured
template DNA (e.g., obtained from a PCR reaction) and in-
cubated in a solution with DNA polymerase, free nucleo-
tides (ANT'Ps), and fluorescently labeled “dideoxy” nucle-
otides (ddN'TPs). As in PCR, the polymerase extends the
primer at its 3" end by incorporating free nucleotides and
forming a sequence complementary to that of the template
(Hillis et al. 1996). However, when a ddN'T'P is added to
a growing chain, elongation is terminated because the
ddNTP lacks the 3' hydroxyl necessary for addition of an-
other nucleotide. By adjusting the relative amounts of
dNTPs and ddNT'Ps, sequencing reactions produce an ar-
ray of DNA fragments such that every nucleotide position
in the template sequence is represented by a fragment
that terminates at that position. Thus, for example, se-
quencing a 100-basepair template would produce frag-
ments of length 1, 2, . .. 100 (ignoring the primer length).
When electrophoresed through a high-resolution gel,
these fragments separate in 1-base increments, and the
series of terminal ddNI'Ps in the fragments corresponds
to the sequence of the template. Because each ddNTP
carries a different fluorescent label, the position of each
fragment in the gel and the identity of its terminal base
can be detected by fluorescence imaging.

Technological advances greatly improved the efficiency
of Sanger sequencing. For example, cycle sequencing
combines PCR with dideoxy chain-termination chemistry
to allow sequencing templates in very small amounts. In
this approach, a thermostable DNA polymerase is used to
incorporate dN'TPs and ddN'TPs into growing chains, but
the reaction is repeated many times in a thermocycler to
produce a linear amplification of DNA fragments, which
can then be separated by electrophoresis. Many studies
have employed automated cycle sequencing with capillary
electrophoresis, in which separation, visualization, and
electronic documentation of sequencing products takes
place within a single, compact instrument (Figure 2.12).
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Figure 2.11 Microsatellite analysis. Individuals A and B have different microsatellite alleles as shown at the top. A is hetero-

zygous with an (AG),, and an (AG)g allele; B is homozygous with two (AG),, alleles. Dots indicate DNA sequence between PCR primer
sites and the microsatellite locus. After amplification, the genotypes of A and B can be visualized as lanes in an electropherogram or as
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Tubes containing extension fragments from cycle-
sequencing reactions are placed in a robotic device that suc-
cessively loads each sample into one end of a capillary tube
filled with a separation polymer. Electrophoresis takes place
in the capillary; as fragments pass a fixed point, their fluo-
rescent labels are excited by a laser, and the distinct color
emitted by each ddN'TP is detected by a charge-coupled
camera and stored as a digital record. Computer software
integrates these records and produces a “trace” of each reac-
tion, from which a base-calling algorithm reconstructs the
sequence of nucleotides in the original template.

In recent years, several forms of next-generation se-
quencing methods that rely on parallel determination of
(typically) millions of short (50-750 bases) sequence frag-
ments simultaneously (Shendure and Ji 2008) have been de-
veloped. These fragmentary reads are then assembled into
longer, continuous sequences by linking together their re-
gions of overlap. The assembly procedure is carried out by
high-speed computational methods and is a central task in
the rapidly growing discipline of bioinformatics. Next-
generation sequencing has greatly facilitated the study of
genomes from a variety of mammal groups. A significant

issue in genomic analysis of a particular taxon is whether a
reference sequence from a closely related species is avail-
able. Ideally, a reference sequence is a complete genome
that has been fully assembled and annotated such that the
physical location of individual sequences, the boundaries
of coding regions, and the identity of genes at particular
loci are known. Having such a reference makes analysis of
new genomic data sets much easier and more robust than
the alternative de novo assembly (da Fonseca et al. 2016). To
this end, a consortium of geneticists proposed the Genomze
10K project to develop a reference set of 10,000 complete
genomes distributed across Vertebrata (Genome 10K
Community of Scientists 2009); a recent progress report
(Koepfli et al. 2015) described 277 reference genomes at or
near completion by the consortium.

The most widely studied sequence in mammalogy is the
mitochondrial DNA (mtDNA) molecule. Mitochondria,
organelles in which the reactions of cellular respiration
take place, are the result of an ancient symbiosis between an
aerobic prokaryote and the evolving eukaryotic cell (Krebs
etal. 2013). Each mitochondrion includes one or more cop-
ies of a circular DNA molecule, a remnant of the ancestral
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Figure 2.12 Automated DNA sequencing. An amplified
template sequence is subjected to cycle-sequencing reactions
that include free nucleotides (ANTPs), one primer, DNA
polymerase, and one of four chain-terminating dideoxy
nucleotides (ddNTP). Each ddNTP has a different fluorescent
label (asterisks). Resulting DNA fragments are separated by size
with capillary electrophoresis. The series of fluorescent signals
emitted by each fragment as it passes the detector is assembled
into a DNA sequence by the computer. Adapted from Atherly
et al. (1999) and Hartwell et al. (2011).

symbiont’s chromosome, consisting of approximately
16,000 bases. The gene content of this molecule is highly
conserved among mammals (Figure 2.13); it consists of 22
transfer RNA, 2 ribosomal RNA, and 13 protein-coding
genes, as well as a noncoding “control” region. With minor
exceptions, the arrangement of these loci on the mtDNA
molecule is also conserved. Several properties of mamma-
lian mtDNA make it attractive to evolutionary geneticists.
First, it is a haploid, homoplasmic, nonrecombining
marker—that is, the vast majority of mtDNA molecules
within an organism have identical sequences (Eleftherios
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Figure 2.13 The mouse mitochondrial genome.

The mouse mtDNA molecule is just over 16,000 bases long.
Protein-coding, ribosomal RNA (rRNA), and noncoding (CR)
regions are labeled inside the circule; transfer RNA (tRNA)
genes are indicated outside the circle by the one-letter
abbreviations of their corresponding amino acids. Adapted
from Bibb et al. (1981).

and Rand 2000). Second, it has a higher average rate of se-
quence evolution than nuclear DNA, probably due to lack
of a DNA repair mechanism. Even so, mtDNA shows a
considerable range of rate variation among its loci, from
very rapidly evolving portions of the control region to more
conserved protein-coding genes (e.g., cytochrome oxidase
subunit II). Third, it is transmitted to offspring through
the egg cytoplasm (maternal inheritance), making it a
marker that tracks the history of maternal lineages. Col-
lectively, these properties make mtDNA relatively easy to
isolate experimentally and ensure that variations among
mtDNA sequences (haplotypes) can be used to address ge-
netic problems at levels from intraspecific phylogeography
to intraordinal phylogeny (Avise 2004).

Although mtDNA sequences have had a major impact
in studies of mammal evolution, they are not suitable for
all research questions. In particular, molecular systematists
concerned with relationships among major mammalian
groups (e.g., orders), for which common ancestors existed
in the Cretaceous or Early Tertiary, have turned to more
slowly evolving genes in the nucleus. In part as a result of
their lower average rates of change, nuclear coding se-
quences are less prone than mtDNA to multiple substitu-
tions at the same sites over long periods of evolutionary
time (Springer et al. 2001a). As such, they preserve a
phylogenetic “signal” that can be used to relate very diver-
gent groups of mammals. In addition, the nuclear genome
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(about 3 billion bases in a haploid human cell) is vastly more
diverse in structure and properties than mtDNA. It con-
tains sequences that evolve very rapidly (e.g., introns, pseu-
dogenes, intergenic regions), at intermediate rates (e.g.,
most exons), or very slowly (e.g., conserved exons, small
subunit ribosomal RNAs) and thereby provides markers
with levels of variation appropriate for specific evolution-
ary questions. It is now common for nuclear and mitochon-
drial DNA markers to be used together in studies of mam-
mal phylogeny (Westerman et al. 2016) and population
genetics (Moska et al. 2016).

Perhaps the most exciting recent development in mam-
malian genetics is the ability to study DNA variation across
the entire genome, largely as a result of next-generation
sequencing technology. As of 2017, complete genome se-
quences from approximately 137 mammal species have
been published, and many more are in progress (National
Center for Biotechnology Information, www.ncbi.nlm.nih
.gov/genomes). Equally significant for evolutionary and
ecological studies, cost- and labor-efficient methods have
been developed to compare sequences of many loci (e.g.,
thousands) from across the genomes of multiple individu-
als and species. For example, restriction-site associated
DNA sequencing (RADSeq; Davey and Blaxter 2010) uses
PCR and next-generation sequencing to assay variation at
100- to 400-base genomic fragments that are adjacent to
(within ca. 400 bases of) cut sites for a particular restric-
tion enzyme. The RADseq approach can provide data on
thousands of genetic markers for many individuals and thus
facilitate population-genetic studies of closely related spe-
cies (Lanier et al. 2015), particularly when no reference ge-
nome exists. When a reference sequence is available, re-
searchers can use it to perform targeted sequencing of
genomic markers with appropriate variation (e.g., introns)
or assay polymorphisms in the transcriptome (i.e., genes).
Carneiro and coworkers (2014) targeted intron and tran-
scriptome variation to study gene flow between subspecies
of European rabbit (Oryctolagus cuniculus). At the other end
of the spectrum, McCormack and colleagues (2012) used
targeted capture of ultraconserved elements (i.e., slowly
evolving DNA sequences) to study phylogenetic relation-
ships among orders of placental mammals. These and other
approaches have given rise to the discipline of phyloge-
neomics (DeSalle and Rosenfeld 2012).

ANALYSES OF MUSEUM SPECIMENS
Systematic Collections

In 1994, a group of systematists organized by three pro-
fessional societies produced a report entitled Systematics
Agenda 2000 (1994), a declaration of priorities for dealing
with the worldwide loss of biodiversity (see Daly etal. 2012
for an updated “Systematics Agenda 2020”). Among the
major components of their action plan was enhancing sys-
tematic collections, justified as follows (p. 16): “Collections

contain the primary evidence for the existence of species,
document their presence at particular sites, and serve as the
ultimate standards for comparisons and identifications of
species.” The central role of carefully prepared specimens,
representing the preserved remains of organisms in well-
organized collections, has been characteristic of biological
taxonomy for centuries and remains a critical part of mam-
malogy (McLean et al. 2016).

The phrase “museum specimen” refers not only to spec-
imens housed in institutions called “museums,” but also to
those in university departments, government agencies, and
private holdings. In mammalogy, such specimens are of
several major types (Hall 1962). A study skin is the pre-
served integument (pelage, epidermis, and superficial der-
mis) of a mammal, from which muscles, internal organs,
and most bones have been removed (Figure 2.14). For small
mammals, study skins are usually stuffed with cotton after
chemical treatment, then dried in a flattened, linear pose.
Larger skins may be dessicated or tanned, then stored as
hides. Skulls and skeletons are dried bones recovered from
an animal that has been skinned and defleshed. Spirit
(fluid) specimens are carcasses, or portions thereof, pre-
served in alcohol. Many spirit specimens are initially fixed
in formalin, a chemical that induces cross-linking of pro-
teins and thereby immobilizes the cell contents of tissues.
Fossils are the remains of dead organisms, usually pre-
served in rock. Tissue samples are pieces of flesh, aliquots
of blood, or hairs that are frozen or immersed in a solu-
tion that prevents degradation of protein and DNA mole-
cules. For several decades, mammalogists have also
extracted, purified, and preserved (usually frozen) DNA
samples from animal tissues (Camacho-Sanchez et al.
2013). However, a tissue or DNA sample is of limited util-
ity unless it is accompanied by a voucher specimen—a
skin, skull, or other whole-organism remnant that serves
to identify the source of the sample.

Curation is the task of maintaining a collection of mu-
seum specimens, including their initial preparation, safe

Figure 2.14 Study skins. This series of study skins from
white-footed mice could be used to examine differences in
pelage characteristics, which might vary with habitat or locality.



storage, organization, and accessibility to researchers. The
value of museum specimens comes not only from the ana-
tomical structures and taxonomic history that they pre-
serve, but also from the documentation they provide that
a particular species occurred in a particular place at a par-
ticular time. Thus, one of the most important jobs of a cu-
rator is to maintain an accurate, complete, and accessible
specimen database. Typically, each specimen is labeled with
a unique alphanumeric code that ties it to a record that in-
cludes the name of the collector, date of collection, collec-
tion locality (often with habitat information), and perhaps
other data such as field measurements or behavioral obser-
vations. Modern collections make efficient use of com-
puter database technology, in many cases making complete
lists of specimens and associated information available on
the internet. Cook and colleagues (2014) argue that digital
collection data are a largely untapped resource for educat-
ing college students about biodiversity; perhaps your in-
structor will tap it on your behalf.

Specimen-Based Studies

Museum collections represent the archived results of field
collections. Mammals taken from the wild and preserved
as museum specimens are the primary documentation of
mammalian biodiversity in specific areas of the world. Re-
gional surveys of mammal diversity are based on informa-
tion derived primarily from these collections, either
through an author’s original observations or previously
published records. Flannery (1995), for example, docu-
mented the occurrence of nearly 190 living mammal spe-
cies indigenous to New Guinea. The record of museum
specimens allowed Flannery to describe key aspects of the
biology of each species, including its distribution, altitudi-
nal range, habitat association, taxonomic history, and mea-
surements indicative of body size. Faunal surveys of this
sort comprise a major goal of Systematics Agenda 2020 (Daly
etal., 2012).

Museum specimens are a primary source of information
on the morphology of mammals, and they have been par-
ticularly valuable for systematic studies involving compar-
ative anatomy. Descriptions of new mammal species typi-
cally rely on painstaking comparison of all skins and skulls
from a particular taxon available in museum collections,
and may include the postcranial skeleton and soft tissues
as well. Craniodental characters scored from skulls have
been used extensively for phylogenetic analysis of living
and fossil mammals, the latter frequently represented only
by their teeth (see Chapter 4). Skins and spirit specimens
can be examined for parasites, pathogens, environmental
pollutants, or other trace chemicals.

Skins, skulls, and skeletons are also the basis of mor-
phometric studies, which analyze the shape of anatomical
structures (Lestrel 2000; Cardini and Loy 2013). Morpho-
metrics has been an invaluable tool in research on mam-
malian developmental and functional anatomy (Shapiro
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et al. 2005; Marquez et al. 2017), shape evolution (Hend-
ges et al. 2016), and sexual dimorphism (Gomes and Va-
lente 2016). One of the most widespread applications of
morphometrics in mammalogy is in the study of intraspe-
cific variation (see Intraspecific Variation below), particu-
larly that associated with subspecies designations. For ex-
ample, Bezerra and de Oliveira (2012) used multivariate
statistical analysis of 25 craniodental measurements from
78 South American spiny rats (Clyomzys) housed in 6 differ-
ent collections to evaluate the distinctness of recognized
species. Their findings led them to recommend that one
of the species (C. bishopi) be merged with the other (C. /a-
ticeps), but also identified a morphometrically distinct group
of specimens from the western portion of the genus range,
which may represent an unrecognized species.

Museum collections have become the largest repository
of tissue and DNA samples for molecular analyses of mam-
mals, including systematics, ecology, conservation gene-
tics, and forensics. These samples, tied to voucher speci-
mens and preserved over long periods of time, will become
increasingly significant as more populations of wild mam-
mals decline and access to them becomes restricted by con-
servation management. Moreover, it is now common prac-
tice to recover DNA from bits of study skins, dried flesh
adhering to bones, or even the bones themselves (Hofre-
iter 2012). In some cases, DNA has been extracted from
spirit specimens fixed in formalin (Bibi et al. 2015). Thus,
specimens prepared long before the development of mod-
ern biotechnology represent an immense archive of gene-
tic data. Because recovering DNA from such specimens
may entail the permanent loss of some preserved tissue,
however, most museums have explicit policies for destruc-
tive sampling, which weigh this loss against the potential
gain of information from genetic analysis.

Systematic Methods

INTRASPECIFIC VARIATION

Taxonomists and evolutionary biologists share a preoccu-
pation with the variation (polymorphism) found in natu-
ral populations. Indeed, a major component of the 20th-
century “Modern Synthesis” in evolutionary biology was
documentation that patterns of phenotypic variation in
natural populations are consistent with the predictions of
evolutionary theory (Dobzhansky 1937; Mayr 1942, 1963).
Evolutionary interpretation of such variation in turn pro-
vided a conceptual basis for modern taxonomy (Mayr 1969;
Simpson 1961). Methods for measuring genetic variation
became available in the 1960s (Harris 1966), and the data
they provided immediately reinvigorated discussion about
the roles of mutation, natural selection, and genetic drift
in determining levels of polymorphism (Kimura 1983;
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Lewontin 1974). Moreover, the development of molecular
population genetics provided new technological and ana-
lytical tools with which to study phenomena such as in-
breeding, migration, population subdivision, and effective
population size. Thus, interpreting patterns of intraspecific
variation is a central theme in modern mammalogy.

The study of phenotypic variation in mammals empha-
sizes interindividual, temporal, and spatial dimensions.
An especially significant form of interindividual variation
is sexual dimorphism, the possession of different pheno-
typic characteristics by males and females of the same spe-
cies. The most frequently studied morphological features
include body size and ornamental, secondary sex character-
istics. “Rensch’s rule” (see Rensch 1959) is the observation
that in species with males that are larger than females, sex-
ual size dimorphism (SSD) increases with increasing aver-
age body size; the inverse is true in groups with females
that are larger than males. This generalization has been
supported for some mammals (Lindenfors et al. 2007), but
not others (Astda 2010), especially when the correlation is
tested in a phylogenetic framework (Bidau and Martinez
2016). The relationship of SSD and body size may depend
on ecological (Noonan et al. 2016) or other factors (Marti-
nez and Bidau 2016) that differ among species or larger
taxonomic groups. Differentiation between the sexes is
thought to result from sexual selection, adaptation to dif-
ferent parental roles, or intersexual competition for food
(Derocher et al. 2005). Although most studies have focused
on dimorphic traits of the phenotype, some researchers
have begun to explore the underlying genetic bases for ana-
tomical, physiological, and behavioral differences between
the sexes (Rinn and Snyder 2005; Willmore et al. 2009).
Research on temporal variation is dominated by studies of
growth, particularly as it relates to postnatal development
and age-specific selection pressures (Wellbergen 2010).

Analyses of spatial variation in mammals focus on the
extent to which geographically separated populations are
taxonomically, genetically, or adaptationally distinct. It is
common for mammals of the same species to show differ-
ent characteristics in different portions of their range.
When geographically disjunct populations display different
traits, they are often recognized taxonomically as subspe-
cies. Subspecies differentiation may involve discrete mor-
phological (Sutton and Patterson 2000), morphometric
(Turvey et al. 2015), behavioral (Latour and Ganem 2017),
or genetic (Meredith et al. 2007) differences, or (most often
in recent years) a combination of these (Hafner and Smith
2010). Formal recognition of subspecies as units of biodi-
versity continues to play an important role in conservation
biology (Laguardia et al. 2017), though this taxonomic cat-
egory is not applied consistently across mammal groups
(Gippoliti and Amori 2007). In other cases, one or more
traits may show continuous variation along some geo-
graphic axis, thus forming a cline. Clines may be the result
of secondary contact between populations that diverged in
isolation, primary contact with a gradient of selection pres-

sures among populations along a transect, selection against
hybrid individuals from partially isolated populations, or
mixing (“diffusion”) of individuals from two currently iso-
lated populations. Genetic markers have greatly facilitated
the study of clines in mammals (Sutter et al. 2013).

The genetic distinctness of populations may provide in-
sights into current or historical levels of gene flow among
them. Allozymes, mtDNA, and microsatellite loci have been
extensively applied to such problems. Because it is often dif-
ficult to measure migration directly (e.g., by tagging indi-
viduals), geneticists use the frequencies and divergence of al-
leles to quantify levels of population subdivision, and from
these make inferences about gene flow. Commonly used
measures of population subdivision are Wright’s (1951) F sta-
tistics, correlation coefficients that partition allele-frequency
variation among three levels (total population, subdivisions,
and individuals within subdivisions) in a hierarchically struc-
tured population. One of these, Fr, is interpreted as the ge-
netic differentiation of subpopulations, with Fgp=0 indicat-
ing panmixia and Fgp=1 indicating complete isolation
(Hamilton 2009). In practice, values of Fq are usually inter-
mediate. Estimates of effective population size or effective
number of migrants are obtained by relating an observed Fg -
to its expectation under specific models of population struc-
ture, such as Wright’s (1940) “island model.” Conceptually
similar approaches have been formulated for use with DNA
sequences (Lynch and Crease 1990) and microsatellites
(Feldman et al. 1999). In addition to allele frequencies, these
data types include measures of sequence or repeat-length
differences between pairs of alleles. Partitioning sequence
and microsatellite variation among levels of a hierarchically
sampled geographic region has been termed “analysis of
molecular variance,” or AMOVA (Excoffier et al. 1992), and
is widely used in mammalogy to assess whether populations
are genetically distinct (Ojeda 2010). Other statistical meth-
ods, including those in Pritchard and colleagues’ (2000)
STRUCTURE software, also estimate the number of dis-
tinct populations represented by allelic data from individuals
(see application to walrus populations by Sonsthagen et al.
2012). Moreover, a plot of the frequency of haplotype pairs
showing increasing numbers of sequence differences—a
mismatch distribution (Rogers and Harpending 1992)—can
be used to infer whether individual populations have under-
gone expansions or bottlenecks in the recent past (Wisely
et al. 2008). Integration of molecular population genetics
with landscape ecology to address questions about how envi-
ronmental factors influence patterns of genetic variation has
given rise to the emerging discipline of landscape genetics
(Montgelard et al. 2014). Howell and coworkers (2017) used
this approach to document the influence of agricultural
landscape features on population structures of two species of
mice (Peromzyscus).

Evolutionary geneticists now frequently incorporate co-
alescent theory (Wakely 2006) into models of population
divergence, allowing more robust estimates of parameters
such as historical gene flow, effective population size, and



divergence time (Hey 2010). Coalescent theory is a probabi-
listic model framework for understanding how evolutionary
and demographic forces (e.g., genetic drift, gene flow, re-
combination, selection) affect the genealogy of homologous
DNA sequences (e.g., gene copies) in a population. By com-
paring observed relationships among alleles to their expec-
tations under a coalescent model, researchers can make in-
ferences about the evolutionary history of the population(s)
in which the alleles are evolving. Coalescent theory is also
having a significant impact on phylogeography and phyloge-
netic inference (see sections below and Chapter 3).

INTRASPECIFIC PHYLOGEOGRAPHY

Avise and colleagues (1987) coined the phrase intraspecific
phylogeography to denote study of the geographical dis-
tribution of genealogical lineages within species. Most ani-
mal phylogeography studies have employed mtDNA
because its unique properties are ideal for identifying ge-
nealogical lineages. Specifically, animal mtDNA is mater-
nally inherited, nonrecombining, and rapidly evolving;
thus, the mutation history of mtDNA haplotypes corre-
sponds to the genealogical relationship of the maternal
lineages within the species through which those haplotypes
are transmitted. Methods of phylogenetic inference (dis-
cussed in another section below) can be applied to haplo-
types associated with animals from specific localities, and
the gene tree obtained can be related back to the geo-
graphic origin of the animals. For example, Andersen and
Light (2012) obtained sequences of three mitochondrial
genes from 63 specimens of hispid pocket mouse (Chaeto-
dipus hispidus) sampled from across the range of the four
recognized subspecies in the central United States and
Mexico (Figure 2.15A). Phylogenetic analysis of these se-
quences revealed that haplotypes formed four clusters cor-
responding to populations separated by topographical dis-
persal barriers (Southern Coahuila filter-barrier, Deming
Plains, and Balcones Escarpment in Figure 2.15B). Inter-
estingly, the phylogeographic groups do not correspond to
morphologically defined subspecies. Although mtDNA is
still the most widely used marker for studies of mamma-
lian phylogeography, many recent investigations also uti-
lize nuclear DNA, including targeted autosomal (Bryja
etal. 2016) and sex-linked (Barbosa et al. 2016) sequences,
single nucleotide polymorphisms (SNPs) from across the
genome assayed by RADseq (Puckett et al. 2016), and mi-
crosatellite loci (Vonhof et al. 2016).

SPECIES BOUNDARIES

Recognition and naming of species has been a cornerstone
of taxonomy for centuries. Species are the units of biodi-
versity, the outer limits of population genetics, the constit-
uents of higher taxa, and the entities related by phylogeny.

Chapter 2 Methods for Studying Mammals

The processes by which new species arise from preexist-
ing species (speciation) has been the subject of intense
theoretical and empirical research since the time of Dar-
win (Seehausen et al. 2014). Ironically, even as our under-
standing of speciation mechanisms increases, biologists re-
main divided on the question of what constitutes a species.
The dispute centers on the value of different criteria for
defining the biological term “species” versus those used for
recognizing species in nature. The extremes of this argu-
ment were apparent in two early alternative species con-
cepts. Simpson (1951:289) defined an evolutionary species
as a “lineage (ancestral-descendant sequence of interbreed-
ing populations) evolving independently of others, with its
own unitary evolutionary role and tendencies.” This defi-
nition is theoretically well motivated, but entirely nonop-
erational. In contrast, the traditional morphospecies as de-
scribed by Cain (1954) is operational, in that species are
delimited by diagnostic morphological traits, but it has no
connection with evolutionary theory. Species concepts cur-
rently in use have more common ground with theory and
practice, but often conflict when applied to populations at
intermediate stages of speciation. The impossibility of pre-
dicting the outcome of incipient speciation led O’Hara
(1993) to suggest that no solution to this “species problem”
would be forthcoming. Nevertheless, the science of recog-
nizing species continues and is an integral part of system-
atic mammalogy.

The biological species concept (BSC) of Mayr
(1942) has long been popular in mammalogy. In this con-
cept, populations are considered distinct species when
they are reproductively isolated from one another. The
BSC is easiest to apply when two or more populations
occur in the same area but do not hybridize. It is more
problematic when limited hybridization takes place, and
entirely nonoperational when populations are geograph-
ically isolated. In applying the BSC, few studies directly
assess the extent of reproductive isolation. Rather, the
maintenance of diagnostic phenotypes in different popu-
lations is taken as evidence of a barrier to gene flow (i.e.,
a species boundary). Given the difficulties inherent in
applying the BSC, many taxonomists have recently ad-
vocated the phylogenetic species concept (PSC): “a
species is the smallest diagnosable cluster of individual
organisms within which there is a parental pattern of an-
cestry and descent” (Cracraft 1983:170). The PSC em-
phasizes diagnosability and common ancestry as criteria
for establishing a species boundary; the former has been
standard practice in systematics for centuries, but the
latter relies on a phylogenetic interpretation of character
variation. De Queiroz (2007) proposed a unified view
that treats species as evolving lineages and recognizes
the multiplicity of evidence that may be brought to bear
on their delimitation. This general lineage concept has
been widely embraced by researchers seeking to inte-
grate genetic data with other aspects of species recogni-
tion. Indeed, some taxonomists (e.g., Tautz et al. 2003)
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Figure 2.15 Intraspecific phylogeography. (A) Map of the central United States and Mexico showing the distribution of
morphologically defined subspecies of hispid pocket mouse (Chaetodipus hispidus). Numbers indicate collecting localities of genetic
samples. (B) Distribution of haplogroups identified by phylogenetic analysis of mtDNA sequences. Note that the boundaries of
haplogroups coincide more closely with topographic barriers to dispersal. Adapted from figures 1 and 5 of Andersen and Light (2012).

have argued that molecular markers are critical for thor-
ough documentation of species boundaries.

The widespread application of molecular methods in
mammalian systematics has had a profound effect on the
study of species boundaries during the past few decades.
Molecular markers can be used to assess directly the level
of gene flow among populations—information that is cru-
cial to application of the BSC. Phylogeographic analysis of
haplotypes from specific loci may reveal the extent to which
members of different populations are genealogically dis-
tinct, thus providing critical insight for use of the PSC.
Indeed, it is common to find morphological species de-
scriptions accompanied by phylogeographic analyses con-
firming the reciprocal monophyly of haplotypes from
species in the study group (i.e., all haplotypes recovered
from one species are more closely related to one another
than to those from any other species), although this is not

a necessary criterion (Knowles and Carstens 2007). The
past ten years have seen a proliferation of statistical “spe-
cies delimitation methods” that operate primarily on mo-
lecular sequence data (Carstens et al. 2013). These meth-
ods compare observed patterns of variation and inferred
relationships among haplotypes to expectations from mod-
els that include both inter- and intrapopulation diver-
gence. To give just one example, Liu and colleagues (2017)
applied the generalized mixed Yule coalescent (GMYC)
model of Pons and coworkers (2006) and the genealogical
sorting index (gs7) of Cummings and colleagues (2008) in
an mtDNA study of Chinese voles (Arvicolini). GMYC es-
timates the most likely point on a haplotype tree scaled to
time where branching rate switches from that predicted by
a speciation (Yule) model to that predicted by the coales-
cent model; haplotype clusters more recent than this time
point represent potential species. The gsi measures the ex-



tent to which haplotypes assigned to predefined groups
form exclusive clusters on an inferred tree, relative to a null
model formed by randomly assigning haplotypes to groups.
Using these methods in conjunction with morphological
data, Liu and colleagues (2017) described two new species
of Neodon voles from southwestern China. Recently, Freud-
enstein and coworkers (2017) found the general lineage
concept and exclusive use of molecular species delimitation
methods to be theoretically and practically inadequate and
argued instead for the centrality of phenotypic traits that
influence niche dimensions for defining species as mean-
ingful units of biodiversity.

Whichever concept is employed—and there are many
others (Hausdorf 2011)—the standard for describing new
species of mammals has been, and continues to be, diag-
nosis. Can we identify characteristics of individual organ-
isms that will allow us, with a high degree of confidence,
to assign those organisms to one group or another? Mam-
malogists adhere to the practice of designating type
specimens as described by the International Commission
on Zoological Nomenclature (1999). Most type specimens
are preserved carcasses, skins, skulls, skeletons, or other
anatomical remains in a museum collection. Under the
rules of nomenclature, the type is the “name bearing”
specimen and functions as a historical reference for the
Latin binomial used to denote a particular species. The
type concept has engendered a distinct format for species
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description (Winston 1999) that is widely followed by
mammalogists. Descriptions of new species are frequently
embedded in a taxonomic revision of some larger group,
such as a genus. In conducting a traditional revision, tax-
onomists examine as many specimens as possible from the
group under review and identify features that diagnose
each putative species. In addition, descriptive information
is provided that will assist in the identification of future
specimens. Thus, for example, when Woolley (2005) iden-
tified a new species of three-striped dasyure (Myoictis leu-
cura), the formal description included a summary of the
type material (i.e., relevant museum voucher-specimens),
geographic distribution of the new species, diagnostic
traits, description of other anatomical features, and a com-
parison of the new species to the three other recognized
species of Myoictis. Such thorough and careful description
helps ensure that species-level classification is as objective
and stable as possible.

PHYLOGENETIC INFERENCE

A phylogeny is a speciation history for some group of spe-
cies. Phylogenies are usually depicted as trees, on which
current species form terminal branches, ancestral species
are internal branches, speciation events are nodes, and the
common ancestor of all species under study is the root

Description of a new species of dasyurid marsupial, Myoictis leucura, by Woolley (2005)

In the original publication, the text below follows simi-
lar descriptions of three recognized species in the same
genus and is accompanied by photographs of study
skins, skull, and teeth from each species. Eleven key
characters serve to differentiate the four species.

Myoictis leucura n. sp.

e Type material. Holotype AM 17122. Skin and skull of
adult male. Collected in 1985 by K. Aplin at Agofia,
Mt. Sisa (Haliago), Papua New Guinea, 16°17'S
142°45’E, 650 m. The tip of the tail has been damaged
in preparation of the skin (white portion reduced in
length from 9 mm, when the specimen was first ex-
amined in spirit, to 5 mm on the prepared skin). Para-
type AM 18091, adult female in alcohol, skull ex-
tracted, collected in 1985 by K. Aplin at Namosado,
Mt. Sisa (Haliago), 06°142’S 142°47'E, 750-1,000 m.

e Distribution. Southern side of the central mountain
ranges in Papua New Guinea from Mt. Bosavi in the
west to Mt. Victoria/Vanapa R. in the east. Altitude
records range from 650 to 1,600 m.

e Diagnosis. Myoictis leucura differs from other spe-
cies of Myoictis in having a white-tipped tail with
long hairs on the top and sides of the tail, the hairs
decreasing in length towards the tip.

¢ Description. The external appearance of the holotype is
similar to the specimen shown in Fig. 3c [of the original
publication] except that the portion of the tail that is

white is shorter. The general coat colour is dark reddish
brown above, with brighter, reddish hairs between the
black dorsal stripes, and lighter below. The dorsal stripes
extend from behind the ears to the rump, and the me-
dian stripe extends forward on the head. Red auricular
patches are absent. The ears and feet are dark. The first
interdigital and thenar footpads are generally not
fused. Body dimensions can be found in Table 2 [of orig-
inal]. The posterior palatal foramina are large, and P; is
single rooted. Females have four nipples.

e Comparison with other species. Differences between
Myoictis leucura and other species are summarized in
Table 2 [of the original publication]. Myoictis leucura
can be distinguished from M. wallacei, M. wavicus, and
M. melas by the form of the tail. Myoictis leucura is
larger than M. wavicus but similar in size to M. wallacei
and M. melas with respect to mass, head-body length,
foot length, basicranial length and length of the
lower molar tooth row. The females of M. leucura
(and M. wavicus) differ from M. wallacei and M. melas
in having four rather than six nipples. Myoictis leucura
can be distinguished from M. melas by the larger size of
the posterior palatal foramina and by the presence of
the third premolar tooth. Myoictis leucura can be distin-
guished from both M. wallacei and M. melas by the up-
per premolar tooth row gradient, and from M. wallacei
in having a single rooted, as opposed to a double
rooted, lower third premolar tooth. Differences in coat
colour between the species are described earlier.
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Terminal branch:
a living or extinct
species for which
relationships have
been inferred

Node: a past
speciation event

Internal branch:
a hypothesized
ancestral species

Root: the most recent
common ancestor of
all species on the tree

Figure 2.16 The parts of a phylogenetic tree. Relation-
ships among four species of hominoid primates are depicted as
a tree, with the time dimension moving from bottom to top.
The degree of phylogenetic relationship among any set of
species is given by the relative age of their most recent
common ancestor. Monophyletic groups include an ancestral
species, all of its descendants, and nothing else. On this tree,
(bonobo + chimpanzee) and (bonobo + chimpanzee + human)
are examples of monophyletic groups.

(Figure 2.16). Every phylogeny implies a time dimension
in which the tips of terminal branches are closest to the
present and the root is farthest in the past. Understood in
this way, a phylogenetic tree illustrates that the measure
of evolutionary relationship for any two species is the
time elapsed since their most recent common ancestor: if
species A and B are more closely related to each other
than either is to C, this means precisely that A and B di-
verged from a common ancestor more recently than did A
and C or B and C. A group of species that includes a com-
mon ancestor, all of its descendants, and nothing else is a
monophyletic group, or clade. Two monophyletic
groups that are each other’s closest relatives are sister
groups. Phylogenetics is the research program that seeks
to reconstruct the “Tree of Life” (i.e., the phylogeny of all
species), though individual phylogenetic studies are much
smaller in scope. Mammalian phylogenetics has been con-
tentious for most of its history (see Chapter 3).
Phylogenetics became widely acknowledged as a distinct
branch of systematics following the publication of Hennig
(1966), though phylogenetic inference methods had begun
to be developed even before Hennig’s work (e.g., Edwards
and Cavalli-Sforza 1963). To estimate a phylogeny, system-
atists rely on evidence presented by the species whose re-
lationships are in question. This evidence consists of
characters—heritable features of organisms that vary

among species and, if interpreted in light of reasonable as-
sumptions about evolution, reveal patterns of common an-
cestry. Most methodological progress in phylogenetics
has involved the development of analytical tools to estimate
relationships from patterns of character variation. This is
now a vast and complex literature, of which we will discuss
only the most fundamental aspects.

Characters come in many forms, but the most frequently
studied are anatomical and molecular. An anatomical char-
acter may be any feature of the body of an organism that is
heritable, and descriptions of such characters are corre-
spondingly diverse. Molecular characters are ultimately
protein or DNA sequences, but variation in those sequences
has been assayed in many ways: presence of particular allo-
zymes or restriction sites, relative strength of antibody af-
finities for albumin proteins, thermal stability of artificially
hybridized DNA strands from different species, or (most
commonly now) direct comparison of amino acid or nucle-
otide sequences. It is significant that characters are selected
for phylogenetic analysis by investigators, usually because
they have desirable properties (e.g., heritability, variation)
for the phylogenetic problem at hand; not all characters are
equally useful. Variation is captured by descriptions of the
states of a character in different species. For example, Wroe
and coworkers (2000) found two states for the character
“shape of upper incisors” in dasyuromorphian marsupials:
“peg-shaped” and “spatulate.” Typically, each species pos-
sesses a single state of each character, but sometimes re-
searchers include polymorphic characters (i.e., those that
show more than one state in some species).

Perhaps the most critical consideration in selecting a
character for phylogenetic analysis is that it be homolo-
gous among the species studied. A homologous character
is one that species share by inheritance from a common an-
cestor that also possessed it. For example, “wings” are ho-
mologous among bats because bats are descended from a
common ancestor that had wings. “Tusks” are not homol-
ogous between elephants and walruses: elephant tusks are
incisors, walrus tusks are canines, and the most recent
common ancestor of elephants and walruses had neither.
Variation in the form of wings among bats might reveal
something about their phylogeny, but the form of tusks in
elephants and walruses has no bearing on their relationship
to one another. Homology of molecular characters must be
considered at two levels, the locus and the site. For exam-
ple, mammalogists have made extensive use of cytochrome
b gene sequences, but always on the assumption that spe-
cies share cytochrome & genes because their common an-
cestor had one. This is reasonable for loci that have not
been duplicated in the genome. Thus, sequences of myoglo-
bin (an oxygen-binding protein in muscle cells) should not
be compared with sequences of hemoglobin (oxygen-
binding proteins in blood cells) for reconstructing phy-
logeny: myoglobin and hemoglobin are related by a gene
duplication that predates the diversification of mammals
(Hardison 2005). Even when comparing homologous loci,



the homology of individual sites is a crucial consideration.
Is position 1143 in the cytochrome / gene of the Virginia
opossum (Didelphis virginiana) homologous to position
1143 in the Norway rat (Rastus norvegicus)? When sequences
differ in length due to insertions or deletions in their evo-
lutionary history, site homology may be difficult to assess.
Making this assessment is the goal of sequence alignment
(DeSalle and Rosenfeld 2013).

Unfortunately, it is often impossible to know that a par-
ticular character is homologous across all species in a
group unless one already knows something about phylog-
eny. For example, Pettigrew (1986) argued that megachi-
ropteran bats are more closely related to primates than to
microchiropterans. If this hypothesis were true, wings
would not be homologous across the two bat clades and
would instead have arisen by convergent evolution from
separate ancestors. Thus, assumptions about character ho-
mology are really hypotheses that may be, to some extent,
tested by phylogenetic analysis. Hennig (1966:206) insight-
fully referred to the relationship between hypotheses of
homology and phylogeny as “reciprocal illumination.” A
mistaken hypothesis of homology, in which similar derived
states are shared by species due to convergent evolution, is
called homoplasy.

A second critical feature of characters selected for
phylogenetic analysis is that they be independent of one an-
other, such that patterns of covariation among species can
legitimately be attributed to co-ancestry rather than other
causes. Characters may be correlated for several reasons.
For example, “3rd premolar=present or absent” and
“3rd premolar size =large or small” are logically correlated
characters: premolars are necessarily present if they are also
small. Some characters may be functionally correlated: glid-
ing locomotion occurs in mammals such as colugos and
flying squirrels that have a patagium (a flap of skin that
stretches from wrists to ankles). Characters may be struc-
turally correlated. Ribosomal RNA sequences maintain
their secondary structure by complementary base-pairing
of nucleotides in stem regions: an “A” at one stem position
necessitates a “’I"” at the complementary position elsewhere
in the sequence (Knies et al. 2008). Characters may be de-
velopmentally correlated: levels of the cell signaling protein
ectodysplasin during embryonic development affect the
number and shape of cusps on mouse molars (Kangas et al.
2004). Although character correlation is seldom an all-or-
nothing relationship, systematists try to select characters
that are not tightly correlated.

In addition to the problem of selecting characters, sys-
tematists must usually choose which species to include in
a phylogenetic study, a consideration called taxon sam-
pling. Suppose we wish to study relationships among five
species in a genus that is known to be monophyletic. In this
situation, exhaustive sampling is probably feasible—that is,
we can include all species in our study. Exhaustive sampling
may be infeasible for more diverse groups, particularly in
molecular studies for which fresh tissue is required, and in
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these cases investigators employ exemplars—species that
represent known or suspected clades within a larger taxon
of interest. For example, a study of interordinal relation-
ships among marsupials might use one or more species
from each of the seven living, monophyletic orders. As with
any sampling scheme, phylogenetic accuracy increases with
denser taxon sampling; the use of exemplars represents a
trade-off between feasibility and thoroughness. A further
consideration in taxon sampling is choice of outgroups,
species that are clearly not part of the group under study
(the “ingroup”) but are closely related enough that their po-
sition on an estimated phylogeny serves to locate the in-
group root or helps to infer the primitive states of ingroup
characters (Smith 1994).

Once appropriate sets of taxa and characters have been
identified and all states determined, the results are assem-
bled into a data matrix in which species define rows, char-
acters define columns, and states are the cell values. For mo-
lecular sequences, the data matrix is an alignment. From
this point, phylogenetic analysis can take several different
directions. The most fundamental distinction among
methods currently in use is model-based versus model-
free approaches. Model-based procedures are explicitly
statistical and include additive-distance, maximum-
likelihood, Bayesian, and species-tree methods (Yang 2014).
Each relies on a probabilistic model of evolution that speci-
fies relative rates of change among the states of characters,
and perhaps sets other constraints on character evolution.
Model-based methods are most often applied to molecular
sequences because alignments represent relatively large
numbers of characters with regularities in their substitution
patterns. For just one example, transition substitutions (A-G
and C-T) occur at measurably higher rates than transver-
sion substitutions (all other pairs) in animal mtDNA (Moritz
et al. 1987); this pattern can be incorporated into a model
that informs our choice of a phylogeny. Molecular system-
atists expend considerable effort identifying models that ac-
curately and economically apply to particular data sets
(Posada 2009). The computational requirements of model-
based analyses are considerable, but are facilitated by soft-
ware packages such as PAUP* (Swofford 2002), MEGA
(Tamura etal. 2013), RAxML (Stamatakis 2014), MRBAYES
(Ronquist et al. 2012), and STAR (Liu et al. 2009).

The most widely used model-free approach to phyloge-
netic inference is parsimony, the principle that the best es-
timate of phylogeny from a particular data matrix is that
which requires the fewest character-state changes. Al-
though its methodological underpinnings have been in-
tensely debated (Farris 1983; Felsenstein 2004; Sober 1988),
parsimony is the dominant analytical framework for mor-
phological characters and is employed with molecular data
as well. Parsimony analysis of anatomical traits is some-
times combined with character analysis of the sort cham-
pioned by Hennig (1966). Typically, uninformative
characters—those that require the same number of state
changes on all possible trees—are excluded from a data
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matrix. Investigators may use fossil, outgroup, or develop-
mental data to decide which state of a character is phyloge-
netically primitive (ancestral) for the ingroup (i.e., they
may polarize the states). In some cases, a stepwise series of
evolutionary transformations between states can be in-
ferred and the states ordered for phylogenetic analysis.
Researchers may decide that some characters are less prone
to homoplasy than others, and therefore apply differen-
tial weights across columns of the data matrix. Polariza-
tion, ordering, and weighting use a priori hypotheses
about character evolution to constrain the search for a
minimum-length tree. However, character hypotheses
are often difficult to defend and many investigators per-
form unpolarized, unordered, and uniformly weighted
parsimony analyses. This is especially true, if not univer-
sally appropriate, for parsimony analyses of molecular se-
quence data (Cracraft and Helm-Bychowski 1991).

Obtaining an optimal phylogeny for a particular data
matrix under any of the above criteria is not the end of
phylogenetic inference. Investigators want to know how
much better the best tree is than other trees, or how much
support the data provide for specific groups on the optimal
tree. There are several ways to make a statistical assessment
of whether the difference in optimality scores between al-
ternative trees is significant (Felsenstein 2004). Such tree-
comparison tests allow researchers to decide whether an a
priori hypothesis of phylogeny is consistent with a partic-
ular data matrix, even if it does not match the optimal tree
for that matrix. The most widely used method of assessing
support for individual branches on an optimal tree is boot-
strapping (Felsenstein 1985a). Characters are resampled
with replacement from the original data matrix to create
many pseudoreplicate matrices and an optimal tree is ob-
tained for each. This process mimics the sampling of new
characters that have the same properties as the ones actu-
ally sampled and thus approximates the level of character-
sampling error inherent in the original data. The frequency
with which a particular clade on the optimal tree appears
among pseudoreplicates is a measure of that clade’s support
by the original data. Trees estimated with Bayesian meth-
ods include “posterior probability” values for each clade,
which reflect the frequency with which those clades were
recovered as optimal during the tree-sampling process
(Yang and Ranala 2012). Groups that appear on an esti-
mated tree, but are poorly resolved, must be viewed with
caution.

CLASSIFICATION

Since the time of Linneaus, biologists have grouped spe-
cies into progressively more inclusive categories to pro-
duce hierarchical classifications. Thus, Mammalia is one
of several groups within Chordata, Rodentia is one of
several groups within Mammalia, Cricetidae is one of
several groups within Rodentia, Cricetus is one of several

groups within Cricetidae, and Cricetus cricetus (the com-
mon hamster) is one of several species within Cricerus. Al-
though the concept of hierarchical classification is almost
universally accepted by systematists, the criteria used to
place groups within groups have been extremely contro-
versial. Perhaps the strongest argument in Hennig’s
(1966) foundational work is that biological classifications
should exclusively reflect phylogeny. In other words, only
monophyletic groups should be recognized (i.e., named). For
most of the history of biological taxonomy, such a tenet
was impractical because detailed phylogenies were un-
known. “Evolutionary” classifications (Simpson 1961),
developed after Darwin, emphasized groups delineated
by shared anatomical adaptations, whether those adapta-
tions involved primitive or derived characters (but to the
exclusion of convergent ones). However, after robust
methods of phylogenetic inference began to be developed
in the 1960s, Hennig’s call for a phylogenetic classifica-
tion gained many adherents and is currently advocated
by most practicing taxonomists.

Unfortunately, most major taxonomic groups (includ-
ing those of mammals) were named long before Hennig,
and many such names have attained the status of tradi-
tion. Moreover, the difficulty in applying monophyly as a
criterion for classification is that our understanding of
phylogeny, though far more advanced than it was a century
ago, is still undergoing revision. Sometimes traditional
and phylogenetic groups coincide, as in the case of bats
(Chiroptera), primates (Primates), or rabbits (Lagomor-
pha). In other cases, relationships have become sufficiently
established that phylogenetic groups have supplanted or
restricted traditional ones. Thus, mammalogists no lon-
ger use “Insectivora” to denote a group that includes tree
shrews. The latter are recognized as a major clade (Scan-
dentia) more closely related to primates than to ordinary
shrews. When phylogenetic results conflict, classificatory
issues become contentious. Such was the case for whales
and dolphins versus even-toed ungulates: morphological
evidence (Novacek 1992) favored treating these as sister
groups (Cetacea and Artiodactyla, respectively), whereas
molecular data (Zhou et al. 2011) support inclusion of the
former within the latter (giving a single group,
Cetartiodactyla—see Chapters 19 and 20). In any event,
the stability of classification is now tied to progress in
phylogenetic reconstruction: as the tree of life takes on a
more definite shape, so too will the names applied to its
branches.

ESTIMATING DIVERGENCE TIMES

Systematists have long been interested in knowing the ab-
solute ages of evolutionary events. For example, how long
ago did metatherian mammals (marsupials and their fossil
relatives) branch off from the lineage leading to eutheri-
ans (placental mammals and their fossil relatives)? For
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Figure 2.17 Fossil first occurrences and divergence dates of sister groups Metatheria and Eutheria. From 2003 to 2011,
the oldest metatherian and eutherian fossils known were Sinodelphys and Eomaia from the Early Cretaceous, which suggested that
the two lineages diverged at least 125 mya. In 2011, discovery of Juramaia, a fossil eutherian from the Late Jurassic, extended the
minimum divergence date of both lineages to 165 mya. The tan line indicates extension of the eutherian fossil record; the dashed line

shows the interval during which metatherians form a ghost lineage.

much of the history of mammalogy, answering such ques-
tions has been the province of paleontology. Fossils pro-
vide direct evidence that members of specific groups ex-
isted at specific times in the past. Two considerations are
critical for interpreting fossil evidence of divergence time:
(1) the cladogenic event must be defined by phylogenetic
analysis; and (2) the age of the oldest fossils represent a 7zin-
imum estimate of divergence time—that is, the lineages
may have diverged earlier, but left no fossils or only fossils
that have yet to be discovered. For nearly a decade, the old-
est known metatherian and eutherian fossils—Sinodelphys
(Luo etal. 2003) and Eomaia (Ji et al. 2002), respectively—
were contemporaries from the Early Cretaceous Yixian
Formation in Liaoning Province, China, approximately
125 million years old. But this date would tell us little about
the divergence time of metatherians and eutherians if we
did not consider them sister groups, or if we could not place
Sinodephys within Metatheria and Eomaia within Eutheria.
The latter assignment has in fact been questioned by
O’Leary and colleagues (2013), though it remains widely
accepted (see Meng 2014). But note how phylogenetic un-
certainty limits the relevance of a fossil age for estimating
divergence time. In any case, assuming the two lineages
were distinct by the Early Cretaceous, their actual diver-
gence must be somewhat older.

This picture changed when Luo and coworkers (2011)
described the eutherian Furamaia from Late Jurassic depos-
its in Liaoning, thereby extending the age of eutherians to
some 160 mya (Figure 2.17). Again, phylogeny gives the
framework for interpreting first-occurrence fossils. Given
that metatherians and eutherians are sister-groups, both
lineages existed (by definition) after their separation from
a common ancestor. Thus, the oldest fossils representing
either lineage provide a minimum divergence date for both.
Although fossil metatherians do not appear until the Early
Cretaceous, the metatherian lineage must have been pre-
sent at least since the Late Jurassic; from the Late Jurassic

Cretaceous
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Figure 2.18 The fossil record of platypuses. Confidence
intervals are shown for the pre-1985 stratigraphic range of
platypus fossils. The arrow shows the stratigraphic level of
Steropodon, an Australian platypus fossil described in 1985.
Adapted from Marshall (1990).

to the Early Cretaceous, metatherians are a ghost lineage
(an evolutionary lineage inferred to exist but which has no
fossil record; Norrell 1992).

Fossil first-occurrences provide point estimates of di-
vergence times that are likely to be underestimates due to
the existence of lineages prior to their oldest fossils. Pale-
ontologists have attempted to obtain more meaningful
interval estimates by modeling the fossil record as the
outcome of a stochastic process such that the times (or
stratigraphic levels) at which fossils occur are randomly
distributed (Marshall 1990). This approach allows one to
calculate a confidence interval for the stratigraphic range
of a lineage. Depending on the model employed and the
distribution of actual fossil horizons, a 95% or 99% confi-
dence interval on a lineage’s duration may indicate that
the lineage could be much older than its oldest fossils.
Prior to 1985, the monotreme fossil record consisted of
three localities from the Pleistocene and Middle Miocene,
but Marshall (1990) noted that an estimated 99% confi-
dence interval on this range extended back to the Late Ju-
rassic (Figure 2.18). Steropodon, a fossil platypus from the
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Cretaceous of Australia discovered by Archer and col-
leagues (1985), fell squarely within this interval and ex-
tended the minimum age of monotremes by over 80
million years. The examples of Furamaia and Steropodon
illustrate the pitfalls of a too-literal reading of the fossil
record in estimating divergence times.

The advent of molecular data in phylogenetics brought
with it the possibility of estimating temporal divergence
from sequence divergence. Zuckerkandl and Pauling (1965)
first proposed the existence of a molecular clock, such that
the rate of sequence evolution is roughly the same for any
given protein in all lineages. Many studies have evaluated
the molecular clock for different kinds of molecular data,
different loci, different groups of organisms, and different
models of evolution (Lanfear et al. 2010). The almost
universal realization has been that there is considerable
variation in the rate of sequence evolution among loci and
lineages, although there are examples of local clocks, or
loci that show roughly uniform rates of change within a
particular group of closely related species. In these cases,
researchers have applied molecular-clock dating to ob-
tain estimates of divergence times.

If a local clock can be documented, we can calculate
divergence times if we know the divergence rate. For ex-
ample, if sequences diverge at 2% of their sites per million
years (my), sequences that are 10% different must have
separated from a common ancestor 10% / (2%/my)=>5
mya. Of course, the divergence rate is never known and
must be estimated, usually by calibration of observed se-
quence differences against some independently estimated
divergence date. Calibration points are most often ob-
tained from the fossil record or past geographic events

SUMMARY

(e.g., continental separations) that can be stratigraphically
or radiometrically dated. This simple logic has been justly
criticized on numerous methodological grounds (e.g.,
Graur and Martin 2004), but has nonetheless produced
many reasonable (if approximate) timescales for phyloge-
nies of closely related species (e.g., Krajewski et al. 2000;
Mercer and Roth 2003).

At deeper phylogenetic levels, the compound sources
of error in molecular-clock estimates become much more
problematic. For a given locus, rates of change usually are
not uniform among branches of the phylogenetic tree and
sometimes are not constant over time within branches of
the tree. Moreover, the fossil record may be so poor that
few reliable calibration points can be obtained. In the
face of such complications, modern analytical methods
for sequence data allow divergence times to be estimated,
along with confidence intervals (Kumar and Hedges
2016). Such relaxed clock methods include the penalized
likelihood approach of Sanderson (2002) and the Bayes-
ian approaches of Thorne and Kishino (2002), Drum-
mond and colleagues (2006), and Yang and Rannala (20006).
The latter employ probabilistic models of changing evolu-
tionary rates over a phylogeny (rather than assuming a
uniform constant rate) and use fossil or other constraints
on specific divergence times (rather than as fixed calibra-
tion points). Tamura and colleagues (2012) proposed a con-
ceptually distinct and computationally efficient method
for statistical estimation of divergence times on molecular
phylogenies without using a model of lineage-specific rate
variation. We will discuss the application of some of these
methods to the diversification of mammal orders in
Chapter 3.

e Research in mammalogy relies on many specific techniques
for studying mammals in the field or laboratory, assembling
and studying preserved specimens, and analyzing data
obtained to address hypotheses about evolution and ecology.
A background in statistics and experimental design is
essential for modern mammalogists.

e Mammals are captured in the field using techniques
adapted for the size of the mammal and the purpose of
collection. Small and intermediate-sized terrestrial species are
taken in live traps or kill traps placed on the ground and checked
regularly. Large terrestrial mammals may be anesthetized with
dart guns, trapped with nets, or herded into enclosures. Bats are
most frequently captured with mist nets. Mammalogists follow
standard procedures for the safe and humane treatment of wild
animals in the field and in captive settings.

e Individuals of large, active species may be identified in the
field by characteristics such as size, coloration, or behavior
patterns. Smaller, more cryptic mammals are identified with
tags, collars, dyes, fur shavings, toe clips, ear notches, and
radioisotopes.

® The movements of mammals in the field can be monitored
by physical tracking procedures or with radio signals.
Passive integrated transponder (PIT) tags, which are small
devices usually implanted beneath the skin, transmit a
unique code when excited by the electronic field of a
reader. Radiotelemetry uses radio transmitters attached to
animals, the signals of which are detected with antennae
connected to receivers; the animal’s location is determined
by triangulation after taking fixes from two or more
locations. The Global Positioning System (GPS) allows



animals fitted with GPS collars to be located by satellite.
Analyses of animal movement and habitat use have been
greatly facilitated by the development of computer geo-
graphic information systems (GIS). Geographic data can be
integrated with mark-recapture studies to estimate popula-
tion size, home-range size, and other life-history traits.
Such analyses are enhanced by statistical modeling of the
trapping process.

The behavior of wild mammals is most often studied by direct
observation or video recording. Given a hypothesis about
behavior, researchers perform observational sampling by
noting the occurrence of behavioral states or events in the
animals under appropriate conditions. The most general
observational sampling techniques are focal animal and scan
sampling.

In mammalogy, physiology research focuses on whole-
organism analyses of nutrition, metabolism, reproduction,
and other aspects of organ and tissue function. Nutritional
requirements vary among species and are usually assessed
by dietary preferences, which in turn are assessed by direct
observation of feeding, stomach content analysis, or scat
analysis. The nutritional condition of mammals reflects the
extent to which their nutritional requirements are being
met. Basal (resting) metabolic rate (BMR) is negatively
correlated with body size. Field metabolic rates (FMRs),
characteristic of mammals engaging in normal activities, are
measured with doubly labeled water and show more
variation than BMRs. Depending on the species, the
reproductive condition of males can be determined by
descended testes, spermatorrhea, or sperm counts. Female
estrus is indicated by behavioral changes, cornified vaginal
epithelium cells, or surgical examination. Levels of reproduc-
tive hormones in both sexes can be monitored with immu-
nological assays.

Stable isotope analysis can be used to study the diets, habitat
preferences, and movements of wild mammals. This method
exploits the different isotopic ratios of carbon, nitrogen,
phosphorus and other common atoms in mammal tissue that
result from varying environmental sources and fractionation
processes.

Molecular markers have become important tools for
studying mammalian evolution and ecology. The number
and morphology of chromosomes within a mammalian cell
is its karyotype. Protein electrophoresis allows researchers
to determine the genotype of many individuals at many
enzyme loci with relative ease, thereby providing insight
on levels of genetic variation in populations. The poly-
merase chain reaction (PCR) enables researchers to assay
DNA sequence variation without in vivo cloning, and DNA
markers are currently the most widely employed tool in
mammalian evolutionary genetics. Microsatellites are
regions of DNA in which short sequences (1-4 bases) occur
as tandem repeats. Their high mutation rate generates
variation in repeat number among individuals, making them
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extremely useful for population genetics. Technological
advances have made it possible to obtain DNA sequences
from a wide range of sources quickly and easily. Mitochon-
drial DNA (mtDNA) is the most frequently studied sequence
in mammalogy, principally due to its haploid, nonrecombin-
ing, and maternally transmitted mode of inheritance.
However, mtDNA is most informative for closely related
taxa, and mammalogists have turned to the nuclear
genome to address a broader range of evolutionary
questions.

Systematic collections of museum specimens are central to
the study of mammalian diversity. Museum specimens include
study skins, skulls, skeletons, spirit-preserved carcasses,
fossils, tissue specimens, and DNA samples. Curation of such
collections includes maintaining an accurate and accessible
database as well as the specimens themselves. Museum
specimens form the basis of regional biotic surveys and
research in comparative anatomy, systematics, morphomet-
rics, and evolutionary genetics.

The study of intraspecific variation in mammals includes
sexual dimorphism, growth, and population subdivision. In
the latter, molecular markers play important roles in
assessing gene flow, effective population size, and geo-
graphic structuring of genetic variation. Intraspecific
phylogeography is the study of genealogical and geographi-
cal relationships among lineages within a species, often with
a view to understanding the history of population
subdivision.

Like other biologists, mammalogists have struggled to
formulate a coherent and operational definition of species.
While several definitions are current, all of them emphasize
the ability to diagnose species by heritable characteristics.
Mammalogists adhere to the practice of designating type
specimens and follow the rules of the International Code of
Zoological Nomenclature in giving formal names to species
and higher taxa. Species descriptions and analyses of species
boundaries are specimen-based undertakings that, in
mammalogy, have come to rely heavily on the use of molecu-
lar information.

The goal of phylogenetics is to reconstruct precise evolu-
tionary relationships among species using the evidence
provided by characters. Characters are selected for phyloge-
netic analysis on the basis of homology, levels of variation,
and independence. Modern phylogenetic inference methods
are model-based (e.g., maximum likelihood, Bayesian
analysis) or model-free (e.g., parsimony) and include some
measure of support for individual clades. Phylogeny is the
primary basis for supraspecific classification, though
uncertainty about some mammalian relationships has
produced disagreement about the composition of taxo-
nomic groups. Statistical analyses of the fossil record and
molecular sequence divergence can provide reasonable
estimates of divergence times on a phylogeny, though
confidence intervals on these estimates may be quite large.
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1. Suppose you must determine which species of mam-
mals occur in a 10-hectare plot, along with estimates
of the relative abundance of each species. The plot
includes a variety of habitat types such as forest,
brush, and open grassy areas. Outline a proposal for
this research project, noting which methods described
in this chapter would be most helpful. How would
published works or reference collections facilitate
your study?

2. As a result of the survey you performed in the previous
question, you discover some mice that you cannot
identify and you suspect they represent a new species
(i.e., one that has not yet been formally described).
What steps would you take to determine whether this
is true?

3. Suppose the mice you discovered in Question 2 do
represent a new species, which you describe and
include in a genus that contains nine other species, all
of which are relatively common but have disjunct
ranges scattered across your continent. No phylogeny

of this genus has ever been suggested, and your
university invites you to prepare a proposal to obtain
such a phylogeny. What are the major activities that
this project will entail? What logistic and financial
considerations are relevant?

4. Many species of mammals are currently endangered,

facing the very real possibility of extinction, often
due to destruction of their habitat by human activi-
ties. What, if any, special considerations should be
given to studying endangered species with the
methods described in this chapter? Make a series of
general policy recommendations.

5. You are asked to develop a general activity time

budget for pronghorn antelope (Antilocapra ameri-
cana) living at several sites in northern Colorado.
Describe the methods you might use to conduct such
a study. What problems might be encountered? What
measures could you adopt to resolve those
difficulties?
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SIMPSON’S CLASSIFICATION OF MAMMALS

The comprehensive classification of mammals put forward by Simpson
(1945) is a landmark in the history of mammalogy. Critically synthesiz-
ing and building upon generations of taxonomic work by previous
authors—some pre-evolutionary or speculative, some grounded in evi-
dence and careful reasoning—Simpson’s scheme (Table 3.1) exerts a
strong influence on our thinking about mammalian diversity to this day.
Although much of mammalian classification has changed as a result of
subsequent research, many of Simpson’s groups and the names he as-
signed them remain integral to the vocabulary of vertebrate systematics.
Here we focus on the identity and groupings of living mammalian orders
(information on intraordinal classification is provided in Chapters 10—
21). Understanding the historical development of mammal ordinal clas-
sification from Simpson to the present day (Table 10.1) illustrates the
ineluctable connection between taxonomy and phylogeny, the trans-
forming influence of phylogenetic methodology, the illuminating power
of fossil discoveries, and the breakthroughs of molecular systematics.
George Gaylord Simpson (1902-1984) was an American paleontolo-
gist and among the most influential evolutionary biologists of the
20th century. Along with Ernst Mayr, Theodosius Dobzhansky,
G. Ledyard Stebbins, and others, he was an architect of the “New Syn-
thesis” in evolutionary biology— the integration of population genetics
theory with natural history data to form a comprehensive, explanatory
model of the evolutionary process. His classification of mammals was
only one of many significant works. In addition to classic evolutionary
writings, he provided a textbook of systematic zoology (Simpson 1961)
that formalized many of the principles underlying his classification of
mammals. Along with Mayr and others (e.g., Mayr et al. 1953), Simpson
was a champion of what came to be known as “evolutionary taxonomy,”



Table 3.1 Simpson’s (1945) classification of
living mammalian orders

Class Mammalia

Subclass Prototheria
Order Monotremata (platypus, echidna)
Subclass Theria
Infraclass Metatheria
Order Marsupialia (marsupials)
Infraclass Eutheria
Cohort Unguiculata
Order Insectivora (hedgehogs, shrews, moles, tenrecs,
golden moles, solenodons, elphant shrews, tree shrews)
Order Dermoptera (flying lemurs)
Order Primates (prosimians, monkeys, apes)
Order Chiroptera (bats)
Order Edentata (sloths, anteaters, armadillos)
Order Pholidota (pangolins)
Cohort Glires
Order Rodentia (rodents)
Order Lagomorpha (rabbits, hares, pikas)
Cohort Mutica
Order Cetacea (whales, dolphins, porpoises)
Cohort Ferungulata
Superorder Ferae
Order Carnivora (dogs, cats, pinnipeds)
Superorder Protoungulata
Order Tubulidentata (aardvarks)
Superorder Paenungulata
Order Proboscidea (elephants)
Order Hyracoidea (hyraxes)
Order Sirenia (manatees, dugongs)
Superorder Mesaxonia
Order Perissodactyla (horses, tapirs, rhinoceroses)
Superorder Paraxonia
Order Artiodactyla (cattle, deer, camels, hippos, pigs,
pecarries, tragulids, giraffes, pronghorns)

a systematic philosophy holding that classification should
reflect phylogeny and shared adaptations (Ridley 1986).
This is distinct from the dictum of phylogenetic system-
atists (Chapter 2) that classification should reflect phylog-
eny alone. Although modern systematics embraces the lat-
ter position, Simpson’s classification of mammals is very
much a work of evolutionary taxonomy. Specifically, the
classification admits the possibility that some groups are
paraphyletic (i.e., constituted by some but not all descen-
dants of a single common ancestor, often characterized by
shared primitive characters). Admittedly paraphyletic
orders, such as “Insectivora,” were certain to be reclassi-
fied by phylogenetic systematists as knowledge of evolu-
tionary relationships improved. Others that seemed
monophyletic, such as Artiodactyla, have been seriously
challenged by molecular or other data. Most of Simp-
son’s orders, as we will see, have survived decades of sub-
sequent research and are now recognized as monophy-
letic groups (Table 10.1). The same cannot be said of his
supraordinal groups.

In the sections that follow, we explore the basis for cur-
rent departures from Simpson’s classification, as well as
some provocative challenges to it that ultimately failed.
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Such a review, constrained to just a few pages, is possible
largely because Simpson’s (1945) monograph so thoroughly
summarized the character evidence and arguments of pre-
vious taxonomists (Szalay 1999).

MONOTREMES AND PROTOTHERIA

Species of platypus and echidna are highly distinct from
other mammals. Their egg-laying reproductive mode and
other unusual characteristics (Chapter 10) are a mixture of
primitive and specialized conditions (Hand 2006), though
derived features of their nasal and frontal bones have been
considered indicative of monophyly (Augee 1983). More
problematic has been the “Subclass Prototheria” and the
relationships of monotremes to other living mammals. Al-
though Simpson (1945) restricted Prototheria to mono-
tremes, the larger taxon has been thought by others to
include fossil groups such as triconodonts, docodonts, and
multituberculates (Rose 2006). Evidence for this view was
discredited by Kemp (1983), and subsequent paleontologists
have struggled to place monotremes reliably among extinct
mammal clades. Luo and coworkers (2001) suggested that
monotremes form an ancient clade (Australosphenida) with
two Cretaceous genera from the Southern Hemisphere,
deeply divergent from therian mammals and implying par-
allel origins of tribosphenic molars (see Chapter 4). Thus
it is not clear at present which nonmonotreme taxa, if any,
should be considered prototherians.

This situation was complicated by Janke and colleagues
(1996 and subsequent papers), who recovered a phylogene-
tic tree from mitochondrial genomes, which suggested that
monotremes and marsupials are sister groups apart from
eutherians. This relationship was first posited by Gregory
(1947), whose “palimpsest theory” united monotremes and
marsupials in a clade he called “Marsupionta.” If correct,
the theory would imply that the many derived traits shared
by therian mammals (marsupials and placentals) are con-
vergent rather than homologous. The ensuing controversy
prompted Kirsch and Mayer (1998), whose DNA hybrid-
ization study also favored Marsupionta, to review the ana-
tomical evidence for mammalian subclasses and conclude
that the case for therian monophyly was in fact equivocal.
They argued, for example, that the reproductive systems
of marsupials and placentals are so distinct that “live birth”
in the two groups cannot be considered a homologous
character. This uncomfortable situation persisted even
as contradictory (but inconclusive) molecular evidence
mounted, until van Rheede and colleagues (2006), Kullberg
and coworkers (2008), and Hutley (2009) presented large
DNA-sequence data sets from nuclear protein-coding
genes, which strongly rejected Marsupionta in favor of
Theria. Whether the initial mitochondrial and DNA hy-
bridization results were idiosyncratic or based on insuffi-
cient data for such ancient divergences, the molecular Mar-
supionta episode seems to have resolved itself in support
of Simpson’s (1945) arrangement. Even so, it encouraged a
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valuable reassessment of traditional phenotypic characters
that has enriched our understanding of early mammalian
evolution.

MARSUPIALS

There has been little debate in recent decades that living
marsupials constitute a monophyletic group. However, tax-
onomists after Ride (1964) have rejected Simpson’s (1945)
“lumping” of all marsupials into a single order. The seven
living orders recognized today are those of Aplin and Ar-
cher (1987) and include several groups that were referred
by Simpson to lower ranks—e.g., the current Order Pera-
melemorphia (bandicoots) corresponds to Simpson’s
Superfamily Perameloidea. Much more significant is our
improved understanding of how these orders are related.

Marsupial evolution has long been considered a biogeo-
graphic puzzle involving dispersal or vicariance among
southern continents (Chapter 10), but the exact phyloge-
netic relationship of American and Australiasian taxa was
unclear. Are either or both of these groups monophyletic?
A breakthrough on this question came when Szalay (1982)
showed that the American order Microbiotheria (today rep-
resented by one species of Dromiciops; Starez-Villota et al.
2018) shares derived features of its ankle joint with Aus-
tralasian marsupials. This stimulated a reappraisal of
other anatomical and cytological evidence such that Aplin
and Archer (1987) recognized Szalay’s cohorts Ameridel-
phia (didelphimorphs and paucituberculates) and Australi-
delphia (microbiotheres and Australasian orders) as mono-
phyletic sister groups. Subsequent molecular studies
consistently supported the monophyly of Australidelphia,
though placement of microbiotheres within that clade
proved elusive until Amrine-Madsen and coworkers (2003).
Using sequences of five nuclear genes, these authors re-
solved Dromiciops as sister to a clade of all living Austral-
asian orders, a result that has persisted through the most
recent molecular analyses of marsupials (Meredith et al.
2008; Mitchell et al. 2014). Support for Ameridelphia, on
the other hand, has waned. Aplin and Archer (1987) cited
a single key character—epididymal sperm-pairing—as
linking didelphimorphs and paucituberculates. Molecular
studies, however, generally fail to unite the two orders, and
instead place the root of Marsupialia between them (e.g.,
Meredith et al. 2008; Mitchell et al. 2014). Moreover,
sperm-pairing appears to be different in the two groups—
side by side in didelphimorphs and head to head in pauci-
tuberculates (Temple-Smith 1987). The most comprehen-
sive analysis of mammalian ordinal relationships (Meredith
et al. 2011) places paucituberculates as the earliest branch
among living marsupials (Figure 3.1), but location of the
marsupial root is best considered unresolved.

Within Australidelphia, it has become clear that the car-
nivorous orders Dasyuromorphia, Peramelemorphia, and
Notoryctemorphia form a clade apart from the herbivorous
Diprotodontia (Figure 3.1). This arrangement allows us to

interpret the long-standing conflict over dental and pedal
similarities among marsupials. Dasyuromorphs, bandi-
coots, and didelphimorphs are polyprotodont (“many
first teeth”) in that they possess multiple lower incisors per
quadrant, whereas diprotodonts and paucituberculates have
a single pair of lower incisors. However, bandicoots and di-
protodonts are syndactylous—the second and third digits
of their hind feet are enclosed in a single sheath of soft
tissue—in contrast to the typical didactylous (separate
toes) condition of dasyuromorphs. The molecular tree im-
plies that both sets of traits have evolved convergently
among marsupials and neither is indicative of phylogene-
tic relationships. This tree also yields the first confident
placement of the enigmatic marsupial moles (notorycte-
morphs), whose highly specialized skeleton has precluded
a clear resolution of relationships based on morphology.

INSECTIVORES

Simpson (1945:175) considered his Order Insectivora as
“something of a scrap basket for small animals of gener-
ally primitive character that are not clearly referable to
some more distinctive order.” Within Insectivora, however,
he noted that “four fairly well-defined groups have long
been recognized”—(1) tenrecs and golden moles, (2) hedge-
hogs, (3) shrews and moles, and (4) elephant shrews and
tree shrews—although he did not propose subordinal di-
visions for them. Modern taxonomy (Table 10.1) recognizes
the first three as distinct orders (Afrosoricida, Erinaceo-
morpha, and Soricomorpha, respectively), but splits the last
into separate groups (Macroscelidea and Scandentia).
Simpson (1945) felt that tree shrews were closer to primates
than to other insectivores; this highlighted the explicitly
paraphyletic nature of his Insectivora. If these groups do
not form a single clade, to what other mammals is each of
them related?

Morphologists debated a number of possible arrange-
ments (summarized by Novacek 1992), but no hypothesis
was consistently supported until a series of molecular stud-
ies beginning in the mid-1990s converged on our present
understanding of insectivoran affinities. Using nuclear and
mitochondrial gene sequences, Stanhope and colleagues
(1996, 1998a, 1998b), Madsen and coworkers (1997), and
Springer and colleagues (1997, 1999) documented that af-
rosoricidans and macroscelideans are part of a larger clade
that includes Simpson’s (1945) paenungulates (elephants,
sirenians, and hyraxes) and the aardvark (Figure 3.1). This
clade, named “Afrotheria” by Stanhope and colleagues
(1998b) because of its members’ distributions and fossil ori-
gins, is discussed further in its own section below. Stan-
hope and coworkers (1998b) and later authors also found
that hedgehogs and soricomorphs are sister groups, a clade
that Waddell and colleagues (1999) called “Eulipotyphla.”
Tree shrews (Scandentia) have been much harder to place,
with both morphological and molecular data persistently
suggesting, but not resolving, an association with dermop-



Chapter 3

Phylogeny and Diversification of Mammals 49

. Monotremata

Marsupialia

®— Paucituberculata

L Didelphimorphia

Microbiotheria
Notoryctemorphia
Dasyuromorphia

—— 80— Peramelemorphia
—@————— Diprotodontia

Eulipotyphla

Theria

Placentalia

—@——  Carnivora

—@———  Perissodactyla

—@—— Scandentia
—@——  Lagomorpha

L Pholidota

~ Laurasiatheria

Chiroptera

Cetartiodactyla )

Rodentia ~ Euarchontoglires

®- Dermoptera

Primates J

Xenarthra } Xenarthra
Tubulidentata

Afrosoricida

Macroscelidea )
. ~ Afrotheria
Sirenia

Proboscidea

Hyracoidea J

I I I I I I
200 175 150 125 100 75

o —

25

Figure 3.1 Phylogenetic time tree of mammalian orders. Branching order is based on likelihood analysis of amino acid
sequences of 26 gene fragments (11,010 aligned amino acids) from 164 mammal species (representing 97%—-99% of extant families)
and 5 nonmammalian vertebrate outgroups. Divergence times were estimated with a relaxed clock method using autocorrelated rates
and hard-bounded constraints. Nodes with question marks (?) were considered poorly supported by the authors. The time scale at
bottom is in mya, and the Cretaceous-Paleogene (KPg) boundary at 66 mya is indicated by the tan, vertical line. Dots on each ordinal
branch show the point estimate of the time of earliest diversification of extant lineages within each order. Adapted from Meredith

etal. (2011).

terans (colugos) and primates (Novacek 1992; Murphy
etal. 2001a, 2001b; Song et al. 2012), in keeping with Simp-
son’s (1945) opinion noted above. Murphy and colleagues
(2001a) and Meredith and coworkers (2011) placed tree
shrews, dermopterans, and primates in the large clade
Euarchontoglires (see next section), but the sister group of
scandentians is still unclear. Song and colleagues (2012) re-
solved primates as the sister of scandentians, but O’Leary
and coworkers (2013) placed dermopterans in this position.
What is clear, however, is that “insectivorans” are a
phylogenetically diverse group of lineages scattered across
the eutherian tree.

EUARCHONTOGLIRES

Gregory (1910) proposed Superorder Archonta to include
bats (Chiroptera), colugos (Dermoptera), primates, and

scandentians. Some members of these orders share a de-
rived ankle morphology (the sustentacular facet of the as-
tragalus) and a pendant penis. Although Simpson (1945)
rejected Archonta, subsequent morphocladistic studies in-
cluding larger sets of characters found support for it (No-
vacek 1992). DNA sequence data, beginning with Adkins
and Honeycutt (1991), separated bats from the other ar-
chontan groups (the latter named “Euarchonta” by Wad-
dell et al. 1999). Divorcing bats and colugos was a particu-
larly jarring result from the standpoint of morphology in
that many derived characters shared by the two groups
(Simmons and Geisler 1998) must be interpreted as con-
vergent, probably correlated adaptations for flying or glid-
ing (Springer et al. 2007). Miyamoto (1996) and subsequent
authors found support in sequence data for placing euar-
chontans in a clade with rodents and lagomorphs (Simpson’s
Glires); Murphy and coworkers (2001a) named this taxon
“Euarchontoglires” (Figure 3.1), and it is now recognized
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as one of four major clades of living eutherians (Meredith
et al. 2011; Song et al. 2012). The extent to which this
DNA-based grouping of orders (as well as that for Afroth-
eria and Laurasiatheria, discussed below) impugns the
ability of morphological studies to resolve deep branches
of placental mammals gave rise to a spirited debate
(Springer et al. 2007, 2008; Asher et al. 2008).

Within Euarchontoglires, there are two historical con-
troversies about ordinal monophyly—one (regarding bats)
initiated by morphology and the other (regarding rodents)
by molecular data—which were both ultimately resolved in
favor of the taxonomic status quo. Reviewing them pro-
vides a useful perspective on the conflict between mole-
cules and morphology and the evaluation of hypotheses in
systematic biology.

Chiroptera is traditionally divided into two suborders,
Megachiroptera (fruit bats, or “megabats”) and Microchi-
roptera (all other bats, or “microbats”) (Chapter 21). Pet-
tigrew (1986) found that the neural pathway that transmits
visual information from eyes to midbrain has a derived an-
atomical structure in megabats that is otherwise found
only in primates and dermopterans. For example, in these
groups, the retinotectal pathway (characteristic of almost
all other mammals, including microbats) is greatly reduced
in favor of an alternative connection, the geniculostriate
pathway (Pettigrew and Jamieson 1987). Based on this and
several other characters, Pettigrew (1991) concluded that
megabats, dermopterans, and primates form a clade apart
from microbats and, therefore, that powered flight evolved
separately in micro- and megachiropterans. Pettigrew ar-
gued that the likelihood of convergent evolution in visual
pathways is smaller than that of convergence in flight char-
acters, the latter constituting in his view the only strong
evidence at the time for bat monophyly. This position was
disputed by Baker and colleagues (1991), who reaffirmed
the wing homologies of mega- and microbats, cited several
derived traits not associated with flight shared by all bats,
and challenged Pettigrew’s cladistic analyses of neuroana-
tomical traits. In their early molecular study of Archonta,
Adkins and Honeycutt (1991) reported mtDNA sequence
data in favor of bat monophyly. This was followed by sev-
eral other sequence (e.g., Stanhope et al. 1992) and DNA
hybridization (Kirsch et al. 1995) analyses that reached a
similar conclusion; Simmons (1994) summarized the cor-
roborating morphological evidence. Currently, most mam-
malian systematists consider that Chiroptera is monophy-
letic. Ironically, several of the molecular data sets mustered
to address this problem have suggested that Microchi-
roptera is diphyletic—that is, some microbats (rhinolo-
phoids) are closer to megabats than they are to other mi-
crobats (Springer et al. 2001b, Teeling et al. 2005; see also
Feijoo and Parada 2017). Morphocladistic analyses (Gun-
nell and Simmons 2005) and some combined molecular-
morphological analyses (O’Leary et al. 2013) continue to
support the traditional suborders (Gunnell and Simmons
2005) and the conflict remains unresolved—although see
the suborder terminology we use in Chapter 21.

In the title of their paper in the journal Nature, Graur
and coworkers (1991) posed the question, “Is the guinea pig
arodent?” Based on their phylogenetic analyses of protein
sequences, the answer seemed to be no. Instead the guinea
pig appeared as an early placental lineage comparable to
other recognized orders, implying that neither Rodentia
nor Glires is monophyletic. D’Echeria and colleagues
(1996) were more confident; based on analyses of complete
mitochondrial genomes, their Nature paper declared, “The
guinea pig is not a rodent.” Given the apparently strong
craniodental evidence for rodent monophyly (Luckett and
Hartenberger 1993), controversy was bound to ensue. Early
molecular studies included few taxa and simple phylogene-
tic analyses, both features that immediately called their
results into question (Thomas 1994). Philippe (1997) recov-
ered a monophyletic Rodentia from the complete mtDNA
sequences of D’Echeria and coworkers (1996) by including
three additional nonrodent species, though the rodent
clade was not strongly supported. Sullivan and Swofford
(1997) reanalyzed the data under more realistic models of
sequence evolution (allowing for variation in substitution
rates among sites) and found that rodent monophyly could
not be rejected by mitochondrial protein-coding sequences.
Subsequent molecular studies tried to address both short-
comings, some supporting rodent monophyly (e.g., Adkins
et al. 2001) and others rejecting it (e.g., Reyes et al. 1998).
Not until the benchmark paper by Murphy and colleagues
(2001b) were sufficient taxon-sampling (64 species repre-
senting all placental orders, including 16 rodents),
sequence-sampling (ca. 10 kb from 18 genes), and analyti-
cal rigor brought to bear on this issue, with the result that
all rodent exemplars were recovered as part of a monophy-
letic group sister to Lagomorpha (rabbits and hares) in the
traditional cohort Glires. This finding was replicated by
Murphy and coworkers (2001a), the more rodent-focused
study of Huchon and coworkers (2002), and subsequent
work such that rodent monophyly is now considered set-
tled. Although in some ways a false start, this episode
heightened awareness among molecular systematists about
the importance of using appropriate phylogenetic estima-
tion methods, sampling enough taxa, and choosing loci
with appropriate evolutionary rates for resolving deep di-
vergences among mammals (Springer et al. 2004).

XENARTHRA

On the nomenclature of edentates, Simpson (1945:191)
noted, “‘Edentata’ has always meant ‘Xenarthra [armadil-
los, sloths, and anteaters] plus’ whatever other forms were
supposed to belong here.” In Simpson’s view, the latter in-
cluded only the early Tertiary palacanodonts. “Edentata”
and “Xenarthra” have both been used to name the order
that includes living armadillos, sloths, and anteaters, but
current classification (Table 10.1) recognizes two orders,
Cingulata (armadillos) and Pilosa (sloths and anteaters).
Molecular data (e.g., Murphy et al. 2001a) are consistent



with this arrangement and provide strong support for cin-
gulatans and pilosans as sister groups, such that Xenarthra
is typically recognized as a supraordinal taxon. The diffi-
culty has been in determining where xenarthrans fit on the
mammalian tree. Morphologists have variously placed
them in a group with pangolins (Pholidota), as sister to all
other placentals (“Epitheria”), or even as a clade (“Parath-
eria”) separate from marsupials and other placentals
(Gaudin et al. 1996). Such inconsistency reflects the highly
derived anatomy of xenarthrans (for which the term “bi-
zarre” is often employed by professional anatomists; see
Chapter 13). Initial DNA-sequence studies consistently
placed Xenarthra near the root of Placentalia, but without
much support for any particular resolution (Murphy et al.
2004). The latter difficulty is to be expected when lineages
are produced by a relatively rapid series of speciation events,
as seems to be the case for mammalian orders. Frustrated
by the lack of resolution in sequence data, Murphy and col-
leagues (2007) scanned the published complete genomes
of human, armadillo, elephant, opossum, and 13 other ver-
tebrate taxa, along with unpublished genomes of several
additional mammals for insertion-deletion events (“indels”)
within coding sequences. Such indels, which appear as dis-
tinct gaps in a multispecies sequence alignment, are ex-
amples of rare genomic changes (RGCs) (Springer et al.
2004). They are rare because of the low probability that a
random insertion or deletion in a functional gene sequence
will survive in the face of purifying selection. Because they
are rare, they may be less likely to have evolved conver-
gently in species that share them. Murphy and coworkers
(2007) screened over 180,000 distinct exons and found four
with indels that could be validated as homologous; all four
supported a sister pairing of xenarthrans and afrotherians
(“Atlantogenata”). Although Meredith and colleagues
(2011) considered the placement of xenarthrans unsettled
by molecular data, further support for Atlantogenata came
from analyses of large sequence data sets (Prasad et al.
2008, Song et al. 2012). Based on combined molecular and
morphological data, however, O’Leary and coworkers
(2013) favored the Epitheria hypothesis. Whatever their
sister-group, xenarthrans are one of the four deep lineages
of eutherian mammals (Asher et al. 2009).

CETARTIODACTYLA

Simpson (1945:213) opined that cetaceans “are on the whole
the most peculiar and aberrant of mammals. Their place
in the sequence of cohorts and orders is indeed quite im-
possible to determine.” Van Valen (1966) suggested that ce-
taceans are related to a Paleogene group of carnivorous
ungulates, the mesonychians. This hypothesis gained fur-
ther support when Gingerich and colleagues (1990) de-
scribed the distinctly paraxonic vestigial hind foot of the
Eocene whale Basilosaurus. Paraxonic feet are characteris-
tic of mesonychians and modern artiodactyls (“even-toed
ungulates”) in that the body weight is borne on parallel
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axes running through robust digits IIT and IV (see Chap-
ter 19). This feature suggested a common ancestry for the
three groups (Novacek 1992), which was subsequently sup-
ported by additional cetacean fossils, morphological char-
acters, and early molecular analyses. However, Graur and
Higgins’s (1994) protein and mtDNA sequence investiga-
tion showed that cetaceans are nested within Artiodactyla.
This study included only four taxa, and its implication that
artiodactyls are not monophyletic received little credence
at the time. However, an analysis of mitochondrial cyto-
chrome & genes by Irwin and Arnason (1994) had better
taxonomic sampling and suggested that the closest living
relatives of cetaceans are in fact hippopotamuses (members
of the artiodactyl family Hippopotamidae). In what was
perhaps the most unanticipated series of congruences in
mammalian molecular systematics, numerous subsequent
studies with more taxa and a greater variety of molecular
markers confirmed the whale-hippo clade within the larger
set of artiodactyl lineages (reviewed by Gatesy and O’Leary
2001). The same result occurs in the foundational work on
placental interordinal relationships by Madsen and cowork-
ers (2001) and Murphy and colleagues (2001a, 2001b), more
recent molecular analyses by Meredith and coworkers (2011)
and Hassanin and colleagues (2012), and combined DNA-
morphology studies by Gatesy and coworkers (2013) and
O’Leary and colleagues (2013). The clade comprising ceta-
ceans and artiodactyls was named “Cetartiodactyla” by
Montgelard and colleagues (1997); that comprising ceta-
ceans and hippos was called “Whippomorpha”—a whimsi-
cal combination of whale and hippo—by Wadell and cowork-
ers (1999). Documentation by Gingerich and colleagues
(2001) of a “double-pulley” astragalus in the Eocene whale
Rhodocetus solidified the case for Cetartiodactyla (this de-
rived trait was formerly thought to occur only in artiodac-
tyls), but morphological data alone have so far provided little
support for Whippomorpha (O’Leary and Gatesy 2008).
The closest relative of cetaceans among artiodactyls remains
controversial.

AFROTHERIA

Simpson (1945) traced the alliance of proboscideans, si-
renians, and hyraxes in his Superorder Paenungulata to
Gill (1870). The morphological traits upon which this
grouping is based are described in Chapter 12, and it has
received fairly consistent support from molecular studies
(e.g., Kuntner et al. 2010). Although Simpson placed
paeunuglates together with aardvarks (Tubulidentata),
carnivorans, perissodactyls, and artiodactyls in a cohort
Ferungulata, molecular data have redistributed these taxa
into the major clades Afrotheria and Laurasiatheria (Fig-
ure 3.1). Stanhope and colleagues (1996) and Madsen and
coworkers (1997) reported nuclear DNA sequences link-
ing elephant shrews (Macroscelida) to aardvarks and pae-
nungulates apart from other “ferungulates.” Springer
and colleagues (1997) and Stanhope and coworkers
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(1998a) added golden moles (Afrosoricida) to this clade,
and Stanhope and colleagues (1998b) named it “Afrothe-
ria.” Confirmatory results were provided by Springer and
coworkers (1999), Madsen and colleagues (2001), Murphy
and coworkers (2001a, 2001b), Arnason and colleagues
(2002), Song and coworkers (2012), and O’Leary and col-
leagues (2013). Sinchez-Villagra and coworkers (2007)
argued that an increase in the number of thoracolumbar
vertebrae in afrotherians (from the primitive mammalian
state of 19 to 20 or more) is a derived homology for the
group, and some support from other morphological anal-
yses has also been adduced (see Tabuce et al. 2008). Thus,
Afrotheria brings together six orders that have common
ancestries in Africa (as indicated by the fossil record),
whereas morphological studies have consistently placed
these lineages in diverse positions scattered across the
placental tree.

LAURASIATHERIA

Molecular data have united the remainder of Simpson’s
(1945) ferungulates (Carnivora and Perissodactyla) with
cetartiodactyls, bats (Chiroptera), pangolins (Pholidota),
and eulipotyphlans in a superordinal clade named “Laur-
asiatheria,” reflecting the predominantly “laurasian”
(Eurasia + North America) distributions or presumed
origins of its members. Strong molecular evidence for
this group was first presented by Madsen and colleagues
(2001), who drew attention to a pattern of parallel evolu-
tion between laurasiatherians and afrotherians: aquatic
(cetacean and sirenian), ungulate (perissodactyl-artiodactyl
and hyracoid), ant-eating (pholidote and tubulidentate)
and insectivore (eulipotyphlan and afrosoricidan) forms
occur in both groups. These parallel radiations resemble
those between marsupials and placentals recognized
much earlier by (among others) Simpson (1949). Many
subsequent molecular studies provided support for Laur-
asiatheria (e.g., Scally et al. 2001; Murphy et al. 2001a,
2001b; Waddell and Shelley 2003; Mathee et al. 2007;
Song etal. 2012), and O’Leary and coworkers (2013) gave
several potential morphological synapomorphies from
their analyses of combined molecular and morphological
characters.

BOREOEUTHERIA

Although evident (if poorly resolved) in early studies such
as those of Stanhope and colleagues (1996), the sister re-
lationship of Laurasiatheria and Euarchontoglires was
convincingly recovered by the multilocus DNA-sequence
analyses of Eizirik and coworkers (2001), Scally and col-
leagues (2001), and Murphy and coworkers (2001a,
2001b). Springer and de Jong (2001) named this clade
“Boreoeutheria” (“northern eutherians”), reflecting the
first fossil occurrences of most of its constituent orders

on northern continents (Figure 3.1). All four sets of au-
thors drew attention to the biogeographic implications of
this arrangement. If the sister group of Boreoeutheria is
Xenarthra, Afrotheria, or a clade composed of both, oc-
currence of the oldest fossils of most xenarthran and af-
rotherian lineages on southern continents suggests that
the ancestor of living placental mammals probably lived
on the southern supercontinent of Gondwana (see below
for a discussion of divergence times, and Chapter 5 for a
discussion of historical biogeography). Perhaps, more-
over, the great radiation of boreoeutherians can be traced
to a single dispersal event from Gondwana to the north-
ern supercontinent Laurasia (Scally et al. 2001). Although
specific scenarios such as this depend on placement of the
placental root, the cladogenic events that produced major
groups of living placentals do seem to have been influ-
enced by continental break-ups in the later Mesozoic
(Springer et al. 2011).

THE ROOT OF PLACENTALIA

As noted above, Meredith and coworkers (2011) suggested
that the earliest divergence of living eutherian clades sep-
arated either Xenarthra + Afrotheria (Atlantogenata) from
Boreoeutheria (amino acid analyses, Figure 3.1) or Xenar-
thra + Boreoeutheria (Exafroplacentalia) from Afrotheria
(DNA analyses). The former result was also obtained by
Prasad and colleagues (2008), Wildman and coworkers
(2007), Hallstrom and colleagues (2007), and Song and co-
workers (2012) on the basis of large DNA sequence data
sets. However, Kriegs and colleagues (2006) found that the
distribution of homologous retroposon indels across the
mammalian genome favored placing the root between
Xenarthra and Afrotheria + Boreoeutheria (“Epitheria”);
O’Leary and coworkers (2013) obtained the same result
with combined morphological and molecular data. Wad-
dell and Shelley (2005) questioned the adequacy of current
phylogenetic inference methods with available molecular
data for robustly discriminating basal eutherian diver-
gences. Hallstrom and Janke (2008) concluded that the
root is inherently difficult to resolve because of rapid di-
versification and complex speciation processes that charac-
terized early eutherian lineages (see also Foley et al. 2016).
Nishihara and colleagues (2009) analyzed retroposons and
found approximately equal support for all three possible
roots of the placental tree (i.e., xenarthrans, afrotherians,
or boreoeutherians as sister to the rest) and suggested that
the three lineages arose almost simultaneously. In contrast,
Tarver and coworkers (2016) argued that use of appropri-
ate evolutionary models for DNA sequence characters al-
lows the placental root to be placed with confidence be-
tween Atlantogenata and Boreoeutheria (see also Feijoo
and Parada 2017).
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Dr. Mark Springer—Genes, Trees, and the Evolution of Mammals

“The stream of heredity makes phylogeny,” wrote
Simpson (1945:5), “in a sense, it is phylogeny.” He went
on to lament that genetic data were so scarce in the
mid-20th century, that they were “not in themselves
adequate for the reconstruction of more than a very
few, sharply isolated, and quite minor parts of the gen-
eral phylogeny of animals.” Perhaps no other mammal-
ogist has risen to the challenge of Simpson’s lament
more than Mark Springer, Professor of Biology at the
University of California—Riverside (UCR). An author of
over 130 research papers, Springer’s work with students
and collaborators has revolutionized our understand-
ing of mammalian relationships. A hallmark of these
papers is their interdisciplinary basis, spanning phyloge-
netics, paleontology, genomics, and molecular biology.
A native, and still resident, of Claremont, California,
Springer traces his breadth of interest to the diverse un-
dergraduate science courses he took at Citrus College
and Cal Poly Pomona—including a final quarter of 33
credits while working two jobs. He said that while ex-
ploring journals at the library of Claremont College
after graduation, “I realized that what | really enjoy is
deep time.” In the PhD program at UC-Riverside, he
worked under paleontologist Michael Woodburne on a

phylogenetic study of diprotodontian marsupials.
Woodburne encouraged him to add a molecular com-
ponent, and an NSF Dissertation Improvement Grant al-
lowed him to work in the DNA hybridization lab of John
Kirsch at the University of Wisconsin—-Madison. After
completing his PhD in biology in 1988 (and an MS in
geology in 1989), Springer started a postdoctoral fel-
lowship on genome evolution with Roy Britten at the
California Institute of Technology. The postdoc allowed
him to develop expertise with a range of molecular
techniques, including Polymerase Chain Reaction (PCR).

Hired as a tenure-track geneticist at UCR in 1991,
Springer embarked on his quest to clarify the phylog-
eny of mammals and the evolution of their genomes. It
took many years to assemble tissue samples, and early
studies of mitochondrial DNA led to intriguing but in-
conclusive results about mammalian affinities. How-
ever, later collaboration with Michael Stanhope (now
at Cornell University) on nuclear gene trees led to the
discovery of Afrotheria and other supraordinal mammal
clades. Springer has also contributed significantly to in-
traordinal systematics, especially for marsupials and
bats. Intrigued by inactivating mutations in visual sys-
tem genes of the blind marsupial mole (Notoryctes), he
has published many analyses of pseudogene (“genomic
fossil”) evolution, including visual, dental, and olfac-
tory loci. When a 2012 paper challenged aspects of the
molecular phylogeny of mammals on methodological
grounds, Springer and colleague John Gatesy (now at
the American Museum of Natural History) entered the
debate over “coalescent” versus “concatenation” meth-
ods in molecular phylogenetics. This literature has now
clarified many issues about methods of inferring spe-
cies trees from gene trees. Reflecting on this body of
work, Springer emphasizes the importance of collabo-
rators such as Stanhope, Gatesy, the late Wilfried de
Jong, William Murphy (Texas A&M University), and
Emma Teeling (University College Dublin). Looking to
the future, Springer’s interests include using mammals
with regressive phenotypes (e.g., loss of cones in the
retinas of some cetaceans) as model systems for study-
ing comparable human disease conditions. Research,
he notes, often leads in unanticipated directions: “One
never knows.”

DIVERGENCE OF MONOTREMES,
MARSUPIALS, AND EUTHERIANS

Mammals belong to a larger monophyletic group of amni-
otes known as Synapsida, the oldest fossils of which come
from the Late Paleozoic, more than 320 mya (see Chap-
ter 4). Systematists refer to the clade including all descen-
dants from the most recent common ancestor of living lin-
eages in a taxon as the “crown group” for that taxon. Thus,

the crown group for Mammalia is all descendants from the
common ancestor of monotremes and therians; extinct lin-
eages that diverged prior to this ancestor are known as
“stem groups.” The recognition of crown groups is essen-
tial in molecular analyses of divergence times, because in-
ferences drawn from the DNA of living organisms cannot
be applied directly to stem-group lineages.

How long ago did the ancestor of crown-group mam-
mals live? As of this writing, the oldest fossils of its three
surviving descendant lineages are as follows: Steropodon
(monotreme, Lower Cretaceous of Australia, ca. 110 mya,
Archer et al. 1985); Sinodelphys (metatherian, Lower Cre-
taceous of China, ca. 125 mya, Luo et al. 2003); Furamaia
(eutherian, Upper Jurassic, ca. 160 mya, Luo et al. 2011).
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Given that the common ancestor of these lineages must be
at least as old as the oldest of its descendants, crown-group
mammals have been around since the Jurassic or longer.
However, the relative scarcity of mammal fossils through-
out most of the Mesozoic means that monotremes, marsu-
pials, and placentals did not occur in the age of dinosaurs
atanything like their current diversity. When did the great
adaptive radiations of mammals take place? There are two
primary sources of evidence—the fossil record and molec-
ular clocks—and they have often produced very different
answers.

Fossil monotremes are almost as scarce as the living spe-
cies, with the Cretaceous specimens followed by others
from the Paleocene and later Tertiary, all rather like the
extant platypus and echidnas (Hand 2006). Messer and col-
leagues (1998) calibrated genetic distances for the o-
lactalbumin gene to estimate a separation of monotremes
from therians in the Jurassic, some 163—-186 mya, but later
molecular dates ranged from 204 to 237 Mya (reviewed by
Madsen 2009). Meredith and coworkers (2011) gave a mean
date of 218 mya with a confidence interval (203-238 mya)
lying entirely in the Triassic (Figure 3.1). Thus, the differ-
ence between the best DNA-based estimate of divergence
between monotremes and therians is some 58 my older than
the oldest fossil that records the existence of either lineage
(but see Woodburne et al. 2003). The probability that lin-
eages originate before their oldest fossils has long been ap-
preciated (e.g., Simpson 1944), but 58 million years repre-
sents nearly 27% of the history of crown-group mammals if
they originated in the Late Triassic. Such a long period of
missing fossils made the molecular estimates of divergence
difficult for paleontologists and others to accept.

In one of the first attempts to date deep divergences with
sequences from a large number of loci, Kumar and Hedges
(1998) independently calibrated rates of change in 658 nu-
clear genes from 207 vertebrates and estimated a date of
173 mya for the marsupial-placental split. Penny and co-
workers (1999) obtained a similar date (176 mya) from anal-
yses of protein sequences. These estimates were based on
simple, or “strict,” molecular clock assumptions (see Chap-
ter 2). When Woodburne and colleagues (2003) applied a
relaxed clock method to two protein sequences, they ob-
tained estimates of 182-190 mya for the therian ancestor.
Bininda-Emonds and coworkers (2007) used a supertree
method (Sanderson et al. 1998) encompassing nearly all ex-
tant mammals along with divergence times estimated
from strict clocks of 66 genes to suggest a somewhat later
date (147 mya). However, the supertree method was criti-
cized by Meredith and colleagues (2011), whose sequence-
concatenation, or “supermatrix,” approach (de Quiroz and
Gatesy 2007) yielded an even older date of 190 mya (Fig-
ure 3.1). The methods used by Meredith and coworkers
(2011) are described more fully in the discussion of placen-
tal radiations below. Recent phylogenomic analyses by dos
Reis and colleagues (2012) placed the marsupial-placental
separation at 168—178 mya, which is similar to the date (169
mya) obtained by Foley and coworkers (2016) from reanal-

ysis of an expanded version of the Meredith and colleagues
(2011) dataset and to the range (157-170 mya) obtained by
Tarver and coworkers (2016) from a genomic data set. De-
spite the discrepancies among date estimates, there seems
to be broad agreement (even with the fossil record) that the
evolutionary separation of marsupials and placentals took
place sometime in the Jurassic period.

THE ORIGIN OF CROWN-GROUP
MARSUPIALS

If marsupials arose as early as 168—178 mya and Sinodelphys
is a stem marsupial at 125 mya, how old was the common
ancestor of crown-group lineages? The oldest crown-group
fossils are from the Late Cretaceous (65-79 mya; Case et al.
2005). Kirsch and coworkers (1997) proposed a 72-mya date
for this ancestor based on calibrated DNA hybridization
distances, and Springer (1997) estimated 65 mya based on
distances from 12S rRNA gene sequences. Nilsson and col-
leagues (2003, 2004) used relaxed clock analyses of com-
plete mitochondrial genomes to place the split at 64—69
mya. Thus, several different sources of molecular informa-
tion suggested an origin of crown-group marsupials near
the Cretaceous-Paleogene (“KPg”) boundary.

For most studies above, the choice of fossils and associ-
ated dates used in calibration of molecular clocks was some-
what haphazard. In a landmark paper, Benton and Dono-
ghue (2007) developed a more rigorous methodology for
fossil calibrations. The exercise is predicated on reliable
phylogenetic placement of fossils, an accurate phylogeny of
the clades being dated, and robust minimum ages for rock
layers containing the fossils. If such information is avail-
able, a particular fossil places a “hard bound” on the mini-
mum age of a clade—that is, the clade mzust be at least as old
as the oldest fossil belonging to it. If such information is not
available, calibrations for minimum ages may be treated as
“soft bounds” in divergence analyses. Bounds can also be
placed on the maximum age of a clade as, for example, when
rich fossiliferous strata show no trace of a particular group
that would likely be represented if it were present. In all
cases, however, fossil calibration dates should be thoroughly
vetted and hard- versus soft-bound ages distinguished.

Meredith and coworkers (2008) applied the methods of
Benton and Donoghue (2007) to place fossil constraints on
marsupial divergence times estimated with relaxed molec-
ular clocks. Bayesian analysis of 5 concatenated (i.e.,
merged into a single data matrix) nuclear gene sequences
produced a tree for marsupial exemplars representing all
orders and most families, as well as several placental out-
groups. On this tree, only 3 interordinal nodes among mar-
supials were poorly supported; the other, well-supported
nodes are consistent with those in Figure 3.1. Meredith and
colleagues (2008) then used the paleontological literature
to place hard bounds on minimum and maximum ages for
13 nodes of the tree. With these constraints in place, re-
laxed clock estimates from the 5 gene sequences dated the



base of Marsupialia to 74-89 mya in the Late Cretaceous,
with interordinal divergences occurring between 56 and 86
mya. The later study by Meredith and coworkers (2011)
used similar dating methods with more loci (26) to estimate
the origin of marsupials at 81 mya (Figure 3.1), while ge-
nomic analyses by dos Reis and colleagues (2012) suggested
64-84 mya. Expanded analyses by Mitchell and coworkers
(2014) and Foley and colleagues (2016) yielded similar es-
timates of 87 and 85 mya, respectively. These recent esti-
mates imply that crown-group marsupials arose near the
time of their oldest fossils, before the KPg boundary.

PLACENTAL MAMMAL
DIVERSIFICATION

The strict molecular clock analyses of Kumar and Hedges
(1998) suggested that most placental orders diverged in the
Cretaceous, as early as 129 mya for xenarthrans. This find-
ing ran strongly counter to the prevailing notion that pla-
cental diversification took place just after the KPg boundary
and its associated mass extinction (Hedges et al. 1996). The
post-KPg model of placental origins is derived from the fos-
sil record of living orders, most of which are truncated in
the earliest Tertiary. Subsequent paleontological studies
used quantitative analyses of fossil data (Alroy 1999) or
models of origination, extinction, and preservation (Foote
et al. 1999) to conclude that the origins of placental orders
are unlikely to be much older than what the fossil record
documents.

Archibald and Deutschman (2001) framed much of the
subsequent debate on placental diversification by describ-
ing three alternative models of the historical process (Fig-
ure 3.2). These models make a crucial distinction between
the times of origin of an order (ordinal origination) and ra-
diation of lineages within the order (intraordinal diversifi-
cation). The first must be at least as old as the second, and
the interval between them is analogous to a “fuse.” In the
Explosive Model, the fuse interval is exceedingly brief—
both ordinal originations and intraordinal diversifications
occurred within about 10 my after the KPg boundary. In
the Long-Fuse Model, most intraordinal diversification
happened just after the KPg boundary, but the orders
themselves arose in the Cretaceous. In the Short-Fuse
Model, orders originated and diversified in the Cretaceous
prior to the KPg extinctions. The traditional view from pa-
leontology (e.g., Foote et al. 1999) is consistent with the
Explosive or (for a few orders) Long-Fuse models; the mo-
lecular results of Kumar and Hedges (1998) correspond to
the Short-Fuse Model.

From a strictly paleontological perspective, distinguish-
ing among the models may be viewed as a problem in eval-
uating the fossil record’s adequacy—its ability to record
dates of lineage originations as a function of cladogenic
rates, as well as probabilities of fossil preservation and sam-
pling. Archibald and Deutschman (2001) used simulations
of all three processes to determine whether the observed
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A Explosive Model

KPg boundary

B Long Fuse Model

KPg boundary

C Short Fuse Model

KPg boundary

Figure 3.2 Alternative models for diversification of
placental mammals. Light branches indicate intraordinal
diversification; dark branches indicate ordinal origination.
The timescale below each tree indicates the position of the
KPg boundary. Redrawn from Springer et al. (2003).

temporal distribution of placental crown-group fossils
could be due to chance alone. They concluded that it can-
not and that the placental fossil record is inconsistent with
a Short-Fuse Model.

In an early attempt to address this paleontological-
molecular discrepancy, Springer and coworkers (2003) used
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a taxon sample that included all living placental orders, a
gene sample of 21 loci, minimum fossil ages for 13 robust
branch points, and a relaxed clock method for estimating
divergence times. Their results supported a Long-Fuse
Model in which all but 3 living placental orders arose some
77-107 mya in the Late Cretaceous, with intraordinal
diversifications occurring 50-77 mya on both sides of the
KPg boundary. Wible and colleagues (2007) reevaluated
the fossil record and phylogeny of early placentals in their
description of the Cretaceous cimolestid Maelestes. They
concluded that there are no Cretaceous fossils assignable to
crown-group Placentalia and that the placental radiation
followed the Explosive Model near the KPg boundary.

The supertree analysis of Bininda-Emonds and cowork-
ers (2007) was a major, if controversial, benchmark in the
study of eutherian diversification. As noted previously,
these authors assembled a supertree for nearly all living
mammal species from over 2,500 published phylogenies
and linked it to an alignment of 66 gene sequences (>50,000
bases). Divergence times were estimated from local molec-
ular clocks (i.e., rates of sequence evolution were assumed
to be similar within specific clades but allowed to vary
among them) and calibrated by 30 reliable fossil dates or
by interpolation from a “pure birth” model of lineage orig-
ination for unresolved (polytomous) nodes. Results indi-
cated that most placental ordinal origination took place
85-100 mya, which is roughly consistent with the dates of
Springer and colleagues (2003). However, the analysis also
suggested a short fuse for the more diverse placental orders,
which appeared to radiate into basal lineages about 14 my
after their origin and 10 my before the KPg boundary.
Orders with few lineages (e.g., Xenarthra) had longer fuses,
with extant forms arising in the Tertiary. Moreover,
lineage-through-time plots suggested that, after their ini-
tial radiation in the Cretaceous, the large orders experi-
enced very little cladogenesis until the Eocene or later,
when most of their modern diversity was established.
Bininda-Emonds and coworkers (2007) interpreted their
findings as evidence for “the delayed rise of present-day
mammals” and their dated phylogeny has been used in sev-
eral macroevolutionary studies (e.g., Davies et al. 2008,
Stadler 2011).

Meredith and colleagues (2011:521) argued that the
Bininda-Emonds and coworkers (2007) supertree results
were “compromised by including numerous source phylog-
enies with overlapping data . . . inferred from a topology
that contained numerous polytomies and . . . dated with a
combination of local molecular clocks and pure birth in-
terpolation.” The first criticism bears on the supertree es-
timate of phylogeny in that using multiple source trees in-
ferred from the same data set (e.g., a particular locus)
effectively biases the supertree toward branching patterns
implied by the overrepresented data. The second criticism
bears on the estimated dates and is essentially the argument
made in the molecular-dating literature that estimates
drawn from strict, calibrated, local clocks are less reliable
than those obtained from properly constrained relaxed

clocks. Both problems are exacerbated when unresolved
nodes are resolved for dating by a random model.

To overcome these problems, Meredith and colleagues
(2011) undertook a supermatrix analysis of 164 mammal
species representing 97%-99% of extant families and DNA
sequences from 26 protein-coding loci (35,603 bases).
Maximum-likelihood and Bayesian analyses of these data
yielded the tree shown in Figure 3.1. Approximately 30%
of the nodes on this tree were not resolved by Bininda-
Emonds and coworkers (2007), but 90% of them have
high bootstrap support and Bayesian posterior probabili-
ties. As discussed above, this tree recovers most of what is
currently accepted about the supraordinal phylogeny of
mammals. To obtain divergence time estimates, Meredith
and colleagues (2011) placed minimum and maximum age
constraints on 82 nodes using fossil dates vetted as de-
scribed by Benton and coworkers (2009) and applied a
range of relaxed clock analyses. The results show a distinct
Long-Fuse pattern, with all superordinal clades and most
orders originating in the Late Cretaceous (80-101 mya) but
not diversifying into modern lineages until near the KPg
boundary or in the Cenozoic. The latter range of dates
brings molecular divergence estimates more closely into
line with the fossil record. Based on genomic datasets, dos
Reis and colleagues (2012) estimated ordinal originations
at 80-90 mya and most intraordinal diversifications at
45-65 mya. Meredith and coworkers (2011) linked ordi-
nal origination to the Cretaceous Terrestrial Revolution
initiated by the radiation of angiosperms 80-125 mya
(Lloyd et al. 2008, Benton 2010), and intraordinal diversi-
fication to the KPg mass extinction. Both were global
phenomena that dramatically increased the “ecospace di-
versity” available to evolving mammals.

O’Leary and colleagues (2013) revisited the problem of
placental divergence times in their analysis of 86 living and
40 fossil species (representing all living orders and several
key extinct lineages) with a combination of 4,541 morpho-
logical characters and sequences from 27 nuclear genes.
The tree obtained from this analysis was broadly similar
to that of Meredith and coworkers (2011), but differed in
the placement of several orders within superordinal groups.
Minimum divergence dates were obtained by fixing the
ages of 82 fossils assigned to specific tree branches and ap-
plying ghost lineage analysis (see Chapter 2). The results
support an Explosive Model of placental evolution, with
both interordinal divergence and ordinal diversification oc-
curring shortly after the KPg boundary. However, as
noted by the authors and explained by Yoder (2013), ghost
lineage analysis necessarily generates minimum divergence
dates consistent with a phylogenetically literal reading of
the fossil record. This is in marked contrast to the proba-
bilistic methods used by molecular workers to convert
branch lengths into time estimates. Foley and colleagues
(2016) further note that the O’Leary and coworkers (2013)
timetree entails unrealistically high estimates of molecu-
lar evolution rates in early Paleogene lineages leading to
crown placentals; these rates are comparable to those ob-



served among modern viruses. Their analysis of an ex-
panded data set from Meredith and colleagues (2011)
yielded ordinal originations in the range 66-99 mya and
intraordinal diversifications in the Paleogene, thus reaf-
firming the Long-Fuse Model. Bayesian molecular clock
analysis of a genomic data set by Tarver and colleagues
(2016) yielded divergence estimates of 86-100 mya among
crown Placentalia lineages. Ronquist and coworkers (2016)
dated the initial split within Placentalia at ca. 85 mya with
the relatively new “total evidence dating” method.
Phillips (2016) argued that divergence dates obtained by
Meredith and colleagues (2011) were inflated by calibration
errors, due in part to the influence of slowly evolving se-
quences in taxa with large body size and long lifespan.
When such calibrations were removed or more tightly con-
strained, placental divergences conformed to a “soft explo-
sive” model in which the deepest branches reach to the Cre-
taceous, but the post-KPg ordinal radiation predicted by the
fossil record is recovered. Springer and coworkers (2017)
strongly criticized Phillips’s (2016) results, pointing out that
they include many instances of counterfactual “zombie lin-
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eages” (i.e., crown groups with molecular divergence esti-
mates younger than their oldest fossils) and thereby indicated
an overall bias toward underestimation of divergence times.
Springer and colleagues (2017) applied a less extreme cor-
rection for rate inflation by removing only the largest and
longest-lived clades from the data set; their reanalysis again
yielded placental divergences in the Cretaceous—though
slightly younger than those of Meredith and coworkers
(2011)—consistent with a Long-Fuse Model.

In summary, there is an emerging consensus of support
for the traditional notion that most intraordinal diversifi-
cations of placental mammals took place either shortly be-
fore or after the KPg boundary some 66 mya. Views on
ordinal origination, however, remain deeply divided be-
tween proponents of the Long-Fuse Model with orders
forming in the Cretaceous and those favoring an Explo-
sive Model with orders originating just before their diver-
sification in the Tertiary. Resolution of this issue will have
a major influence on our understanding of the evolution-
ary forces that brought about the spectacular diversity of
modern mammals.

e Phylogenetics is the study of the history, diversification, and
relationships among taxa.
o Phylogenies are based on evidence from fossils, morphol-
ogy, and molecular characters.
o There is often conflict, however, between morphological
and molecular evidence.

* George Gaylord Simpson was an early leader in the study of
mammalian phylogeny.
o Much of his classification from 1945 remains relevant today.
o A current view of mammalian ordinal relationships is given
in Figure 3.1.

e Extant monotremes contain only the platypus and echidnas
(spiny anteaters).
o They are clearly monophyletic.
o Relationships among the living monotremes and extinct
lineages that may fall within the Subclass Prototheria are
not clear, however.

e Marsupials also are a monophyletic group.
o Seven living orders are recognized today (see Chapter 10) in
two cohorts.
o The cohort Australidelphia includes the four orders found in
Australia and the monotypic Order Microbiotheria in South
America.

o The cohort Ameridelphia, with the New World Orders
Paucituberulata and Didelphimorphia, is based on morpho-
logical characters; it has little support from molecular
studies, however.

o Characteristics of dentition (polyprotodont versus dipro-
todont) and digits (syndactylous versus didactylous), once
used to differentiate marsupial orders, currently are believed
to represent convergence.

e Among eutherians, “insectivores” traditionally represented a
“waste basket” order of numerous taxa of unknown affinities.
o Molecular studies increased understanding of the relation-
ships of these taxa.
o Today, seven orders are recognized, although they are very
diverse phylogenetically.

e Bats (Chapter 21) are a monophyletic group, as are rodents,
which form a sister group to lagomorphs (rabbits and hares;
see Chapter 16).

e Xenarthrans are one of the four deep lineages of eutherians.
o Currently, two orders are recognized as sister groups:
Cingulata (armadillos) and Pilosa (sloths and anteaters; see
Chapter 13).

e [t has been known for over 50 years that cetaceans (whales)
are related to artiodactyls (even-toed ungulates).
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o Recent molecular work has shown that cetaceans are
actually nested within the artiodactyls (even-toed
ungulates).

o Within artiodactyls, whales are most closely related to the
hippopotamuses (see Chapters 19 and 20).

e Afrotheria (Figure 3.1) includes six orders with common
African ancestry.
o This group is based on molecular, not morphological, data.

e Likewise, Laurasiatheria brings together six orders on the
basis of molecular rather than morphological relationships.

e The “crown group” for a taxon refers to a clade of all
descendants from the most recent common ancestor of living
lineages in the group.

o A “stem group” is a set of extinct lineages that diverged
prior to the crown-group ancestor.

o The age of the oldest known fossils for the three crown-
group lineages of mammals are: monotremes about 110
my; marsupials about 125 my; and eutherians about 160
my.

SUGGESTED READINGS

o Divergence time estimates based on fossils versus molecular
clocks differ greatly, however.

o Regardless, it is clear that marsupials and placentals
diverged during the Jurassic Period.

e There are three alternative models for the relationship
between the times of ordinal origination and intraordinal
diversification of placental mammals (see Figure 3.2).

o The interval between these two events can be thought of
as a “fuse.”

o The three models are: Explosive (very short interval);
Long-Fuse (origin in Cretaceous with diversification after
KPg boundary); and Short-Fuse (both events prior to KPg
boundary).

o Again, fossil and molecular evidence favor different models.

o Origin of orders likely was linked to the increase in angio-
sperms and intraordinal diversification to extinction of
dinosaurs.

o Most intraordinal diversifications of placentals probably
took place slightly before or after 66 mya.
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DISCUSSION QUESTIONS

1. The formerly recognized orders “Cetacea” (whales and 2. The mammalian fossil record includes few representa-

dolphins) and “Artiodactyla” (even-toed ungulates)
have been part of mammalian taxonomy for many
decades, and their recent merger into Cetartiodactyla
is jarring to many mammalogists. G. G. Simpson might
have argued that, phylogeny notwithstanding,
cetaceans and artiodactyls should be recognized as
separate orders because they represent different
"adaptive zones” (i.e., integrated sets of adaptations
to specific lifestyles). Phylogenetic systematists, on
the other hand, maintain that classifications lose their
integrity and predictive value if they include non-
monophyletic groups. What are the pros and cons of
these two positions on biological classification,
especially with respect to Cetartiodactyla?

tives of modern orders from the Cretaceous (most
have their first occurrence in later Tertiary deposits),
but many analyses of DNA sequence data suggest
that ordinal originations took place in the Late
Cretaceous. What are some possible explanations for
this discrepancy and what kind of information would
be required to evaluate them?

3. It has been extremely difficult to resolve the branching

order of the earliest splits among living eutherian
superordinal lineages (the “placental root”), even
with large molecular data sets. What factors could be
responsible for this phenomenon? What strategies
are molecular and morphological systematists likely
to pursue in order to address it?
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Mammals evolved from a lineage of tetrapods during the 100-my pe-
riod from the Late Paleozoic to the Early Mesozoic. The distribution,
adaptive radiation, and resulting diversity seen in today’s mammalian
fauna are products of the evolutionary process operating throughout
hundreds of millions of years—a process that continues today. In this
chapter, we describe evolutionary morphological changes from amni-
otes to mammalian structural organization, including the develop-
ment of mammalian traits and the emergence of early mammals. We
continue tracking changes in mammals throughout the Mesozoic era
and the explosive adaptive radiation of mammals beginning in the
Early Cenozoic. We also describe dental characteristics of early mam-
mals and how these teeth developed into the dentition seen in modern
mammals.

Synapsid Lineage

The Amniota are a monophyletic group that arose from amphibian-
like tetrapods in the early Carboniferous period of the Paleozoic
(Table 4.1). This group showed a key morphological change adaptive
for reproduction on land, namely, development of the cleidoic, or
shelled, egg. The amniotes represent the common ancestor of all rep-
tiles and mammals. By the late Carboniferous period, the amniotes had
diverged into three lineages: the synapsids, anapsids, and diapsids (Fig-
ure 4.1). These groups were distinguished by the number, size, and po-
sition of lateral temporal openings (fossa) in the skull, which were used
to facilitate attachment of jaw muscles. Mammals arose from the
phylogenetic lineage or clade called the Synapsida (Prothero 1998;
Hickman et al. 2004; Kielan-Jaworowska et al 2004; Benton 2005;
Kemp 2005; Pough et al. 2005). The synapsids were the first group of
amniotes to radiate widely in terrestrial habitats. They first appeared in
the Late Paleozoic, about 320 mya in North America (see Table 4.1).
They were the dominant land animals for 70 my, but had passed their
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Table 4.1 Geologic time divisions
Myr BP Biological
Era Period Epoch (approx.) Events
Recent 0.01
Quaternary
Pleistocene 1.8
Pliocene 5
. Neogene )
Cenozoic Miocene 24 Most mammalian families in evidence
Tertiary Oligocene 37
Paleogene Eocene 54 Origin of most mammalian orders
Paleocene 65 Mammalian radiation, Dinosaurs extinct
Cretaceous 144
Dinosaurs abundant
Mesozoic Jurassic 213
Triassic 248 First mammals
Permian
Pennsylvanian 320 Synapsids
Carboniferous | Mississippian 360
Devonian tetrapods
Paleozoic Devonian 408
First jawed fishes
Silurian 438
First vertebrates and land plants
Ordovician 505
Cambrian 590 Invertebrates

evolutionary peak by the time of the emergence of the
dinosaurs. Early synapsids diverged into diverse herbivo-
rous and carnivorous forms: the pelycosaurs and therap-
sids. The Pelycosauria was the most primitive of the two
groups and is known from fossil remains in North Amer-
ica and South Africa (Dilkes and Reisz 1996). The The-
rapsida, the more advanced group, were the top carni-
vores in the food web. They are known from fossil remains
in Russia, South Africa (Carroll 1988), and China (Ru-
bidge 1994; Jinling et al. 1996).

Therapsids have traditionally been referred to as
“mammal-like reptiles” (Romer 1966; Kemp 1982). In re-
cent years, however, new phylogenetic techniques have
overturned much of what we thought about mammalian
evolution. Current research in cladistic zoology focuses on
the hierarchical arrangement of monophyletic groups.
Reptiles are not a monophyletic group; rather they are
paraphyletic (not all members are descendants of a single
common ancestor). As a result, the Class Reptilia is no lon-
ger recognized as a valid taxon by cladists; reptiles are re-
ferred to as “amniotes”—neither birds nor mammals.
Mammals and our transitional “mammal-like reptiles” did
not evolve from reptiles, as was customarily thought; in-

stead, reptiles and mammals shared a common ancestor
(the Amniota) from which each group evolved in divergent
ways (Hickman et al. 2004; Pough et al. 2005).

PELYCOSAURS AND THERAPSIDS

Pelycosaurs, like all synapsids, were distinguished by a
single lateral temporal opening, with the postorbital and
squamosal bones meeting above. They were common by
the end of the Pennsylvanian epoch (Figure 4.2). By that
time, they had radiated into three suborders. The Ophia-
codontia, with several known families, were the most prim-
itive. They were semiaquatic and ate fish. The Edapho-
sauria were terrestrial herbivores and were probably preyed
on by the third group—the carnivorous Sphenacodontia
(Kermack and Kermack 1984). The sphenacodonts, such as
Genus Dimetrodon (Figures 4.3A and 4.4A), were the dom-
inant carnivores throughout the early Permian period. All
sphenacodonts shared a unique feature: a reflected lamina
of the angular bone in the lower jaw. This feature was to
become part of the development of the middle ear in later
synapsids and mammals. The sphenacodonts eventually
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Figure 4.1 Temporal openings of skulls in three groups
of amniotes. (A) Synapsida, the group from which mammals
arose. Note the articulation of the postorbital (PO) and
squamosal (Squam) bones above the single temporal opening.
(B) Anapsida, with no temporal opening. This group led to
turtles. (C) Diapsida, named for the two temporal openings on
each side of the skull. Lizards and snakes arose from the
diapsids. Adapted from Kermack and Kermack (1984).

gave rise to the Therapsida. The therapsids are thought to
be monophyletic (Benton 2005). By the middle to late
Permian period, all pelycosaurs were replaced by the more
advanced therapsids (Figure 4.3B) (Rowe 1993; Wible et al.
1995; Benton 1997).

The oldest known therapsids date from the Late Perm-
ian. Therapsids may be divided into two suborders: Ano-
modontia and Theriodontia (see Figure 4.2). The anomo-
donts included two lineages, the Dinocephalia and the
FEotitanosuchia, neither of which left Triassic descendants.
The largest and most successful group of anomodonts was
the Dicynodontia. They enjoyed a worldwide distribution
(although the continents were not in their current posi-
tions) and were the dominant terrestrial herbivores for 60
my from the Mid-Permian until the Late Triassic, when
the last of the various lines of anomodonts became extinct.

The other suborder of therapsids was the Theriodontia.
They were primarily carnivorous and much more diverse
and successful than the herbivorous anomodonts. Several
different theriodont lines are recognized in the fossil rec-
ord (see Figure 4.2). The gorgonopsians were the prevalent

theriodonts throughout the Late Permian, but they did not
survive into the Triassic period. The therocephalians were
a much more advanced and diverse group. They paralleled
the other advanced theriodont group, the Cynodontia, in
some of their mammal-like characteristics, including a sec-
ondary palate and complex cheekteeth (postcanine teeth;
the premolars and molars). Therocephalians did not show
changes in position of the jaw muscles, however, as did cyn-
odonts. The therocephalians were extinct by the Early
Triassic, and only the cynodonts possessed the specialized
cranial and skeletal features that eventually led to the evo-
lution of the mammals.

CYNODONTIA

Cynodonts existed for 70 my, throughout the Triassic to
the Middle Jurassic. During this time, the several recog-
nized families of cynodonts developed many of the transi-
tional anatomical features leading from synapsids to the
earliest mammals (Hotton et al. 1986). Later cynodonts
included diverse herbivores (gomphodonts and tritylo-
donts) as well as carnivores (cynognathids and trithele-
donts). Several cynodont characteristics approached mam-
malian grade—that is, a level of organization similar to
mammals. These characteristics included changes in den-
tition to tricuspid (cusps are the projections, or “bumps,”
on the occlusal [chewing] surface of a tooth) and double-
rooted cheekteeth; jaw structure and masseter muscles (in-
creased dentary size with reduction in postdentary bones
and development of a glenoid fossa on the squamosal bone);
hearing; postcranial skeleton (differentiated vertebrae, in-
cluding modification of the first two vertebrae, the atlas/
axis complex, modified pectoral and pelvic girdles, and tho-
racic ribs); and their phalangeal formula (Crompton and
Jenkins 1979; Dawson and Krishtalka 1984). Several of
these changes are discussed in more detail later in this
chapter. Changes in cynodonts and early Mesozoic mam-
mals also included more erect posture and efficient move-
ment as well as increased adaptability in feeding. For ex-
ample, development of the masseter muscles was associated
with changes in the jaw, especially enlargement of the den-
tary bone and reduction in the number and size of post-
dentary bones (see Figure 4.4), and development of the zy-
gomatic arch, temporal openings of the skull, and the
eventual development of the lateral wall of the braincase.
These developments reduced stress on the jaw joint, in-
creased the force of the bite, and protected the brain.
The evolution of synapsids to mammals was a contin-
uum, with a “mammal” necessarily (if somewhat arbitrarily)
defined by the articulation of the squamosal and dentary
bones (Brocklehurst and Froebisch 2014). As noted previ-
ously, synapsids had several bones in the lower jaw in addi-
tion to the dentary (see Figures 4.4 and 4.5A). The joint
between the lower jaw and the cranium was formed by the
quadrate and articular bones. In transitional forms, as
cynodonts became more mammal-like, postdentary bones
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Figure 4.2 The major groups of synapsids. The Pelycosauria were early synapsids. The more advanced Therapsida arose from
the carnivorous group of pelycosaurs called “sphenacodonts.” Therapsids included lineages of both herbivores (the anomodonts) and
carnivores (the theriodonts). It was from a branch of the theriodonts, specifically the cynodonts, that mammals arose over 200 mya.
Widths of each lineage suggest relative abundance. Adapted from Carroll (1988).

continued to decrease in size. The primitive quadrate-
articular joint remained, and an additional joint formed
between the cranial squamosal and the surangular bones
of the jaw. This occurred because of the progressive en-
largement of the dentary bone and concurrent reduction
in size of the postdentary bones. Certain lineages of cyn-

odonts had a double-hinged jaw joint; the dentary bone ar-
ticulated with the squamosal laterally, and the quadrate
and articular bones also formed a medial jaw articulation
(Crompton 1972).

This later joint served not only as a hinge but also to
transmit sound to the tympanic membrane. This membrane
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Reflected
lamina

Figure 4.3 Contrast between pelycosaurs and therapsids.
(A) Skull of Dimetrodon, a common carnivorous sphenacodont
Pelycosaur. Relatively primitive features include the small
temporal opening and large angular bone (a). Other postden-
tary (d) bones include the surangular (sa) and the splenial (sp).
These bones are larger than those in (B) Titanophoneus, a more
advanced therapsid, with a large temporal opening and smaller
postdentary bones. Note: Not to the same scale. Adapted from
Romer (1966,).

was supported by the reflected lamina of the angular bone
(Figure 4.6). Only one relatively large middle ear bone,
the stapes, conducted sound from the tympanic mem-
brane to the inner ear in stem mammals. Eventually,
sound transmission became the only function of the quad-
rate and articular bones as the dentary became the only
bone in the lower jaw. The articulation between the den-
tary and squamosal bones is the characteristic used to de-
fine a mammal. The position and reduction in size of the
quadrate-articular joint was associated with the transfor-
mation of these bones into ossicles in the mammalian
middle ear (see Figure 4.5B). The long attachment arm of
the malleus to the tympanic membrane in modern mam-
mals is called the manubrium and is derived from the for-
mer retroarticular process of the articular bone. In con-
junction with the large tympanic membrane and the much
smaller fenestra ovalis, this lever system (enhanced by the
long “lever” arm of the manubrium) not only transmits

Dimetrodon

Ictidosaur

Key

E 1 dentary

2 angular

3 prearticular
4 coronoid

5 splenial
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Mammal

Figure 4.4 Medial view of lower jaw. The progressive
enlargement of the dentary bone (shaded) and reduction in
postdentary bones is evident when comparing jaws of primitive
mammal-like reptiles: (A) Dimetrodon, an early Permian
pelycosaur; (B) Cynarioides, a late Permian therapsid;

(C) Cynognathus, an early Triassic cynodont; (D) Ictidosaur, a
late Triassic-early Jurassic cynodont. The dentary is the sole
bone in the jaw of mammals (E). Adapted from Savage and
Long (1986).

sound waves but also amplifies them. Low-pressure sound
waves carried by air are increased to the higher pressure
necessary for conduction through the fluid of the inner
ear—the cochlear endolymph. This results in increased au-
ditory acuity. As with many other changes from reptilian
to mammalian organization, these two features are inter-
related. That is, the reduction in size of the postdentary jaw
bones increased not only auditory acuity, especially of
high-frequency sound, but also the efficiency of chewing.
By the time the cynodonts became extinct in the Mid-
Jurassic period, several well-defined groups of mammals
already existed. Thus, from synapsids that existed 320 mya
to the emergence of the earliest identifiable mammals about
70 my later, evidence in the fossil record indicates several
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Figure 4.5 Transition of the jaw and history of the ear ossicles. Please note that we use traditional terminology in the
following caption as pertains to Early Reptiles (=amniotes), and Mammal-like reptiles (= synapsids). (A) Simplified transition of the jaw
structure from reptiles through mammal-like reptiles to mammals, showing the increase in size of the dentary bone and decrease in
postdentary bones. The quadrate and articular bones of mammal-like reptiles eventually changed from their dual role of jaw joint and
sound transmission to solely sound transmission in mammals. (B) Outer ear (OF), middle ear (ME), and inner ear (/E) of modern
mammals. The tympanic membrane is now supported by the tympanic bone, derived from the former reflected lamina of the angular
bone (see Figure 4.6). The articular bone has become the first of the three small bones (ossicles) in the middle ear, specifically, the
malleus. The second ossicle, the incus, is derived from the quadrate bone. The mammalian stapes, much reduced in size from the
reptilian stapes, connects the incus to the inner ear through the fenestra ovalis (the “oval window"). Thus, in mammals, the stapes is
not connected directly to the tympanic membrane as in reptiles, but instead is connected through a lever system of two small
bones—the malleus (former articular bone) and the incus (former quadrate bone)—the familiar “hammer, anvil, and stirrup.” Adapted

from Simpson and Beck (1965).

anatomical trends in organization that resulted in a mam-
malian grade (see the next section). Paleontologists have
isolated many important osteological characters defining
the mammalian grade of evolution. Some studies have fo-
cused on early amniotes (Hopson 1991; Laurin and Reisz
1995), whereas others delineate characters and relation-
ships during the nonmammal-to-mammal transition pe-
riod (Wible 1991; Crompton and Luo 1993; Luo and
Crompton 1994; Wible et al. 1995; Kielan-Jaworowska
1997). Associated changes must also have occurred in the
soft anatomy, physiology, metabolism, and related features
of synapsids, which are not evident from fossil remains.
These features were interrelated in terms of increased ef-
ficiency of metabolism needed for endothermy, better food
gathering and processing methods, increased auditory acu-
ity, and other adaptations to maintain internal homeosta-
sis and enhance survival.

Origin of Mammals:
Monophyletic or Polyphyletic?

During the Early Jurassic, one of two events happened.
Either a single lineage of therapsids gave rise to early mam-
mals, or two or more therapsid lines independently achieved
the mammalian grade of organization (Figure 4.7) (Rowe
and Gauthier 1992). In the first case, early mammals subse-
quently split into two divergent lines, the prototherians
(which today include the monotremes—see Chapter 10),
and another line, which after many adaptive radiations,
gave rise to therians (the metatherians and eutherians, or
“placental,” mammals). This scenario posits a monophyletic
origin for mammals (Rowe and Gauthier 1992). In the sec-
ond case, the characteristics of the three major mammalian
groups (infraclasses) are seen as strictly convergent, with
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Figure 4.6 Tympanic membrane in a mammal-like
reptile (= synapsids). Posterior part of the cranium in an
advanced mammal-like reptile, Thrinaxodon liorhinus. Note the
jaw joint, the location of the tympanic membrane, and its
relationship to the postdentary bones. The quadrate and
articular bones form the jaw joint as well as transmit sound
from the tympanic membrane to the stapes. Adapted from
Lillegraven et al. (1979).

mammals having a polyphyletic origin (Cifelli 2001). The
question of monophyly persists because different interpre-
tations can be drawn from a fragmentary and incomplete
fossil record. If the mammal node is supported by charac-
teristics that evolved at different times in different lineages,
such as three bones in the middle ear that were derived
from the jaw joint, then by definition, mammals are poly-
phyletic. Most monophyletic groups are supported by mul-
tiple characters, and they are presumed to be independent.
It is their separate derivation in independent groups that
makes these characters indicate polyphyly. As noted, how-
ever, most authorities consider mammals to be the taxa
sharing the single dentary bone with a squamosal-dentary
articulation (Rowe 1996) and their common ancestor. This
definition, based on common ancestry, makes mammals
monophyletic (Rowe and Gauthier 1992; Benton 1997).

The First Mammals

EARLY MESOZOIC MAMMALS

As we have seen, therapsids achieved many mammalian fea-
tures; however, only mammals had the primary jaw joint
composed of the dentary and squamosal bones. Also, they
had diphyodont dentition (only two sets of teeth during an
individual’s lifetime) with complex occlusion. However, the
mammalian fauna in the Mesozoic era and for the first 100
my of the existence of mammals was strikingly different
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Figure 4.7 Diagram of alternative hypotheses of the
origin of mammals. In the monophyletic scheme, the major
groups of mammals alive today diverged from a common
ancestral line of amniotes. Conversely, the three major groups
may have converged from at least two distinct, separate lines of
amniotes. Most authorities suggest mammals had a monophy-
letic origin.

from what we see today (Prothero 1998). Until the Early
Cenozoic, mammals were a relatively rare and insignificant
part of the fauna compared with the larger, widespread,
specialized, and well-adapted lineages of reptiles. Mam-
mals were small (mouse-sized), relatively uncommon, and
probably nocturnal. Because the majority of the terrestrial
reptiles were diurnal, mammals could better avoid preda-
tion by being nocturnal. Throughout this era, mammals
appeared to be a narrowly restricted offshoot, confined to a
few phyletic lines. It is interesting that the fossil record
shows little overlap in size between the smallest dinosaurs
and the largest mammals for the 140 my when these two
groups shared the terrestrial environment. In general, the
smallest dinosaurs were many times larger than the largest
mammals. Mammals did not attain large body sizes until
after the extinction of the dinosaurs (Lillegraven 1979).

Mammalian phylogeny can be depicted as in Figure 4.8.
The great evolutionary “bush” of diverse Mesozoic mam-
malian clades is the dominating feature in their taxic evolu-
tionary pattern (Cifelli 2001; Luo et al. 2001; Ji et al. 2002;
Luo 2007; O’Leary 2013; Newham et al. 2014). The almost
fully resolved cladogram (Figure 4.8) of all Mesozoic
mammal groups, together with their improved records of
temporal distribution of fossils, suggest that mammalian
diversification occurred episodically during the entire span
of Mesozoic mammalian history. Five episodes of diversifi-
cations occurred (see Figure 4.8). The earliest diversifica-
tions of stem eutherians and stem metatherians, as docu-
mented by the currently available fossil record, predate the
likely time window estimated by molecular studies, which
indicates that some superordinal clades of placental mam-
mals may have extended back into the Cretaceous (e.g., split
off the earliest placental superordinal clades around 108 +6
mya; Murphy et al. 2001a, 2001b; Cifelli et al. 2014).
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Members of the Family Morganucodontidae are among the
most primitive known mammals, with Genus Morganu-
codon abundant in the fossil history (see Figure 4.8). Mem-
bers of this family from the Late Triassic of Europe repre-
sent the earliest known mammals (Mammaliaformes).
Morganucodontids may have been the ancestors of later
major groups, including the unknown ancestors of mono-
tremes. Relationships among lines of Mesozoic mammals
are unclear, however, and affinities of the morganucodon-
tids to later groups remain uncertain. They may be con-
sidered “prototherian” only in that they did not form the
ancestry of the marsupials and placental mammals. Al-
though monotremes today are numerically an insignifi-
cant part of the mammalian fauna, prototherian mammals
during the Mesozoic era were numerous and diverse.
Several distinct mammalian structural features are pre-
sent in morganucodontidae and evolved among several dif-
ferent lineages (Crompton and Jenkins 1979; Carroll 1988).
These features included dentary-squamosal articulation, al-
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Figure 4.8 Mesozoic mammal clades. Overview of the
temporal distribution and phylogeny of clades of Mesozoic and
major extant groups of mammals.

Six episodes (nodes) of diversification occurred, most typi-
fied by phylogenetic dead-end branches without ancestor-
descendant relationship. Six episodes (nodes) of diversification
are as follows:

1. The earliest-known episode of diversification occurred in the
Late Triassic-Early Jurassic on a global scale, when haramiy-
idans, morganucodontans, kuehneotheriids, and docodontans
appeared (Node 1, blue branches and dots);

2. The next episode occurred globally with peak density in the
Middle Jurassic, with diversification of docodonts and splits of
several extinct groups of mammals (Node 2, green and yellow);
3. The Late Jurassic diversification occurred primarily in Laura-
sia among eutriconodonts, spalacotheriids, dryolestoids, and
peramurans (Node 3);

4. The Early Cretaceous episode saw diversification on the
Gondwanan continents within the australosphenidans and
character-based monotremes and basal splits of eutherians and
metatherians and diversification of tricondontids on the Laura-
sian contenents (Node 4);

5. Late Cretaceous diversification occurred in stem-based
metatherians (including marsupials) (Node 5);

6. Late Cretaceous diversification occurred in stem-based eu-
therians (including placentals), within cimolodontan multitu-
berculates on the northern continents, and within gondwa-
natherians on the southern continents (Node 6).

The shape of branches corresponds to changes in biodiversity
in each lineage through time; wider areas reflect greater diver-
sity. The phylogeny is based on Luo and Wible (2005), Luo
et al. (2007), Bonaparte et al. (2005), and Meng et al. (2006).
Adapted from Luo et al. (2002), Ji et al. (2002), and Luo (2007).

though involvement of the quadrate and articular bones re-
mained. Besides incisors and canines, the cheekteeth were
differentiated into premolars and molars. The occlusal sur-
faces (the portion of the crowns that contact each other
when an animal chews) of the upper and lower molars were
clearly mammalian. The cochlear region was large relative
to skull size. The first two vertebrae were similar to those
seen in later mammals, and two occipital condyles were pre-
sent. Thoracic and lumbar vertebrae and the pelvic region
were distinct from the reptilian pattern. Morganucodontids
had a mammalian posture, with the legs beneath the body,
not splayed out as in reptiles. Also, the vertebrae allowed
flexion and extension of the spine during locomotion. Thus,
many interrelated features of the skull and postcranial skel-
eton that define mammals were evident in morganucodon-
tids (as well as in late cynodonts). These features continued
to be refined in later groups of Late Jurassic and Early Cre-
taceous lineages of mammals. The most prominent of these
lines were the triconodonts, amphilestids, docodonts, and
multituberculates—groups defined on the basis of tooth
structure and associated adaptive feeding types.
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The Triconodonta were a successful lineage that ex-
tended 120 my from the Late Triassic to the Late Creta-
ceous (Cifelli and Madsen 1998). They included the early
Morganucodontidae. The triconodonts were small, carniv-
orous mammals named for their molars, which had three
cusps arranged in a row (Figure 4.9A). The amphilestids
occurred from the Mid-Jurassic to the Early Cretaceous.
They had a linear row of cusps much like morganucodon-
tids. The ampbhilestid Genus Gobiconodon, from the Early
Cretaceous, is noteworthy because it had deciduous molars
(Carroll 1988). The Docodonta are known only from the
Late Jurassic and may have arisen from the triconodonts
(Luo etal. 2015). Based only on teeth and jaws from which
they have been described, they appear to have been omni-
vores. The lower molars were rectangular with prominent
cusps. These are the most complex teeth seen in fossils
from the Jurassic period (Meng et al. 2015) and achieve the
same complexity as later Cretaceous therians (Figure 4.9B).
The advanced teeth of docodonts were in contrast to the
retention of reptilian jaw articulation in this group. This
demonstrates an important point. The suite of character-
istics seen in mammals evolved at different rates within and
among a number of lineages, and often in association with
retained primitive reptilian characters.

A third order, the Multituberculata, was another suc-
cessful mammalian line that extended about 120 my from
the Late Jurassic to the Late Eocene, concurrent with the
emergence and radiation of flowering plants (Cifelli et al.

2013). Multituberculates were primarily herbivorous and
had a single pair of large, procumbent lower incisors, as do
modern rodents (Wall and Krause 1992; Kielan-Jaworowska
1997; Xi et al. 2015). However, they also had as many as
three pairs of upper incisors. The order is named for the
molariform teeth, which had up to eight large, conical
cusps (Figure 4.9C). These cusps were arranged in trian-
gles in anterior molars but in longitudinal rows in the pos-
terior teeth. The posterior lower premolar often was very
large and was used for shearing (Figure 4.9D). Multituber-
culates and eutherian mammals coexisted for more than
70 my. The decline of multituberculates began in the Late
Paleocene. The last multituberculates appeared in the Late
Eocene of North America (Van Valen and Sloan 1966).
Multituberculates probably were replaced by true rodents,
primates, and other eutherian herbivores. The Tricon-
odonta, Haramiyoidea, Docodonta, and Multituberculata
have unclear phylogenetic placement (Jenkins et al. 1997).

EARLY THERIANS

Remains of the earliest therians (formerly known as pan-
totheres) occur in rock strata that also contain the proto-
therian morganucodontids. Two orders are known only
from teeth and jaw fragments: the Symmetrodonta and
the Eupantotheria. The earliest known symmetrodonts,
within the Family Kuehnoetheriidae, are the Genera Kue-

Figure 4.9 Representative dentition from the “prototherian” line of early mammals. (A) Lateral view of the right jaw and
medial view of a lower molar from Genus Triconodon, a triconodont; (B) lingual view of the left mandible from the docodont
Borealestes serendipitus; (C) occlusal view of the upper premolar and molars of the multituberculate Meniscoessus robustus;

(D) lateral view of the skull of Genus Ptilodus, showing the enlarged shearing posterior lower premolar. Note the completely formed
braincase for muscle attachment and the large dentary with coronoid process. The actual length of the skull is approximately 8 cm.

Adapted from Lillegraven et al. (1979).



bneotherium and Kubneon—very small carnivores or insec-
tivores from the Late Triassic (Hu et al. 1997). Later Ju-
rassic pantotheres radiated into numerous different lines
and adaptive feeding niches during the Cretaceous period.
A significant feature of pantotheres was their molars, which
had three principal cusps in triangular arrangement. This
tribosphenic tooth pattern (the basic pattern for later mam-
mals; see the next section) allowed for both shearing and
grinding food. The most diverse family of eupantotheres,
the Dryolestidae, may have been omnivorous and survived
into the Early Cretaceous. Based on derived dental char-
acteristics, advanced therians, that is, distinguishable
metatherians and eutherians, probably originated within
the eupantothere Family Peramuridae by the Middle to
Late Cretaceous, if not before. Peramurids are known only
from the Late Jurassic Genus Peramus. Genetic evidence
(timed by the molecular clock) indicates that the marsupial
lineage split from a therian ancestor about 173 mya, much
earlier than estimated by fossil evidence (Kumar and
Hedges 1998). The earliest known marsupial, Kokopellia, is
known from the Middle Cretaceous of North America
(Utah; Cifelli 1993; Cifelli and Muizon 1997). The earli-
est known eutherian mammal, Eomaia scansoria, was re-
cently discovered from the Lower Cretaceous Yixian For-
mation of northeastern China (Ji et al. 2002). We estimate
Eomaia to be about 125 my; this extends the oldest euthe-
rian records with skull and skeleton by about 40-50 my. In
contrast to terrestrial locomotor features of other Creta-
ceous eutherians, E. scansoria, possessed fore- and hindfeet
morphology adaptive for scansorial locomotion. Such lo-
comotor morphology may offer clues to the evolution of
scansorial abilities of early eutherians (Ji et al. 2002).

TRIBOSPHENIC MOLARS

As noted previously, early mammals had tooth cusps ar-
ranged longitudinally (see Figure 4.9A and C). Metatheri-
ans and eutherians, and their immediate ancestors in the
Cretaceous period (referred to generally as “theria of
metatherian-eutherian grade”), had more advanced tribos-
phenic (or tritubercular) molars (Butler 1992; Smith and
Tchernov 1992; Muizon and Lange-Badre 1997; Luo et al.
2001; Cifelli and Davis 2015). These are named for the
three large cusps arranged in a triangular pattern. A tri-
bosphenic upper molar (Figure 4.10) consists of a trigon
with three cusps, a protocone that is lingual (the apex of
the triangle points inward toward the tongue), and an an-
terior, labial (outward toward the cheek) paracone and pos-
terior metacone. A lower molar, or trigonid (an -id suffix
always denotes mandibular dentition), consists of these
three cusps and a “heel,” or talonid basin. In lower molars,
the protoconid is labial (not lingual, as in the upper mo-
lars), whereas the paraconid and metaconid are lingual.
The talonid of the lower molars also has smaller accessory
cusps. These often include a labial hypoconid, a posterior
hypoconulid, and a lingual entoconid (see Figure 4.10).
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Figure 4.10 Nomenclature of the cusps of tribosphenic
dentition. A lower molar in (A) occlusal view and (B) lingual
view, and an upper molar in (C) occlusal and (D) lingual views.
The upper and lower dentition is shown in occlusion in (E). The
addition of a fourth cusp, the hypocone, forms a quadritubercu-
late upper molar. Adapted from Kermack and Kermack (1984).

Thus, the occlusal view of the trigon(id) of tribosphenic
molars is a somewhat asymmetrical, three-cusped triangle
(see Figure 4.10A,C). The apex of the triangle points lin-
gually (inward toward the tongue) in upper molars and la-
bially (outward toward the cheek) in lower molars. During
occlusion, a crushing or grinding action occurs as the pro-
tocone of an upper molar contacts the talonid basin of the
opposite lower molar. Food is not only crushed but also
sheared. Shearing results from several facets of the upper
and lower molars coming together (see Crompton and Hi-
iemae 1969; Bown and Kraus 1979)—for example, the an-
terior face of a paracone and the posterior face of a proto-
conid and metaconid.

The basic pattern of the tribosphenic molar in early
mammals was very important because it is believed to be
the ancestor of modern therian mammals (Hopson 1994).
It is seen today in lineages such as marsupials and insecti-
vores and has been modified in other modern mammals.
For example, molars have become square (euthemorphic)
with the addition of another main cusp (the hypocone)



70 Part 1

Introduction

posterior to the protocone. Such four-cusped (quadritu-
bercular) molars occur in many species of modern mam-
mals, including humans. Cusps are often connected by a
series of crests or ridges, as in many “insectivores” (see
Figure 17.1). Hershkovitz (1971) provided an exhaustive
treatment of cusp patterns, homologies, and associated
terminology.

Cenozoic Mammals and
Mammalian Radiation

The different mammalian lineages seen today began with
diversification of mammals during the Early Cenozoic.
This radiation resulted from two major events that oc-
curred worldwide. The first was the extinction of the
dominant terrestrial vertebrate fauna, the dinosaurs, at the
end of the Cretaceous period. There are several hypothe-
ses as to why dinosaurs died out so quickly. Nobody knows

r/ h —
/ K
) e \
Q { .
) N~ Eurasia \
/ L
JoNeth i w7
/ America B 3 (
\ $ ....... (o
N\
EEEETTIN At S~
[ N World fauna:
/ R N\ PROTOTHERIA
\ south . Africa N\ METATHERIA
\Amerlca § \ / )\
\ g .+ India )
\ . Mad.—2 ‘ da/ Australla ‘
\\\ L /
A 70 qo00° Antarctlca .
C
> N \ S
/,,/ \_ S L
~~ North - \
«/ America | 1. Eurasia \5
(
¢ e ;
\ ¢\ /
\\/ i P
/ S .
— N
‘/ N N
P a N
\ A &L / \
Isolated fauna: || P& / [N
\ { LK / Ind )
TATHERIA || 8 ndia )
EUTHERIA (prim) | && Y. [ -
1= =& U N
X&@ I;(ol-ateﬂ fau ns:‘
AN / __PROTOTHERIA|

— %, METATHERIA~

L

for sure, although strong evidence suggests that extinction
of the dinosaurs was caused by a large asteroid that struck
the earth, resulting in major climate and vegetation
changes. Whatever the reason, disappearance of the dom-
inant Mesozoic reptiles opened new adaptive opportunities
and resulted in a worldwide mammalian radiation (O’Leary
etal. 2013; Liu et al 2017). Rapid expansion and divergence
of the mammals was also facilitated by the breakup of the
large continental land mass (Pangaea) that had been in
place during much of the time of the dinosaurs (Fooden
1972). Continental drift throughout the Early Cenozoic
(Figure 4.11) allowed major genetic differentiation of the
various phyletic lines to proceed in relative isolation. These
two factors, in addition to ever-expanding faunal and
floral diversity worldwide, allowed mammals to occupy
increasingly specialized ecological roles. As a result, for
most modern mammals, ordinal differentiation was under-
way by the Early Cenozoic, and for many groups probably
since the Late Mesozoic. Most extant orders are recognized
in the fossil record by the beginning of the Eocene epoch,
and most families date from before the Miocene. Mammals
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Figure 4.11 Early continental land masses. The breakup of the single large land mass (Pangaea) beginning about 200 mya and
eventual isolation of the continents that promoted differentiation of the various mammalian phyletic lines following the Cretaceous
period. (A) 2.00 x 108 years ago; (B) 1.8 x 108 years ago; (C) 1.35x 108 years ago; (D) 6.5 x 107 years ago. Data from Fooden (1972).



have been the dominant terrestrial vertebrates ever since—
for the last 65 my.

Interrelationship of
Characteristics and Increased
Metabolism

The changes in skeletal features noted in the following sec-
tion occurred in association with metabolism, physiology,
and reproduction—all of which were related to and devel-
oped concurrently with maintenance of endothermy (Grigg
etal. 2004; Kemp 2006; McNab 2012). Features of the soft
anatomy related to endothermy are not visible in the fossil
record because these organ systems do not fossilize; how-
ever, many of these features can be inferred. Evolutionary
changes from reptiles to mammals can be related to in-
creased metabolic demands of mammals. Mammals need
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approximately ten times the amount of food and oxygen
that reptiles of similar size need to maintain their high
body temperature. Endothermy demands an efficient sup-
ply of oxygen to the lungs for aerobic metabolism, a wide-
spread and constant food supply, and the ability to obtain
and process that food quickly and efficiently (McNab 2002,
2012; Kemp 2005, 2006). Thus, from reptilian to mamma-
lian organization, most of the trends summarized in the
following section relate directly to efficient homeostasis.
All these trends are no doubt interrelated in a much more
complicated and sophisticated manner than can be appre-
ciated from a simple reconstruction from fossil history.
The adaptive significance and interrelationship in post-
dentary bones and increase in the size of the dentary bone
offer an excellent example of this. These interrelated
changes in anatomy not only increased efficiency of chew-
ing and digestion but also directly enhanced auditory acu-
ity through greater efficiency of vibrations from the tym-
panic membrane. Enhanced hearing can help an individual
avoid predators or capture prey more efficiently.

Enlarged caninelike teeth; stronger, arched palate

Therapsids: expansion of jaw musculature; erect gait;
expansion of the cerebellum

Cynodonts: enlarged dentary bone, reduced post-
dentary bones; postcanine teeth well developed;
complete secondary palate

Skull and teeth acquire several derived features
that are retained in mammals

Mammalia: hair; mammary and skin glands;
molars and jaw action designed for shearing;
derived mammalian skeletal characters

Prototheria/Theria: three ear ossicles;
modified vertebrae and long bones

Modifications of
braincase; vertical
tympanic membrane

Chorioallantoic
placenta; long
gestation; brown
adipose tissue

Early Monotremes Marsupials

Diverse A Tritheledontids" . - o
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Figure 4.12 Mammalian evolutionary trends. General summary of mammalian evolutionary trends from ancestral synapsids to

modern mammals.
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Summary of Anatomical
Trends in Organization from
Mammal-Like Amniotes to
Mammals

Several morphological trends were evident in the evolution
of mammals from their mammal-like reptilian ancestors (see
Figure 4.12). Many of these trends have been noted, as have
some of the interrelationships among them. Also, remember
that different characters appeared at different times and in
different phyletic lines. The process of change from reptile
to mammal certainly did not proceed in orderly, progressive,
or easily defined steps. The following trends are evident,
however, in the evolution of mammals from reptiles:

1. The temporal opening of the skull of therapsids was
enlarged (see Figure 4.13). This was associated with
eventual movement of the origin of the jaw muscles from
the inner surface of the temporal region in mammal-like
reptiles to the outer surface of the brain case and newly
developed zygomatic arch in mammals (Figure 4.13).

2. These changes paralleled development of a larger, heavier
dentary bone for processing the food necessary for
higher metabolic activity and maintenance of homeosta-
sis. Thus, the dentary bone became progressively larger
as the postdentary bones were reduced in size (see
Figure 4.4). As noted earlier, the articular and quadrate
bones diminished in size and became part of the middle
ear. Remember, however, that several other bones in the

A Temporal

Zygomatic
:

arch

Pterygoid Masseter

Figure 4.13 Muscle attachment and the temporal
opening. Lateral view and cross section of the skulls of (A) an
early synapsid and (B) a mammal showing movement of the
origin of the muscle attachment to the lower jaw from inside
the cranium to outside the cranium. Muscle attachment was
around the edge of the temporal openings in mammal-like
reptiles. Muscle attachment moved to the outside of the
cranium with complete ossification of the braincase and
formation of the zygomatic arch in mammals. Radinsky (1987).

lower jaw were retained for a long time, even after the
emergence of the dentary-squamosal articulation.

3. The maxillary and palatine bones extended posteriorly
and medially, forming a secondary palate (Figure 4.14).
This resulted in more efficient airflow, allowing a
constant supply of oxygen to the lungs while permitting
chewing and thus enhancing metabolism. It may also
have affected suckling in neonates (Maier et al. 1996).

4. Dentition changed from homodont (uniform,
peg-like tooth structure with little occlusion) to

2 Occipital
condyles

1 Occipital
condyle

Figure 4.14 Formation of the secondary palate. Ventral
views of the cranium of (A) Genus Dimetrodon, a pelycosaur,
and (B) Genus Cynognathus, a more advanced cynodont. Note
that the internal nares (n) open immediately to the front of the
mouth in the primitive form, but in the cynodont, the air enters
the back of the mouth because of the medial extension of the
maxillary (m) and palatine (p) bones that form a secondary
palate. Also notice the one occipital condyle in Dimetrodon and
the development of two occipital condyles in Cynognathus.
Adapted from Romer (1966).

(

G= .

Reptile

Figure 4.15 Conformation of limbs. A reptile adopts a
sprawling gait with the limbs emerging horizontally from the
body. A mammal adopts an upright stance with the limbs
placed directly beneath the body; this is mechanically much
more efficient. Adapted from Savage and Long (1986).
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Figure 4.16 Evolutionary trends in therapsids toward the development of mammals. (A) Genus Lycaenops, an early
theriodont from the late Permian period; (B) an early Triassic cynodont, Genus Thrinaxodon, showing formation of distinct mamma-
lian characteristics, including enlargement of the dentary bone, with the coronoid process extending above the zygomatic arch (a);
the second cervical vertebra (axis) with a spine (b); enlargement of the scapula (c); formation of distinct lumbar vertebrae and
associated reduction in the number of ribs (d); enlargement of the pelvic bones (¢); and formation of a heel bone (tuber calcanei) and
distinct plantigrade feet (f); (C) lifelike reconstruction (hair is hypothetical) of Thrinaxodon, which was about the size of a weasel.

Adapted from Hotton et al. (1986).

strongly heterodont (teeth differentiated on the basis
of form and function) in association with obtaining
and processing foods more efficiently. Chewing
efficiency also was enhanced by the development of
tribosphenic molars (Luo et al. 2001).

5. A change occurred from one occipital condyle in
amniotes to two in advanced synapsids and mammals
(see Figure 4.14). This reduced tension on the spinal
cord when the head was moved up and down and
allowed finer control of head movements, but de-
creased lateral movement.

6. Limbs rotated 90° from the “splayed” reptilian stance
(i.e., horizontal from the body and parallel to the
ground) to directly beneath the body (perpendicular
to the ground; Figure 4.15). Additional changes
resulted in the pectoral and pelvic girdles, including
loss of the coracoid, precoracoid, and interclavicle
bones in the pectoral girdle, although monotremes
still retain them. In the pelvic girdle, the separate
bones found in reptiles fused in mammals and moved
to a more anteriodorsal orientation. Mammals can
therefore move with less energy expenditure than
reptiles.

7. Cervical and lumbar ribs were lost completely, and the
number and size of thoracic ribs were reduced. In
association with changes in the vertebrae and scapula
(Figure 4.16), as well as others, this again allowed for
more flexibility in movement, especially dorsoventral
flexion of the spine.

8. The number of carpal and tarsal bones was reduced,
and the phalangeal formula was reduced from the

reptilian 2-3-4-5-3 (forefeet) and 2-3-4-5-4 (hind feet)
to the typical 2-3-3-3-3 found in most mammals
(Hopson 1995).

Many of these skeletal transformations, as well as differ-
ences in the soft anatomy, are evident in reptiles and mam-
mals today (see Table 4.2). The generally accepted feature
used in the recognition of early mammals is a jaw joint with
squamosal-dentary articulation. This is first seen in the
Mesozoic era about 220 mya and was the result of a 100-my
process of change. Any single criterion separating mammal-
like reptiles and early mammals becomes more arbitrary,
however, as fossil history becomes more complete.

Characteristics of
Modern Mammals

We noted several characteristic skeletal trends associated
with the evolution of mammals (Hickman et al. 2004; Ben-
ton, 2005; Kemp 2005) (Table 4.2). The single dentary
bone and three ossicles of the middle ear are unique to
mammals. Two occipital condyles, epiphyses on many long
bones (which result in determinant growth, unlike rep-
tiles), and a tympanic bone are other mammalian skeletal
characteristics. Among the vertebrates, several aspects of
the soft anatomy of mammals are also unique.

Probably the most obvious mammalian feature is
hair, or fur. These terms are synonymous—structurally,
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Table 4.2 Different characteristics of reptiles and mammals

Reptiles

Mammals

More than one bone in mandible; with quadrate-articular
articulation of jaw joint

One occipital condyle

Long bones without epiphyses (indeterminate growth)
Unfused pelvic bones

Secondary palate usually absent

Middle ear with one ossicle (stapes-columella)
Phalangeal formula 2-3-4-5-3 (4)

Dentition homodont and polyphyodont
Epidermis with scales

Oviparous or ovoviviparous

Three-chambered heart in most

Ectothermic with low metabolic rate
Nonmuscular diaphragm

No mammary glands

Relatively small, simple brain

Single bone in mandible; with squamosal-dentary articulation

Two occipital condyles

Long bones with epiphyses (determinant growth)
Fused pelvic bones

Secondary palate present

Middle ear with three ossicles (malleus, incus, and stapes)
Phalangeal formula usually 2-3-3-3-3

Dentition often heterodont and diphyodont
Epidermis with hair

Viviparous (except for the monotremes)
Four-chambered heart with left aortic arch
Endothermic with high metabolic rate

Muscular diaphragm

Mammary glands present

Relatively large, complex brain

From Bourliére (1964). Reprinted by permission.

no difference exists between hair and fur. There are several
types of hair, and one or more types make up the pelage
(coat) of mammals. Mammals have a four-chambered heart,
with a functional left aortic arch. Birds also have a four-
chambered heart but with a functional right aortic arch.
The biconcave erythrocytes (red blood cells) of mammals
are enucleate (without a nucleus). Not having a nucleus en-
hances the oxygen-carrying capacity of these cells. Female
mammals have milk-producing mammary glands (mam-
mae). This character is, of course, the basis for the name of
the Class Mammalia. Finally, mammals have a muscular
diaphragm separating the thoracic and abdominal cavities.
Other aspects of the soft anatomy can be used to character-
ize mammals. These either are not unique to mammals or
are not found in all mammals. For example, the corpus
callosum, a bundle of nerve fibers that integrates the two
cerebral hemispheres of the brain in eutherians, does not
occur in monotremes and marsupials. Likewise, a true vas-
cular chorioallantoic placenta occurs only in eutherians
(except for marsupial bandicoots—see Chapter 10). Aspects
of mammalian dentition are discussed in the following sec-
tions. Other general mammalian characteristics, including
locomotion (movement), feeding, hair, and reproduction,
are examined in greater detail in Part 2.

Dentition

Teeth are one of the most important aspects of living mam-
mals. Also, many fossil lineages are described only on the
basis of their teeth. Although all mammals begin life on a

diet of milk, they eventually enter into one of a variety of
adaptive feeding modes. An individual’s teeth reflect its
trophic level and feeding specialization. A number of
different feeding niches are available, and as a result,
mammalian dentition shows a number of different modi-
fications. These modifications are derived in large part
from the basic tribosphenic pattern, which allowed much
more efficient processing of food necessary for endo-
thermy and is retained in more primitive groups, such as
“insectivores”, tree shrews, elephant shrews (Chapter 11),
and some marsupials (Chapter 10). Besides their role in
feeding, teeth can also function secondarily in burrowing,
grooming, and defending. Whereas mammals show little
skeletal variation, except in their limbs, a great deal of
variation occurs in their dental patterns.

Teeth may occur in three bones in mammals: the pre-
maxilla and maxilla of the cranium and the mandible (den-
tary bones). Most species have teeth in all three of these
bones; others have a much reduced dentition in only one
or two of these bones. Still other species are edentate, that
is, they have no permanent teeth at all.

TOOTH STRUCTURE

The portion of the tooth above the gum line is the crown,
and the roots are below the gum line (Figure 4.17). In most
species, enamel overlays dentine in the crown of the tooth.
Enamel is harder, heavier, and more resistant to friction
than any other vertebrate tissue. It is acellular, cannot re-
generate, and is made up of crystallized calcium phosphate
(hydroxyapatite). Enamel is ectodermal in origin, whereas
dentine is of dermal origin and makes up most of the tooth.
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Figure 4.17 Longitudinal section of a mammalian
molar. The tooth is seated in an alveolus (socket). With
increased age, the enamel wears away, and progressively more
dentine is exposed in most species. Also, an additional layer of
cementum is often deposited each year. Adapted from DeBlase
and Martin (1981).

In some species, such as the aardvark, Order Tubuliden-
tata (Chapter 11), and Order Cingulata (Chapter 13), the
teeth have no enamel. Rodent incisors have enamel only
on the anterior surface, which causes differential wear and
continuous sharpening of the incisors for gnawing.
Within the dentine is the pulp cavity, in which blood ves-
sels and nerves maintain the dentine. In open-rooted
teeth, growth is continual, and such teeth are termed
“ever-growing.” Incisors of rodents are a prime example of
ever-growing, open-rooted teeth (see Figure 16.3). Alter-
natively, teeth stop growing and begin to wear down with
age when the opening to the pulp cavity closes. Wear on
teeth that are closed-rooted may be used to estimate an
individual’s age. Just as the crown of a tooth usually is cov-
ered with enamel, the root is covered with cementum.
This is a modified bony material deposited throughout an
individual’s life. Cementum annuli are often deposited
much like the rings of a tree, and as with tree rings, the
annuli can sometimes be used to determine an individual’s
age. A socket in a bone containing the tooth roots is an
alveolus. Connective tissue between the cementum and
the alveolar bone holds the tooth in place.

One of the anatomical trends noted previously was the
change from homodont dentition of synapsids to heter-
odont dentition in mammals. Certain modern mamma-
lian lines have homodont dentition, for example, the
toothed whales (odontocetes) and armadillos (Order Cin-
gulata: Dasypodidae). Still other groups, such as the platy-
pus and spiny echidnas (monotremes), are edentate. So are
several unrelated mammalian lineages that feed on ants and
termites, for example, true anteaters (Order Pilosa: Myr-
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mecophagidae) and pangolins, or scaly anteaters (Order
Pholidota: Manidae). A special case of edentate mammals
is the mysticete whale, in which teeth have been replaced
with baleen in the upper jaw (see chapter 20). The eden-
tate condition is secondarily derived; that is, teeth develop
and sometimes emerge in embryos but are resorbed or lost
prior to parturition.

Most mammals have heterodont dentition, with well-
defined incisors, canines, premolars, and molars. Inci-
sors are the anterior-most teeth, with the upper incisors
rooted in the premaxilla. All lower teeth are rooted
in the dentary bones. The incisors often function to cut
or gnaw, as in rodents and lagomorphs. Incisors are
usually structurally simple with a single root. Sometimes,
though, they are highly modified and serve a variety of
purposes. In shrews (Order Soricomorpha: Soricidae),
the first pair of incisors is long and curved (Hutterer
2005¢). They appear to function as forceps in seizing in-
sect prey. Vampire bats have blade-like upper incisors for
making incisions. Incisors are sometimes modified as
tusks, as in elephants and male narwhals (Monodon monoc-
eros). Some groups, such as deer, have lost the upper inci-
sors but have retained the lower ones. They clip vegeta-
tion by cutting against a tough, pad-like tissue in place of
the upper incisors.

Canines are posterior to the incisors. There is never
more than one pair of upper and lower canines in modern
mammals. These teeth generally are unicuspid (i.e., they
have one cusp) with a single root. In carnivores and some
other groups, canines are often enlarged and elongated for
piercing and tearing prey. They may even form tusks in
certain species, such as the walrus (Odobenus rosmarus) and
pigs (Order Artiodactyla: Suidae). In species of deer with-
out antlers, musk deer (Genus Moschus) and the Chinese
water deer (Hydropotes inermis), males have elongated, tusk-
like upper canines.

Premolars are posterior to the canines and anterior to
the molars. Generally, teeth in the posterior part of a den-
tal arcade are structurally more complex than anterior
teeth. Premolars are generally smaller than molars and
have two roots, whereas molars usually have three. Premo-
lars may be unicuspid, or they may look the same as mo-
lars, but premolars have deciduous counterparts (“milk
teeth”). Molars have multicusps and no deciduous counter-
parts; that is, they are not replaced. The premolars and
molars are often considered together as “cheekteeth” or
“postcanine” or “molariform” teeth, especially in species
in which they are difficult to differentiate. Molariform den-
tition is used for grinding food. As such, these teeth usu-
ally have the greatest degree of specialization in cusp pat-
terns and ridges associated with a particular feeding niche.
The height of the crown varies among species. Teeth with
low crowns are termed brachyodont and often are found
among omnivores. Herbivores consume forage that is of-
ten highly abrasive and contains large amounts of silica.
This wears teeth down more rapidly than does a carnivo-
rous diet, and it is therefore adaptive for an herbivore to
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Figure 4.18 Occlusal surfaces. Teeth showing general
types of occlusal surfaces: (A) a pig, with a bunodont surface;
(B) the lophodont dentition of an African elephant, with cusps
in the form of transverse ridges; (C) a deer, with selenodont
teeth forming crescent-shaped ridges. The enamel appears
lighter than the dentine. (D) Dorsal view of the lower incisors of
a white-tailed deer, showing the lateral “incisiform” canines.
Note: The teeth are not to the same scale.

have high-crowned, or hypsodont, checkteeth (Martin
et al. 2001).

In addition to differences in crown height, occlusal sur-
faces are quite variable. Specifically, the cusp patterns are
often highly modified (Figure 4.18A-C). Brachyodont
cheekteeth are often bunodont, with rounded cusps for
crushing and grinding, as in most monkeys and pigs. Alter-
natively, the cusps may form continuous ridges, or lophs,
such as occur in elephants, in a pattern termed lophodont.
Sometimes the lophs are isolated and crescent-shaped, as in
deer, in which case they are called selenodont. Loph pat-
terns may become so complex that it is difficult to discern
the original cusp pattern. A great deal of diversity in cusp
patterns is evident among individual families or within an
order such as the rodents (e.g., see Figure 16.4). Another
example of specialization is found in many modern carni-
vores, which have carnassial or sectorial teeth for shear-
ing. Carnassial teeth in modern carnivores are always the
last upper premolar and the first lower molar. These teeth
are particularly well developed in the cat (Family Felidae)
and the dog (Family Canidae). They still occur but are less
evident in more omnivorous groups, including many of the
ursids (see Figure 18.4). When carnassials are used on one
side of the mouth, they are not aligned on the other side
and cannot be used. Likewise, in most species, when the
anterior dentition (incisors or canines) is used, cheekteeth
do not occlude, and when the animal chews with the cheek-
teeth, incisors do not come together.

Many species have lost teeth through evolutionary time
so that a gap, or diastema, occurs in the toothrow. All ro-
dents and lagomorphs have lost their canines and have a
diastema between their incisors and the anteriormost
cheekteeth (see Figure 16.3). Deer (Family Cervidae) also
have a diastema between the lower incisiform teeth and the

Figure 4.19 Mandibular condyle and muscle groups.
The position of the mandibular condyle (arrow) relative to

the plane of the teeth differs between (A) carnivores and

(B) herbivores. Thus, the temporalis muscles (7) are the primary
group of chewing muscles in carnivores, whereas the masseters
(2) are the primary group in herbivores. Adapted from Radinsky
(1987).

cheekteeth. Moreover, deer can be used to illustrate that
teeth in a given position may resemble the teeth next to
them. What appears to be the last lower “incisor” in a deer
jaw is actually a canine. Because it functions as an incisor,
however, its form has changed through time to accommo-
date its function. It has become “incisiform,” that is, indis-
tinguishable from the three true incisors on each side of
the midline (see Figure 4.18D).

The structure of the lower jaw and primary use of dif-
ferent muscle groups differ between herbivores and car-
nivores. In herbivores, the mandibular condyle and its
articulation with the fossa of the cranium is elevated
above the mandibular dentition. This gives maximum
advantage to the masseter muscles in closing the jaw. In
carnivores, the temporal muscles are the primary muscle
group closing the jaw, and the mandibular articulation is
level with the dentition (Figure 4.19). Also, carnivore
jaws close in a shearing manner, similar to scissors. Con-
versely, when the jaw of an herbivore closes, all the op-
posing teeth occlude together.



TOOTH REPLACEMENT

Generally, mammals have two sets of teeth during their life-
time; that is, they are diphyodont. The deciduous, or “milk”
teeth, are replaced by permanent dentition later in life. In
many species, the pattern of tooth replacement is used to
estimate the age of individuals. In eutherian mammals,
all the teeth except the molars have deciduous counter-
parts. It is unclear, however, whether molars are perma-
nent teeth without preceding milk teeth or “late” milk
teeth without succeeding permanent teeth. In metatheri-
ans, only the last premolar is deciduous; the remaining
postcanine teeth are not replaced. Deciduous incisors and
canines do not erupt, and only the permanent anterior
dentition is seen (Luckett and Woolley 1996). Certain
eutherians, such as shrews, appear to have only perma-
nent teeth because the deciduous teeth are resorbed dur-
ing fetal development. With few exceptions, replacement
of deciduous teeth by their permanent counterparts is
vertical, with the permanent tooth erupting from below
and pushing out the worn-down deciduous tooth. In ele-
phants (Order Proboscidea) and manatees (Order Sirenia:
Trichechidae), however, tooth replacement is horizontal.
Teeth in the posterior part of the mandible slowly move
forward and replace anterior cheekteeth as they wear
down and fall out (see Figure 12.6).

DENTAL FORMULAE

A dental formula provides a useful shorthand description
of the total number and position of teeth in a given spe-
cies. Dental formulae are always given in the following
order: incisors, canines, premolars, and molars. Thus, the
dental formula for the brown hyena (Parabyaena brunnea)
is 3/3, 1/1, 4/3, 1/1. This means there are 3 upper (num-
bers above the line) and 3 lower incisors (numbers below
the line), 1 upper and lower canine, 4 upper and 3 lower
premolars, and 1 upper and 1 lower molar. Because denti-
tion is bilaterally symmetrical, dental formulae are given
for one side of the mouth only and may be multiplied by 2
to arrive at the total number of teeth in the mouth. The
hyena has 17 teeth on each side of the mouth (9 upper and
8 lower), for a total of 34. Many species have lost teeth in
a particular position through evolutionary time. For ex-
ample, white-tailed deer (Odocoileus virginianus) have
lost the upper incisors and canines. Thus, their dental
formula is 0/3, 0/1, 3/3, 3/3=32 (Figure 4.20). Again,
because the tooth order given in a dental formula is al-
ways the same, words or abbreviations for incisors, ca-
nines, premolars, and molars are not necessary. If there
are no teeth in a position, as in the white-tailed deer, a
zero is shown, but the position is not deleted. Thus ro-
dents, which have no upper or lower canines, have a ca-
nine formula of 0/0.

Abbreviations are often used when describing particu-
lar teeth. Superscripts and subscripts may be used with ab-
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Figure 4.20 Tooth position and structure. (A) Ventral
view of the upper dentition; (B) dorsal view of the lower
dentition of the white-tailed deer, showing the number and
structure of teeth in each position. For further discussion of the
abbreviations, see text.

breviations for tooth type. For example, P? refers to the
second upper premolar, whereas P, means the second lower
premolar. Alternatively, you may see capital letters used to
refer to upper teeth (e.g., P2), and lowercase letters for
lower teeth (p2). Care must be taken to avoid confusion
when referring to particular teeth.

PRIMITIVE DENTAL FORMULAE

For most species of extant mammals, there is a maximum
number of each type of tooth. Presumably, these maxima
represent the ancestral condition. Thus, although species
tend to lose teeth (see the next section), very few exceed
the primitive number of incisors, canines, premolars, and
molars. In eutherians, the primitive dental formula is 3/3,
1/1, 4/4, 3/3 =44. This means ancestral eutherian mam-
mals had 44 teeth. Thus, most modern eutherians will not
have more than 3 upper or lower incisors per quadrant,
more than 1 upper and lower canine, and so forth. For
metatherians, the primitive dental formula is 5/4, 1/1, 3/3,
4/4=50. Although very few species exceed the primitive
number, the toothed whales often have more than 44 teeth;
some species actually have over 200. Among terrestrial
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species, only the giant armadillo (Priodontes giganteus), bat-
eared fox (Otocyon megalotis), and marsupial numbat (Myr-
mecobius fasciatus) exceed the primitive numbers of teeth.

The evolutionary trend is toward reduction from the
primitive dental formula. In the white-tailed deer noted
earlier, three upper and lower premolars occur in each
quadrant (side of the mouth). One premolar (the first posi-
tion) has been lost over evolutionary time. The most anterior
upper and lower premolars are actually P? and P,, al-
though they may be described as the “first” premolars in
the arcade (row). Similar examples could be cited for most
other species.

SUMMARY

DENTAL ANOMALIES

Occasionally, an individual’s dental complement is differ-
ent from that normally seen in the species. Such congeni-
tal anomalies or abnormalities may involve supernumer-
ary dentition (extra teeth in a position) or, conversely,
agenesis (reduced number of teeth in a position). Anoma-
lies may be unilateral, occurring on one side of the jaw, or
bilateral, occurring on both sides. Although they are rare,
dental anomalies have been reported in representative spe-

cies from most orders of mammals (Miles and Grigson
1990; Koyasu et al. 2005).

e The evolution of mammals from therapsids occurred during a
70-my period from the Late Paleozoic to the Early Mesozoic,
with mammals appearing about 220 mya. During this time,
numerous changes occurred in the skull, dentition, and
skeleton from the synapsid to the mammalian form. These
skeletal changes, along with concurrent changes in soft
anatomy, adapted mammals for improved ability to maintain
homeostasis. Mammals became more efficient at gathering
and processing food than synapsids and developed a much
higher metabolic rate (although some dinosaurs may also
have had high metabolic rates).

Such evolutionary conditions set the stage for the explosive
adaptive radiation of mammals during the 70-my period after
their initial appearance. The radiation of numerous phyloge-
netic lines of mammals, from shrews to elephants and
rodents to whales, occurred after the extinction of the
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1. What reasons can you give for mammals being so much
smaller than even the smallest dinosaurs for the 140
my they were on earth together? What might have
been the adaptive advantages to mammals of having
been so small?

2. Because they were so small, what morphological and
physiological characteristics were necessary for early
mammals to survive?

3. Why does heterodont dentition of an early mammal
allow an individual a much broader range of feeding

possibilities than the homodont dentition of
synapsids?

4. Before you read Chapter 7, list as many different
mammalian feeding adaptations as you can think of.

5. How did the concurrent rise in the diversity of other
fauna and flora early in the Cenozoic era affect the
potential for early mammals to radiate into different
lineages?
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How do scientists explain the abundance of marsupials in Australia and
South America, along with their scarcity on northern continents? Why
are there members of Camelidae in central Asia, North Africa, and
South America? What factors led to the present distribution of pri-
mates, extending from Japan to Africa and including South, but not
North, America? Biogeography is the study of the distribution of or-
ganisms, both living and extinct, on the Earth (Lomolino et al. 2017).

We have already encountered geographic considerations in our
discussion of home ranges (the “distributions” of individual organ-
isms), faunal surveys, and phylogeographic analyses of species bound-
aries (Chapter 2), as well as the influence of continental drift on
mammalian radiations (Chapter 3). The most basic datum in bioge-
ography is the species range—the complete area of the Earth over
which individuals of a particular species occur. Species ranges are
usually inferred from museum-specimen records, but observational
data and ecological modeling are also important for mammals. Ranges
are dynamic, changing over time because of abiotic and biotic factors.
For example, lions were once widespread throughout Africa and
southwestern Asia; today, they are restricted to several isolated popu-
lations scattered throughout Africa and one small population in
northwest India (Figure 5.1). A fundamental question posed by bio-
geography is, what factors determine the range of a species? The same
question, but from a slightly different perspective, is also important:
why does a particular region harbor the particular set of species we
observe there? The answers invariably have to do with two kinds of
causal factors, history and ecology, that define major research tradi-
tions within biogeography.

Historical biogeography emphasizes the study of changes in spe-
cies ranges that have taken place over evolutionary time. It encom-
passes evolutionary and earth history, and brings information from
both to bear on biogeographic problems. One of the distribution pat-
terns most intriguing to historical biogeographers is endemism, the
restriction of a species’ range to a circumscribed area. Why, for ex-
ample, are long-beaked echidnas (Zaglossus bruijni) found only in
New Guinea? Even more striking are patterns of endemism that




Figure 5.1 Changes in species range. The lion (Panthera
leo) was once distributed throughout much of Africa and
southwestern Asia, including the Arabian Peninsula (dark blue
shading). Today, lions still inhabit many areas of Africa (black
shading), but their range in Asia has been reduced to a small
remnant population in the Gir Forest of India (black dot with
arrow). Redrawn from Burton and Pearson (1987).

characterize areas—why are so many mammal species
found only in New Guinea (Flannery 1995)? A second
pattern of interest is the disjunct distribution—a gap in
the range of related species or clades. Marsupials are now
found in Australasia and South America. How does this
distribution relate to the evolutionary history of marsu-
pials? Do the species on each continent represent sepa-
rate monophyletic groups that are each other’s closest
relatives? How did these groups, which clearly have a
single common ancestor, become separated by two
oceans? It is often the case that several groups show the
same disjunctions: monotremes, though currently en-
demic to Australasia, also have fossil representatives in
South America (Pascual et al. 1992).

Ecological biogeography focuses on the current dis-
tributions of species and seeks to explain those distribu-
tions in terms of community-level interactions among or-
ganisms and their environment. One common line of
inquiry has to do with species richness: why do some re-
gions of the Earth (e.g., the tropics) harbor vastly more
species than other regions (e.g., Antarctica)? What deter-
mines the number and identity of species on an island?
Because answers to such questions involve evolutionary
adaptations, ecological biogeography frequently entails
studying the patterns of morphological, physiological, or
life-history variation among organisms in different places.
Until recently, historical and ecological biogeography were
largely separate disciplines (Posadas et al. 2006), but prac-
titioners now realize that both perspectives are necessary
to arrive at complete explanations of geographic patterns
(Morrone 2009).
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Global Provincialism of
Mammal Distributions

BIOGEOGRAPHIC REGIONALIZATION

If one were to tabulate the numbers of species in major
clades of virtually any group of animals or plants that oc-
cur in different continental regions of the Earth, two pat-
terns would be readily apparent. First, different regions
harbor distinct taxonomic assemblages—that is to say,
there is endemism on a worldwide scale. Second, there are
dramatic differences in species richness among continen-
tal regions: some regions constitute centers of diversity
and others do not. These observations, together with
knowledge of phylogenetic relationships, demonstrate the
provincialism of life on Earth, a pattern evident in the tet-
rapod fossil record since the Early Mesozoic (Sidor et al.
2013). Provincialism in terrestrial animal distributions led
Wallace (1876) to divide the world into 6 faunal regions,
each with a distinct assemblage of species: Palearctic, Ne-
arctic, Neotropical, Ethiopian, Oriental, and Australian
(Figure 5.2). This was one of the first attempts at biogeo-
graphic regionalization, the estimation of boundaries be-
tween areas of endemism/centers of diversity. Darlington
(1957) and Simpson (1965) provided important syntheses
of descriptive information on vertebrate distributions, gen-
erally endorsing the regions recognized by Wallace. Re-
cently, Holt and colleagues (2013) refined the boundaries of
world zoogeographic regions based on distributional data
and phylogenetic relationships for 21,037 species of am-
phibians, birds, and mammals. They identified 11 major
realms comparable to Wallace’s faunal regions, but recog-
nized distinct realms for some of Wallace’s transition zones.
For example, Holt and colleagues (2013) distinguished a
Panamanian realm comprising the Central American com-
ponent of Wallace’s Neotropics, a Saharo-Arabian realm
across northern Africa to the western edge of the Indian
subcontinent, and a Sino-Japanese realm from the Tibetan
Plateau to the China coast. They also assigned New Guinea
to Oceania and Madagascar to its own realm. The extent to
which this new regionalization will replace Wallace’s origi-
nal remains to be seen (Kreft and Jetz 2013), but the work
highlights the increasing interdependence of biogeography
and phylogenetics (Knapp 2013).

As reflected in Holt and colleagues (2013), biogeogra-
phers are intrigued by transition zones between regions, as
well as what species compositions in these zones can tell us
about the historical-ecological determinants of biodiversity.
Perhaps the most famous transition zone is that between
Wallace’s Oriental and Australian regions, where the posi-
tion of Wallace’s Line (Figure 5.2) has stimulated over a
century of studies on the mixture of faunal elements in the
Malay Archipelago (van Oosterzee 2006, Esselstyn et al.
2010). Although Wallace and subsequent authors noted a
sharp break in faunal compositions between the islands of
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Figure 5.2 Faunal regions. The land surfaces of the world
can be divided into six major faunal regions based on geo-
graphic barriers, geological history, and the distribution of
vertebrate species. Oceanic islands and the open ocean can be
considered an additional region. Considerable differences are
evident in mammalian family diversity and the number of
endemic families among these regions. The boundary between
Oriental and Australian regions is Wallace’s Line.

Bali and Lombok and extending north along the Makassar
Strait, Holt and colleagues (2013) placed the break east of
Sulawesi (except for birds). Biogeographers have also under-
taken regionalizations on smaller scales. The Interim Bio-
geographic Regionalisation for Australia (IBRA, Ebach
2012), managed by Australia’s Department of Environment
and Energy, identifies 89 bioregions across the continent
based on fauna, flora, geomorphology, and climate. The
IRBA serves as a framework for understanding species dis-
tributions and a basis for conservation planning.

FAUNAL REGIONS

Here we summarize the extent, ecosystem characteristics,
and assemblage of mammals for each of Wallace’s (1876)
faunal regions. Continental ecosystems are classified as bi-
omes, each with a specific type of plant community deter-
mined by climate and soil characteristics. The major ter-
restrial biomes are tropical rainforest, tropical deciduous
forest, savanna, desert, chaparral, grasslands, temperate
deciduous forests, temperate rainforests, taiga, and tundra.
Of course, mammals also occur in freshwater and marine
ecosystems. Freshwater species are usually considered part
of the terrestrial biomes in which their lakes, rivers, etc.
occur. Marine species may be associated with coastal waters
or the open ocean; for convenience, we will discuss the
ocean as if it were a single faunal region. Ceballos and Eh-
rlich (2006) provide a more detailed summary of mamma-
lian distributions in biogeographic regions.

Palearctic

The Palearctic, largest of the faunal regions, consists of the
northern Old World, including Europe, Russia, central

Asia, and northern China. It is separated from the Ethio-
pian region by deserts, from the Oriental region by moun-
tains, and from the Nearctic by the Bering Strait. An east-
west band of taiga centered on 60°N latitude dominates the
Palearctic, with tundra to the north. The southwestern
Palearctic includes the Mongolian steppes, while temper-
ate deciduous forest and chaparral occur in Europe. There
are no endemic mammal families in the Palearctic, and
only one endemic subfamily (Spalacinae, the blind mole-
rats). Species diversity is concentrated in the warm, wet ar-
eas of the southeast and southwest. The Palearctic mam-
mal fauna represents a mixture of Nearctic, Ethiopian, and
Oriental elements. Many Paleactic families also occur in
the Nearctic, primarily because these regions were con-
nected for extended periods by the Bering land bridge be-
tween Siberia and Alaska. Species of cervids, bovids, and
ursids occur in all three regions; suids, hyaenids, and
viverrids are shared with Oriental and Ethiopian re-
gions; glirids, dipodids, and procaviids also occur in the
Ethiopian region. The Palearctic includes widespread,
continuously distributed species from the rodent fami-
lies Muridae and Sciuridae, as well as from the carnivoran
families Mustelidae, Canidae, and Felidae.

Nearctic

This region extends from the Arctic in northern Canada
to the central Mexican plateau, and includes Greenland. It
is separated from the Palearctic by the Bering Strait and
from the Neotropics by the Mexican-Central American
transition zone. Like the Palearctic, the northern Nearc-
tic consists of tundra and taiga, with temperate deciduous
forest in the southeast, grassland in the south central, and
desert-chaparral in the southwest. Relatively few mamma-
lian families occur in the Nearctic, and only two (Antilo-
capridae and Aplodontidae) are endemic. Species diversity
is highest in the west and south due to topographic varia-
tion and mild climate, respectively. The biotic similarity
of Nearctic and Palearctic regions is such that they are of-
ten grouped together as the Holarctic, and two mammal
families (Ochotonidae and Castoridae) have Holarctic dis-
tributions. The current Nearctic-Neotropical land connec-
tion formed relatively recently and became the dispersal
route for the Great American Biotic Interchange (discussed
later in this chapter). As a result, several families (e.g., Di-
delphidae, Erethizontidae, Tayasuidae, Heteromyidae,
Dasypodidae) now occur in both regions.

Neotropical

The Neotropics extend from central Mexico to South
America. This region is mostly isolated by oceans, but its
northern boundary roughly coincides with a transition
from xeric subtropical desert to moister tropical forests.
Tropical wet forests of Amazonia dominate the central



Neotropics, with grasslands and desert to the south, and
alpine habitats associated with the Andes along the west-
ern margin. The Neotropics have a large number of mam-
mal families, and many of them are endemic. Most of the
species diversity is concentrated at low latitudes in Ama-
zonian rainforests and flanking savannas or scrub forests
(Gonzilez-Maya et al. 2017). Several families of hystricog-
nath rodents, pilosans, primates, marsupials, and sorico-
morphans are endemic to the Neotropics. The Caribbean
Islands and Patagonia are considered parts of the Neo-
tropics, but the biotas of these areas are quite distinct. In-
deed, the Caribbean bat fauna is more similar to that of
North and Central America than to that of South Amer-
ica (Proches 2005).

Ethiopian

This region includes Madagascar and sub-Saharan Af-
rica. The Sahara and Middle East form a transition zone
between Ethiopian and southern Palearctic regions. Sub-
Saharan Africa includes a band of tropical rainforest cen-
tered on the equator and extending along the Gulf of
Guinea and north to the Senegal River. The rainforest is
flanked by broad savannas covering mid-latitude regions,
and southwestern Africa is mostly desert. Madagascar has
rainforest along its eastern coast and savanna in the west,
with both habitats running in north-south bands parallel
to the central highlands. The Ethiopian region shares
much of its mammal fauna with the Oriental and Palearc-
tic regions. Its great diversity of mammals has been at-
tributed in part to restriction of Plio-Pleistocene extinc-
tions to very large (>1000 kg) species coupled with
diversification of moderately large (200-1,000 kg) forms
(Nieto et al. 2005). Among endemics, lemuroid primates
and sucker-footed bats (Myzopodidae) are restricted to
Madagascar. The remaining Ethiopian endemics are
families of rodents, lorisoid primates, terrestrial cetartio-
dactyls, tenrecs (Tenrecidae), golden moles (Chrysochlo-
ridae), elephant shrews (Macroscelididae), and the aard-
vark (Orycteropodidae).

Oriental

The Oriental region consists of the Indian subcontinent,
Southeast Asia, and the Malay Archipelago north and
west of Wallace’s Line. It is isolated from the Palearctic
by deserts and mountains, and from the Australian re-
gion by a transition zone known as “Wallacea” (extending
east from Wallace’s Line to encompass the Lesser Sunda
Islands, Sulawesi, and the Moluccas). Much of the Orien-
tal region is tropical forest. Most of its mammal families
are shared with the Ethiopian region, and many are
shared with the Palearctic. Mammal diversity is high in
the Orient, but only five families are endemic: colugos
(Cynocephalidae), tree shrews (Tupaiidae), hog-nosed
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bats (Craseonycteridae), gibbons (Hylobatidae), and tarsi-
ers (Tarsiidae). The Orient’s position as a tropical cross-
roads between Palearctic, Ethiopian, and Australian re-
gions may explain its high diversity, but low endemicity,
of mammal families.

Australian

This region includes Australia and New Guinea. It is
bounded to the northwest by Wallacea and on all other
fronts by ocean. Most of Australia is desert, but coastal
areas show a diverse set of biomes—tropical forests in the
north (and in New Guinea), temperate deciduous forest
in the southeast, chaparral in the south, and temperate
rainforest in eastern Tasmania. Australia is the most iso-
lated faunal region, sharing few of its mammal families
with other areas. The endemics are monotremes (Orni-
thorhynchidae, Tachyglossidae) and marsupials from
the orders Dasyuromorphia, Notoryctemorphia, Pera-
melemorphia, and Diprotodontia. The only recent route
of exchange for Australian mammals is via Wallacea, and
two eutherian groups—bats and murid rodents—have
invaded by this route. Indeed, based on bat distributions,
Proches (2005) found that New Guinea is more closely
allied with the Oriental than the Australian region. Ar-
eas adjacent to Australia are also distinct. New Zealand
has only three native nonhuman mammals, all bats, and
two of these represent the endemic Family Mystacinidae
(Flannery 1984). Melanesia also harbors a distinctive bat
fauna (Proches 2005).

Oceanic

Oceanic mammals include those that live on islands remote
from continents and those that are fully marine. The mam-
mal faunas of Micronesia and Polynesia illustrate several
general patterns for oceanic islands: there are few native
mammals, those that do occur are mostly bats or small ro-
dents, and human movements across the ocean have facili-
tated dispersal (Darlington 1957). Among marine groups,
Sirenians (manatees and dugongs; Chapter 12) occur along
tropical coasts and associated deep river areas. Pinnipeds
(seals and sea lions; Chapter 18) breed on pack ice, near-
shore rocks, or coastal areas, but some forage at consider-
able distances from land. Most cetaceans (whales and dol-
phins; Chapter 20) are denizens of the open ocean. Larger
whale species show extensive migrations between high-
latitude feeding and low-latitude breeding areas, whereas
smaller toothed whales occur within latitudinal zones. The
distributions of marine mammals seem to be tied to their
food sources; thus, large cetaceans move across multiple
oceanic provinces whereas smaller species have more cir-
cumscribed ranges. Spalding and coworkers (2007) re-
viewed the challenges involved in developing a global re-
gionalization scheme for ocean biogeography.
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Historical Biogeography

ABIOTIC PROCESSES
Plate Tectonics and Continental Drift

The suggestion that landmasses of the Earth move over
geological time (continental drift) was formalized by We-
gener (1915) but not accepted until the 1960s because no
geological mechanism was known that could account for
such movement. Plate tectonics (Dietz 1961; Hess 1962)
provided the mechanism. The Earth’s crust, including con-
tinents and ocean floors, is made of rocky plates that float
on denser, partially melted mantle rock. There are some
ten major plates and many minor ones, separated from one
another by ridges, trenches, or faults (Figure 5.3). As heat
from Earth’s core radiates outward, it creates convection
cells in viscous mantle rock. Midocean ridges are sites
where molten basalt from the mantle spews onto the sur-
face and pushes the crust laterally (“seafloor spreading”),
driving the movement of plates. When continental plates
collide, they may form mountains (e.g., the Himalayas).
Dense oceanic rock plunging below lighter continental
plates produces subduction zones (trenches) associated with
earthquakes and volcanic eruptions. The mountainous,
volcanic islands of Japan mark a zone of subduction be-
tween Pacific and Eurasian plates.

As a result of tectonic processes, continents have col-
lided, merged, and fragmented during Earth history. In
doing so, they have carried their biotas along with them
and profoundly influenced the distribution of organisms.
Continental fragmentation is a principal mechanism of
vicariance, the geographic isolation of populations of a
once-widespread species by development of a physical bar-
rier (e.g., an ocean) within the ancestral species range
(Rosen 1978). Geographic isolation initiates speciation, and
subsequent evolution within descendant lineages may pro-
duce diverse clades on different continents. Continental
drift is only one of many ways to erect or destroy such a
barrier, but it is a major historical determinant of provin-
cialism among faunal regions. Vicariance on a smaller scale
has influenced biogeographic patterns within regions.

Past movements and positions of continents can be in-
ferred from paleomagnetic, petrological, stratigraphic, and
structural information. When the first synapsids appeared
in the Carboniferous, the landmasses of North America,
Greenland, Western Europe, and Siberia had moved close
to the equator and eventually merged to form a superconti-
nent, Laurasia. South America, Antarctica, Africa, India,
and Australia were similarly merged near the South Pole to
form the supercontinent Gondwana. By the Permian,
Laurasia and Gondwana had coalesced to a single landmass,
Pangaea, which would persist for some 160 my (Figure 5.4).
In the Jurassic, when the world’s synapsid fauna contained
therapsids, cynodonts, and early mammals, Pangea began
to splitapart. Separation of Laurasia and Gondwana opened
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Figure 5.3 Tectonic plates. This map shows the boundaries of the major tectonic plates of the Earth’s crust and the direction of
their current movement (indicated by arrows). Oceanic trenches are shown as thickened lines.



Figure 5.4 The supercontinent of Pangea. A reconstruc
tion of Pangea in the Permian. Northern regions comprising
Laurasia are in light blue; southern regions comprising Gond-
wana are in dark blue.

a circumtropical waterway, the Tethys Sea, which moder-
ated climate throughout the later Mesozoic when elevated
sea levels resulted in extensive epicontinental seas. In the
Cenozoic, the continents fragmented, rotated, and drifted
to their present locations; at the same time, mammals
evolved, diversified, and spread over the globe.

Climate Change

The climate, or long-term weather pattern, of a particular
area on Earth results from interactions among sunlight, the
atmosphere, land, and water. A portion of the sun’s infra-
red radiation that reaches the earth is reflected, trapped by
CO, and other greenhouse gases, and warms the atmo-
sphere. Because the Earth tilts on its axis, the amount of
sunlight reaching the surface varies with latitude. At the
equator, sunlight meets the Earth at nearly a right angle
and the amount of solar energy per unit area is high, mak-
ing the tropics warm. At higher latitudes, the incident angle
is more oblique and temperatures are lower. Moreover, as
the Earth’s tilt changes throughout the year, warm and cold
temperatures alternate seasonally between northern and
southern hemispheres. As equatorial air rises, it cools and
loses moisture, which falls as tropical rain. The same air
masses sink at approximately 30° north and south latitude,
but they are dry and absorb surface moisture; Earth’s great
deserts occur at these latitudes. Earth’s rotation interacts
with moving air masses to produce easterly or westerly
winds, depending on latitude. Prevailing winds blowing
over mountains drop moisture on the windward sides, but
create dry, rain-shadow conditions on the leeward. These
same factors move seawater in clockwise or counterclock-
wise gyres around ocean basins and, by distributing warm
water from the equator to coastal areas, provide a moder-
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ating influence on the climate of continental margins. To
the extent that this interplay of variables creates a stable cli-
mate in a particular area, it also determines the abiotic
selection regime to which resident organisms must adapt.
However, climates are not stable over evolutionary time.
Continental positions affect air and ocean circulation and
profoundly influence regional climates. Moreover, varia-
tions in Earth’s orbit affect how much sunlight reaches dif-
ferent parts of the world and trigger climate changes by
“orbital forcing”; variation in the energy output of the sun
(“solar forcing”) can have the same effect. The influence of
climate forcing is mediated by conditions in the atmosphere
(e.g., levels of greenhouse gases, tropospheric aerosols that
influence cloud formation) and acts through the global car-
bon cycle (Pilike et al. 2006). Because of variation in, and
interaction among, these factors, Earth history is charac-
terized by alternating periods of “icehouse” and “hothouse”
conditions. Extreme icehouse conditions produced ice ages,
extended periods during which global mean temperature
was low and glaciers expanded across continents. It was in
the context of such climate variation that synapsids and
their mammalian descendants originated and diversified.

Ice Ages

At several times in Earth history, levels of greenhouse gases
fell, continents occupied positions blocking the flow of
equatorial ocean water to the poles, and orbital variations
affected Earth’s solar heat budget. In the Early Carbonif-
erous, much of Gondwana was near the South Pole, while
closure of the Tethys Sea blocked circumtropical currents
and disrupted warm-water flow to the Antarctic. This
caused cooler summers, the accumulation of winter snow
in highland areas, and growth of alpine glaciers. At the
same time, atmospheric CO, levels dropped, possibly due
to elevated oxygen produced by land plants in the world’s
extensive equatorial swamps (Berner 1997). As Earth be-
came colder, glaciers spread from the highlands and cov-
ered much of southern Gondwana, initiating the Karoo Ice
Age. In tropical Laurasia, far from the Karoo ice fields, we
find the oldest fossil synapsids—pelycosaurs such as Ar-
chaeothryis and Eothryis. By the time the Karoo glaciers re-
ceded at the end of the Permian, all major lineages of pel-
ycosaurs and noncynodont therapsids had appeared, many
with representatives in Gondwana (Benton 2014). Ironi-
cally, few of them would survive into the Triassic.

After a period of cooling in the Late Cretaceous, hot-
house conditions prevailed again until the Eocene. In the
Oligocene, atmospheric CO, levels began to drop and frag-
menting continents allowed cold polar water to move
toward the equator. Glacial ice occurred in Antarctica and,
by the Pliocene, covered the North Pole as well. From the
mid-Miocene on, the world became cooler and drier until,
roughly 2 mya, it plunged into the Pleistocene ice age. Gla-
ciation during this period was most dramatic in the Nearc-
tic, where ice covered most of modern Canada and the
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northern United States, shifting tundra and taiga habi-
tats southward. In the Palearctic, ice covered northern
Europe but a unique steppe-tundra habitat developed in
Siberia and Beringia. Between about 1.7 million and
10,000 years ago, continental glaciers advanced and re-
treated 4 times, giving rise to a cycle of glacial and inter-
glacial periods that culminated in the Recent. The distri-
butions of many modern mammals are still responding to
the last glacial retreat.

Refugia

Refugia are circumscribed areas within a larger biome that
preserve biodiversity during periods of environmental
change (Lomolino et al 2017). Nunataks, refugia within
the continental ice sheets of glacial periods, were ice-free
pockets of variable size. In them, remnants of the pregla-
cial biotas survived until the ice retreated. Nunataks such
as the “driftless area” in southwestern Wisconsin, north-
western Illinois, and eastern Iowa, served as sources of new
populations for surrounding areas once the glaciers receded
(Figure 5.5). The least weasel (Mustela nivalis) and Frank-
lin’s ground squirrel (Poliocitellus franklinii) likely survived
in the driftless area during the last glaciation. Mountain-
tops can also be refugia for taxa with narrow altitudinal
distributions: as communities shift their distribution to
higher or lower elevations during periods of climate change,
their constituent taxa are alternately isolated from and
merged with those from nearby mountains.

"Tropical rainforests around the world contain enormous
species diversity. When Pleistocene glaciers covered much
of the landscape in northern latitudes, rainforests became

Figure 5.5 Driftless area. An area in northwestern Illinois,
east central lowa, and southwestern Wisconsin, known as the
“driftless area,” remained free of ice sheets during the Pleisto-
cene glaciations and served as a refugium. Several species of
plants and animals, including mammals, spread outward from
the driftless area as the glaciers receded.

fragmented—in effect, islands of forest in large areas of open
grassland—due to the cooler, drier conditions at tropical lati-
tudes. During interglacial periods, forest refugia expanded
and became connected. Haffer (1969, 1997) suggested that
cycles of rainforest fragmentation are a major cause of verte-
brate diversity in the Amazon. According to this hypothesis,
vicariant isolation led to differentiation among populations
of the same species in different refugia. When forests be-
came contiguous again during interglacials, isolated popula-
tions had become reproductively isolated. This is just one of
several competing hypotheses that may explain Amazonia’s
extreme biodiversity (Nores 1999). Turchetto-Zolet and co-
workers (2013) and Garzén-Orduiia and coworkers (2015)
give modern perspectives on this complex topic.

Oceanic islands have also been refugia, particularly is-
lands close to larger landmasses that experienced environ-
mental change, as was the case for Madagascar (Eisenberg
1981). Malagasy endemic tenrecids and lemuriforms have
their earliest fossil representatives from the African Mio-
cene and Eocene, respectively (Asher and Hofreiter 2006;
Seiffert 2012); this suggests origins for both groups in con-
tinental areas where they are now rare or extinct. Within
Madagascar, however, they underwent extensive radiations
and now occupy a variety of niches. Madagascar may have
served as a refuge where, isolated from mainland competi-
tors, tenrecs and lemuriforms survived and diversified.

BIOTIC PROCESSES
Dispersal

The term “dispersal” has two closely related meanings in
biology. Individuals or small groups may leave their natal
area to breed elsewhere; such movement occurs within the
lifetime of an organism and constitutes ecological disper-
sal. “Dispersal” is also used in a biogeographic sense,
referring to the extension of a species range—that is,
species dispersal. These processes are related in that
individual movements are the basis for changing species
ranges. Two mechanisms of species dispersal are usually
recognized. Passive dispersal, such as rafting or human
transport, involves movements in which the dispersing or-
ganisms have no active role. Active dispersal involves an
accumulation of ecological dispersal events in which indi-
viduals move by their own locomotion.

Active dispersal occurs via several pathways (Simpson
1940). A corridor route provides minimal resistance to the
passage of animals between two areas. The present connec-
tion between Europe and Asia is a corridor that allows ex-
tensive interchange of terrestrial animals. Many mamma-
lian taxa, down to the level of genera and species, are
distributed throughout Eurasia because of this corridor. A
filter route allows only certain species to pass from one
area to another. A good example is the Bering land bridge
that connected Siberia and Alaska at times of lowered sea
levels in the later Cenozoic. Only mammals such as voles



(Microtus, Myodes), which were adapted to the cold climate
of Beringia, could successfully cross between North Amer-
ica and Asia. Another example is the Panamanian land
bridge that formed between North and South America
over 3 mya. Extreme habitats such as deserts or mountains
can also act as filter routes that separate faunal regions and
subregions. Dispersal can also take place via sweepstakes
routes, in which some unusual occurrence carries an or-
ganism or group of organisms beyond the limits of their
former range and lands them in a habitat where they can
survive and reproduce. The most common examples in-
volve mammals moving across water barriers by rafting
(terrestrial species) or wind-assisted flight (bats). The mys-
tacinid bats of New Zealand have Oligo-Miocene fossil
representatives in Australia, which suggests that they
crossed the Tasman Sea by an aerial sweepstakes route
sometime in the later Tertiary (Hand et al. 1998).

Extinction and Diversification

Paleobiologists generally recognize two kinds of extinc-
tion. Background extinction refers to the incidental loss
of species due to local factors such as habitat change, in-
terspecific competition, predation, and so on. Mass ex-
tinction involves the simultaneous, catastrophic, and
worldwide loss of species from many taxonomic groups.
There have been several mass extinctions in the history of
life, and synapsids have experienced at least four of them.
The Permo-Triassic extinction, perhaps the result of a run-
away greenhouse effect initiated by massive volcanism,
eliminated the last pelycosaurs, most therapsid lineages,
and a few early cynodont groups (Pough et al. 2013). The
mid-Triassic extinction of herbivorous synapsids (e.g., di-
cynodonts, diademodontids) may have facilitated the early
diversification of dinosaurs (Benton 2014). Several therapsid
and cynodont lineages survived the end-Triassic extinction
that wiped out many tetrapod families. The Cretaceous-
Tertiary extinction (likely triggered by an asteroid impact)
eliminated dinosaurs but cleared the way for subsequent di-
versification of therian mammals.

In the context of historical biogeography, extinction (es-
pecially background extinction) is often invoked to ex-
plain the absence of species from areas where, based on some
biogeographic hypothesis, they are expected to occur.
For example, monotremes are one of several mammalian
groups currently restricted to southern continents, and it
is likely that this reflects a Gondwanan distribution of their
most recent ancestors (Weisbecker and Beck 2015). Al-
though living monotremes are restricted to Australasia,
the Paleocene fossil platypus Monotrematum from Argen-
tina documents a broader Gondwanan distribution for the
group (Pascual et al. 1992). It is often the case, however,
that fossils have not yet confirmed extinctions postulated
by biogeographic hypotheses.

Just as extinction reduces the species richness of a clade,
evolutionary diversification increases it. Diversification in
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this sense is nothing more than speciation followed by ge-
notypic and phenotypic divergence, but the most notewor-
thy cases took place rapidly, produced many descendants,
and were geographically restricted. We often refer to them
as adaptive radiations, and several of the most spectacu-
lar have already been mentioned—namely, the lemuriform
primates of Madagascar (over 100 living species), the New
World monkeys (ca. 100 species), and the Australasian mar-
supials (ca. 240 species). In these and other cases, the an-
cestors of a lineage dispersed into a new region or became
vicariantly isolated in a remote portion of their ancestral
range. These progenitors may have encountered little com-
petition in their new ranges if ecologically similar species
were lacking or if they themselves out-competed resident
species or were preadapted to subsequent environmental
changes that drove their competitors extinct. Interestingly,
the result of diversification is not always divergence. A strik-
ing regularity in mammal phylogeny is the number of times
ecologically similar species have arisen in different areas and
from different ancestors because of convergent evolution.
For example, myrmecophagy (ant- or termite-eating) and
its specialized cranial morphology have evolved in six orders
(Figure 5.6): anteaters (Pilosa), pangolins (Pholidota),

Figure 5.6 Convergence. Convergence is evident in these
unrelated lineages of ant-eating mammals. All have a long
rostrum and a sticky, extensible tongue. (A) Echidna (Mono-
tremata); (B) aardvark (Tubulidentata); (C) giant anteater
(Pilosa); (D) aardwolf (Carnivora); (E) pangolin (Pholidota);

(F) numbat (Dasyuromorphia). Note: not to scale.
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aardwolves (Carnivora), aardvarks (Tubulidentata), num-
bats (Dasyuromorphia), and echidnas (Monotremata).

BIOGEOGRAPHIC INFERENCE

Distributional Patterns and Historical
Hypotheses

Research in historical biogeography seeks to explain cur-
rent species distributions in light of phylogeny and earth
history. The former emphasizes the evolutionary past of
the species under study, and the latter the evolutionary past
of the regions those species occupy. Thus, like most areas
of comparative biology, historical biogeography requires a
phylogenetic framework. The distributional patterns we
have discussed so far, provincialism and endemism, are
predicated on phylogenetic hypotheses for major mamma-
lian groups, such as monophyly of Monotremata, Marsu-
pialia, Lemuriformes. Not all biogeographic problems are
so straightforward. The most frequently studied distribu-
tion pattern is disjunction, the geographic isolation of
sister groups, which can be observed at the level of species
or larger clades. For example, the western quoll (Dasyurus
geoffroii) and the bronze quoll (D. spartacus) are sister spe-
cies of dasyurid marsupials (Krajewski et al. 2004); the
western quoll is restricted to southwestern Australia and
the bronze quoll is endemic to New Guinea. At the other
extreme, Australasian marsupials are a monophyletic group
whose sister is the South American Microbiotheria (Mer-
edith et al. 2008; Nilsson et al. 2010; Duchéne et al. 2018).

Prior to the acceptance of continental drift and aware-
ness of past climate change, biogeographers assumed that
dispersal and extinction were the major causes of disjunc-
tion. In a tectonically and climatically static world, the sim-
plest way to establish a disjunction is for an ancestral spe-
cies that occurs in one area to send propagules into a second
area, isolated from the first, which then give rise to a new
species. Alternatively, an ancestral species may expand its
range into a new area, but later experience range contrac-
tion or extinction of intermediate populations, leaving an
isolated colony that undergoes speciation (Darlington 1957).
"This dispersalist framework led early biogeographers to fo-
cus on “centers of origin” for particular taxa—that is, the
ranges of ancestral species. Unfortunately, the criteria used
to infer such centers were not robust and many dispersalist
scenarios were speculative. For example, Mathew (1915) ar-
gued that major mammalian groups arose in northern con-
tinents, with the more recently evolved and competitively
superior forms displacing older, less well-adapted groups
southward. Such scenarios relied on the types of dispersal
routes described above or posited ephemeral land bridges
and lost continents (Archer 1984a). Analytical methods for
inferring ancestral areas have been developed (Bremer 1992;
Ronquist 1994; Hausdorf 1998), but most modern studies
of historical biogeography use these in the context of study-
ing the evolution of geographic ranges on a phylogeny.

Vicariance and Dispersal

The nearly simultaneous development of phylogenetic sys-
tematics and plate tectonics theory in the 1960s gave a
new conceptual framework to historical biogeography. It
became reasonable to postulate that current species distri-
butions reflect past fragmentation or connection of the
continents on which ancestral species lived. Indeed, chang-
ing connections among Caribbean landmasses were the
driving force in Rosen’s (1975) classic study of vicariance.
Biogeographers realized that the causal links between geo-
graphic isolation, speciation, diversification, and extinc-
tion have the potential to explain the origin of current
distribution patterns. Out of this realization emerged vi-
cariance biogeography, a research program committed to
explaining distributions as resulting from the interplay be-
tween phylogeny and “area relationships.” The logic of
vicariance biogeography is straightforward (Figure 5.7).
Suppose species A occurs throughout an ancestral area that
is splitin two by a dispersal barrier. In one part of the range
(area I), species A or its descendants persist; in the other
part, a new species (B) arises by allopatric speciation. Now
suppose that the area occupied by B or its descendants is
subdivided into areas II and III, resulting in a second iso-
lation that produces species C in area III. In this scenario,
the sequence of speciation events results in a phylogeny on
which B and C are sisters apart from A; the sequence of
range divisions results in area relationships in which II
and III were more recently connected than either was with
I. Because range fragmentation and speciation events oc-
curred in parallel, area and phylogenetic relationships
coincide.

Vicariance and dispersal hypotheses were once viewed
as mutually exclusive. However, they differ only in the #im-
ing of dispersal: vicariant models posit dispersal of an an-
cestral species throughout an ancestral area prior to the
development of barriers; dispersal models assume that the
barriers came first (Kirsch 1984b). Given the phylogeny
and current distribution of species in the example above, a
dispersal scenario might posit that the three already dis-
tinct areas were simply colonized in the order I-—=II-=III or
[—=III-II, with a speciation event corresponding to each
colonization (Figure 5.7). If both vicariance and dispersal
scenarios are plausible, how do we choose between them?
Vicariance biogeographers argued that, because a sequence
of area fragmentations affects a// species that occur in those
areas, a vicariance hypothesis predicts that the phylogenies
of multiple, independent groups will be congruent—that is,
taxa from areas II and III will be sisters apart from their
relatives in area I, and this will be true for many groups that
inhabit the areas.

Several problems arose as biogeographers tried to im-
plement vicariance reasoning. First, area relationships are
usually difficult to work out, especially when the areas do
not correspond to discrete landmasses. Such areas may
even be difficult to define. Continental biogeographers fre-
quently attempt to do so from species distributions them-
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Brown and Gibson (1983).

selves, identifying areas of endemism within faunal regions
(Hausdorf 2002). However, attempts at fine-scale region-
alization often yield areas for some groups that are not con-
gruent with those for other groups. Even if such areas can
be identified, their history is often obscure. Therefore, vi-
cariance biogeographers have relied on congruent phylog-
enies to reveal area relationships (Nelson and Platnick
1981). Of course, estimated phylogenies also have degrees
of uncertainty that complicate the assessment of congru-
ence among them. Moreover, it has become obvious that
few species distributions were formed by vicariance alone—
dispersal, change in community compositions over time,
and evolving climatic conditions make inferring the geo-
graphic history of organisms a complicated endeavor. In
response to these challenges, researchers have developed a
variety of analytical techniques to extract historical infor-
mation from current distributions and phylogenies.

Analytical Biogeography

Techniques of biogeographic and phylogenetic analysis de-
veloped in parallel, and the two disciplines share many
methodological approaches. One of these has been the ap-

plication of parsimony, the principle that the best estimate
of relationships is the one that minimizes the number of
events required to explain the observed data. In phylogeny
reconstruction, the data are characters and the events are
state-changes (Chapter 2); in biogeography, the data are
species distributions and the events are vicariance, disper-
sal, speciation, and extinction. In recent years, biogeo-
graphic inference has come to rely on more mathematical
and statistical techniques in attempting to cope with the
complexity of evolutionary history. The literature on these
techniques is quite large, and we provide only a brief sum-
mary of major methods. Our discussion is guided by the
overview of historical biogeographic methods in Lomolino
and colleagues (2017). These authors make a distinction be-
tween “area biogeography” (attempts to reconstruct the
history of areas from the distributions and phylogenies of
species inhabiting them) and “taxon biogeography” (anal-
yses focused on the history of a single lineage with species
occurring in distinct areas).

Phylogenetic biogeography (Brundin 1966, 1988) em-
phasized the predictive value of phylogeny for recon-
structing biogeographic history: within a single clade, dis-
junct sister groups provide evidence of vicariance, and
sympatric sisters suggest dispersal. Congruence among the
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phylogenies of independent, codistributed clades supports
a common vicariant history. Phylogenetic biogeography
was tightly linked, however, to the “peripheral isolation”
model of speciation, in which new species originate only
at the margin of their ancestor’s range and possess derived
characters (Hennig 1966). This model implies that the spa-
tial distribution of species runs parallel to the primitive-
derived sequence of their characters, and its practitioners
emphasized dispersal and center-of-origin aspects of bio-
geographic history (Morrone and Crisci 1995). In contrast,
Croizat’s (1964) panbiogeography assumed a strong causal
link between Earth history and vicariance. Croizat plotted
the disjunct distributions of species within a clade on a map
and connected occupied areas by lines to depict an individ-
ual track. Congruence among individual tracks for multi-
ple, independent groups produced a generalized track cor-
responding to an ancestral biota, the distribution of which
was assumed to have been fragmented by past geological
events. Although Page (1987) and Craw (1988) refined pan-
biogeographic analysis, it has largely been abandoned
because it makes limited use of phylogenetic information
(Platnick and Nelson 1988).

Rosen (1978) initiated the development of cladistic bio-
geography, the primary goal of which was to infer area
relationships. In this approach, the distribution and phy-
logeny of taxa are taken as evidence from which the vicari-
ant history of areas is reconstructed. Rosen (1978) intro-
duced the concept of an “area cladogram,” a depiction of
area relationships implied by the phylogeny of species in a

single clade. To form an area cladogram, replace the spe-
cies names at the tips of a phylogeny with the areas in which
those species occur. Area relationships can be inferred
when multiple taxa show congruent area cladograms. Fre-
quently, however, area cladograms contain unique or in-
congruent elements. Rosen suggested that such elements
be deleted to produce a reduced area cladogram that shows
vicariance relationships for some of the original areas (Fig-
ure 5.8). Instances of incongruence are explained by dis-
persal in one or more of the taxa.

Nelson and Platnick (1981) developed the logic of this
approach into a procedure for constructing general area
cladograms, amenable to the inclusion of many indepen-
dent taxa and implementation by computer algorithms.
Cladistic biogeography regularly encounters three major
complications (Figure 5.9): widespread species (those pre-
sent in multiple areas); missing areas (those absent in one
or more area cladograms); and redundant distributions (ar-
eas with more than one species of a particular clade).
These problems are addressed in the construction of gen-
eral area cladograms by one of three approaches (dubbed
“assumptions 0, 1, and 2”), which differ in how they inter-
pret distribution patterns as evidence for vicariance, dis-
persal, or extinction. Area cladograms can be constructed
by several methods, perhaps the most common being
Brooks parsimony analysis, or BPA (Wiley 1987). In this
method, each branch of a primary area cladogram is rep-
resented as a single binary character, with the 1-state des-
ignating the occurrence of a taxon or clade in an area.

Primary area cladograms

| Il Il \ \Y \ | Il Il

Group 1

Reduced area cladogram

\% \Y \ | 1] Il \ \% \i

Group 3

General area cladogram

Figure 5.8 Area cladograms. Primary area cladograms (top) are the phylogenies of codistributed groups (Groups 1, 2, and 3) on
which species names have been replaced by the areas (I-VI) in which the species occur. The primary area cladograms disagree on the
relationships of areas Il and VI. The reduced area cladogram (bottom left) is formed by deleting incongruent taxa. One possible
general area cladogram, constructed using the cladistic biogeography approach, is shown at the bottom right. This tree minimizes
the number of dispersal events required to explain the incongruent relationships of areas Il and VI in the primary area cladograms.
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Figure 5.9 Problems for cladistic biogeography. In the cladogram on the left, B is a widespread species because it occurs in
two areas (I and Il). In the center, Il is a missing area because no species in the clade occurs there. On the right, species H and | occur
in area | resulting in a redundant distribution. Such distributions cannot be explained by vicariance alone; they require some dispersal,

extinction, or failure to speciate.

Characters for all primary cladograms are assembled in a
data matrix along with a hypothetical outgroup showing all
0-states. Parsimony analysis of this matrix produces a gen-
eral area cladogram. Extensions of this approach (Brooks
et al. 2001; Wiley and Lieberman 2011) allow instances of
widespread species, missing areas, and redundant distribu-
tions to be inferred. Page (1990) pointed out that area re-
lationships estimated from congruent phylogenies also as-
sume temporal congruence of the branch points, an idea
that was often ignored in early cladistic biogeography stud-
ies (Donoghue and Moore 2003).

Ronquist and Nylin (1990) were the first to apply an
explicitly statistical approach to reconstructing histories of
cospeciation, ushering in a suite of “event-based methods”
in historical biogeography (Crisci et al. 2003). Ronquist
(1997) noted that areas seldom have a unique history that
can be recovered from species phylogenies because differ-
ent groups respond differently to dispersal barriers. His
dispersal-vicariance analysis (DIVA) refocused attention
on the distributional history of species within a single clade
(taxon biogeography) rather than area relationships. DIVA
begins with an estimated phylogeny and the ranges of taxa
atits tips; it assumes a model in which speciation takes place
primarily by vicariance, and distributional events are as-
signed different costs (e.g., vicariance or sympatric specia-
tion =0, dispersal or extinction = 1). DIVA uses parsimony
to estimate ranges at ancestral nodes. Assuming that an-
cestral ranges must contain at least one area occupied by
daughter nodes facilitates the search for an optimal recon-
struction. DIVA has been widely used since its introduc-
tion, but the original algorithm assumes the starting phy-
logeny is known with certainty (rarely a safe assumption
in comparative biology) and often produces multiple,
equally parsimonious estimates of ancestral areas. Yu and
colleagues (2010) developed Statistical-DIVA (S-DIVA) to
address both issues by analyzing a set of plausible trees for
some group of species and calculating the frequencies of
alternative area reconstructions at each node. Ree and col-
leagues (2005) and Ree and Smith (2008) developed a like-

lihood method to infer geographic range evolution within
specific clades based on probabilistic modeling of disper-
sal, extinction, and cladogenesis (DEC) events. Unlike
DIVA, DEC considers the information provided by branch
lengths on estimated phylogenies when evaluating ances-
tral area reconstructions, including the possibility of us-
ing external (e.g., geological) information to constrain dis-
persal and extinction rates in different time intervals.
DEC is computationally intensive when there are many
(e.g.,>20) areas; Landis and colleagues’ (2013) BayArea pro-
gram extends the model-based approach to larger phylog-
enies. Yu and coworkers (2015) developed a user-friendly
software package (RASP) that implements DIVA, S-DIVA,
DEC, and BayArea methods. Matzke’s (2013) BioGeo-
BEARS program allows researchers to statistically test
the biogeographic models assumed by DIVA, DEC, and
BayArea for a given phylogeny with species distributions.

Comparative Phylogeography

In Chapter 3 we described intraspecific phylogeography,
the study of how lineages of conspecific organisms, identi-
fied by molecular markers, are spatially distributed and the
processes that led to those distributions. Phylogeography
is thus a way to study historical biogeography, but its em-
phasis on intraspecific patterns has made it most illuminat-
ing for recent divergences (i.e., within the last 20 my).
Phylogeographic inferences, like those drawn from analyti-
cal biogeography, are most robust when based on patterns
observed in multiple, independent, codistributed species
(Cracraft 1989). Zink (1996) coined the phrase compara-
tive phylogeography to describe this research program,
but its roots go back to the concept of “genealogical con-
cordance” articulated by Avise and Ball (1990). Avise (1996,
2000) defined four aspects of genealogical concordance
that are the foundations of comparative phylogeography
(Figure 5.10): (1) concordance across sequence characters
within a gene (lineages defined by individual gene trees are
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Figure 5.10 Genealogical concordance. These four
aspects of genealogical concordance form the basis of com-
parative phylogeography. Together, they provide strong
evidence that a common set of historical factors, such as
vicariance, has shaped the biogeographic histories of codistrib-
uted taxa. Redrawn from Avise (2000).

well-supported); (2) concordance in significant genealogi-
cal partitions across multiple genes within a species (the
same well-supported lineages are recovered by several
molecular markers); (3) concordance in the geography of
gene-tree partitions across multiple codistributed species
(well-supported lineages within several species have con-
gruent distributions); and (4) concordance of gene-tree par-
titions with spatial boundaries between biogeographic
provinces (the distribution of well-supported lineages
within several species corresponds to areas of endemism).
When such concordance applies, phylogeographers infer
that a common set of historical factors (e.g., vicariant
events) has shaped the distributions of species in a region.

Cracraft (1988) suggested that the study of biogeogra-
phy within faunal regions (e.g., continents) would be com-
plicated by their long history of successive vicariance and
dispersal episodes, ranging from the very old (“deep his-
tory”) to the more recent (“shallow history”). Such layer-
ing of events produces incongruent distribution patterns
when groups with deep and shallow histories are compared,
thus confounding evaluation of genealogical concordance.
For phylogeographers, the transition between deep and
shallow history is roughly the Tertiary-Quaternary bound-
ary, some 2 mya (Riddle 1996). Lineage divergences can
be dated with respect to this boundary by molecular

population-genetic techniques (see Chapter 2), providing
an assessment of whether phylogeographic patterns are
temporally, as well as spatially, congruent (Edwards and
Beerli 2000).

Comparative phylogeography has been most successful
in reconstructing events in the shallow part of deep history.
Within the last 5-10 my, many instances of cryptic diver-
gence have taken place in mammals and other taxa, charac-
terized by deeply divergent lineages within species that are
not marked by phenotypic differences. When cryptic lin-
eages occupy different areas of endemism, detecting them
with molecular markers reveals a disjunction within the
range of what had been considered a single widespread spe-
cies (Arbogast and Kenagy 2001). Such studies have been
crucial in identifying areas of endemism within continents
and determining the geographic history of those areas
(Riddle et al. 2000; Sullivan et al. 2000; Costa 2006). Phy-
logeographic analyses of shallow time are strengthened by
analyses that incorporate statistical principles from popula-
tion genetics, such as coalescent theory (Knowles 2009),
and by inclusion of ecological data (Hickerson et al. 2010).

The widespread availability of GIS data has led to a suite
of methods called ecological niche models (ENMs),
which provide a novel approach to the study of biogeogra-
phy (Alvarano-Serrano and Knowles 2014). Given a vali-
dated species distribution derived from museum records or
field surveys, records of occurrence at specific localities are
coded as map coordinates (records of absence at other lo-
calities may also be informative). Abiotic environmental
variables (e.g., temperature, precipitation) for these locali-
ties are then retrieved from a GIS database and correlations
established with species occurrences. Several sophisticated
algorithms are available for converting these correlations
into a model of suitable habitats for the species, which can
then be used to predict past, current, or future distribu-
tions, provided adequate environmental data are available.
ENMs are often used in phylogeographic studies to help
assess the nature of barriers or connections among genet-
ically distinct populations, as well as in conservation re-
search to predict biodiversity patterns in areas that have
been poorly sampled by collectors. A recent special issue
of Hystrix, The Italian Journal of Mammalogy includes ten
papers illustrating the application of ENMs in mammal
ecology (see Russo et al. 2016).

EXAMPLES

Dispersal, Vicariance, and the Early
History of Marsupials

Patterson (1981) used traditional ideas about marsupial
phylogeny to produce an area cladogram showing close
historical affinities between Australia and New Guinea on
the one hand and South America, North America, and
Eurasia on the other. More or less congruent results were
obtained for osteoglossine fishes, chelid turtles, galliform



birds, ratite birds, and hylid frogs, thus implying a general
area cladogram with the same structure. This reflects the
then-current notion of a fundamental evolutionary split be-
tween Australasian and New World marsupials resulting
from the Late-Mesozoic breakup of Gondwana. However,
knowledge of marsupial evolution expanded considerably
after 1981 and challenged this simple picture.

The oldest fossil non-marsupial metherians are from the
Cretaceous of Asia and North America, including such
forms as Sinodelphis, Holoclemensia, Deltatheridium, Asiathe-
rium, Kokopelia, pediomyids, glasbiids, stagodontids, and
alphadontids (Luo et al. 2003; but note that Bi et al. [2018]
challenge the metatherian affinities of Sinodelphis). Horo-
vitz and coworkers (2009) argued that the North Ameri-
can herpetotheriids, with putative fossils dating to the Late
Cretaceous, are sister to crown-group marsupials, which
appear in the Paleocene of North America (peradectids).
The oldest South American marsupials are from Paleocene
deposits in Argentina and include polydolopidomorphians,
peradectids, didelphimorphians, sparassodonts, and micro-
biotherians (Goin et al. 2006). The oldest Australian fos-
sils are from the Eocene Tingamarra Local Fauna (55 mya)
of Queensland and including Thylacotinga, Chulpasia, and
Djarthia of uncertain ordinal affiliations (Sigé et al. 2009).
Is the history of these groups consistent with Patterson’s
(1981) area cladogram? To find out, we must consider mar-
supial phylogeny and Gondwanan geology.

Building on earlier studies, Wilson and colleagues (2016)
performed an extensive phylogenetic analysis of metathe-
rian fossil taxa, while Meredith and coworkers (2008) and
Duchéne and coworkers (2018) supplied the most complete
molecular phylogeny of living marsupial orders to date.
Integrating these results gives a modern perspective on
marsupial phylogeny (Figure 5.11). The prevalence of
North American lineages among marsupial sister groups,

Australidelphia

Marsupialia
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along with peradictids and herpteotheriids near the base of
the marsupial tree, suggested to Wilson and colleagues
(2016) that marsupials arose in North American and sub-
sequently dispersed to South America. Among modern
South American forms, Microbiotheria is sister to a mono-
phyletic group of Australasian orders. These results reject
part of Patterson’s (1981) area cladogram—some South
American taxa are more closely related to Australasian than
to North American ones. However, a close relationship be-
tween Australia and New Guinea is supported in that
three of the four living australidelphian orders have rep-
resentatives in both areas.

Based on this evidence, researchers generally agree that
marsupials arose in what is now the Holarctic, then dis-
persed from North to South America (Case et al. 2005).
The dates for this dispersal are bracketed by the Cretaceous
Los Alamitos Local Fauna (73-83 mya) of Patagonia and
the Paleocene Argentinian fossils (ca. 62 mya): the former
includes many mammals but no marsupials, whereas the
latter includes the oldest South American marsupials (Goin
et al. 2006). The nature of the north-to-south dispersal
path is unclear; by the Late Cretaceous, Laurasia and
Gondwana were well separated, and the existence of a cor-
ridor route is unlikely. Patterson and Pascual (1968) spec-
ulated that marsupials (and placental condylarths) moved
via filter or sweepstakes routes over the water barrier be-
tween North and South America at this time and that fur-
ther separation of the continents produced vicariant isola-
tion of the two faunas. Marsupials underwent a spectacular
radiation in South America during the Tertiary, produc-
ing at least five major clades and numerous species that
filled insectivore, omnivore, and carnivore niches. But how
and when did they get to Australia?

Even when Pangea was at its most extensive, South
America and Australia were not contiguous—between
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et al. (2009), Meredith et al. (2008), and Wilson et al. (2016). Geographic occurrence of each group is shown to the right. Daggers
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Figure 5.12 Gondwana in the early Eocene. Movement
of marsupials from South America to Antarctica, and from
Antarctica to Australia, likely took place just prior to this date.
Dark shading indicates continental shelves less than 2000 m
deep. Redrawn from Woodburne and Case (1996).

them lay Antarctica, and it was via this landmass that mar-
supials must have dispersed to Australia (Figure 5.12).
Geologic evidence suggests that southern South America
and the Antarctic peninsula were contiguous from the Cre-
taceous until the Late Eocene (36 mya) opening of the
Drake Passage. Polydolopoids, didelphimorphians, and
perhaps microbiotheres have been recovered from the Late
Eocene (37-41 mya) of Seymour Island, adjacent to the
Antarctic peninsula. The anatomy of these animals, par-
ticularly the microbiotheres, suggests that they are too spe-
cialized to be direct ancestors of Australian marsupials.
Their closest relatives are South American forms from de-
posits from 51-54 mya, though the two faunas share no
genera. Based on this evidence, Woodburne and Case
(1996) concluded that the ancestors of Australian marsu-
pials dispersed across Antarctica no later than the Early
Eocene, and perhaps much earlier.

To reach Australia, marsupials must have moved from
the Antarctic peninsula across East Antarctica and into
southeastern Australia via the South Tasman Rise. Geo-
logic and climatic data suggest that the latter connection
was submerged by the Early Paleocene (64 mya) and that
glacial ice was present in Antarctica by the Late Eocene (35
Mya). During this interval, overland dispersal became in-
creasingly unlikely as the corridor evolved into a filter
route. Woodburne and Case (1996) and Goin and col-
leagues (1999) argued for dispersal and subsequent isola-
tion of Australian marsupials prior to the Early Paleocene
(64 mya). In contrast, Wroe and Archer (2006) cited po-

tentially close relationships between the oldest Australian
marsupials (Thylacotinga and Djarthia, 55 mya) and South
American forms as evidence for a later, perhaps Eocene, vi-
cariance. Modern Australian marsupial orders and many
families first appear in Late Oligocene (26 mya), though
Woodburne and Case (1996) suggested that the ordinal ra-
diation had taken place by the Early Eocene (53 mya). Beck
(2012) introduced considerable uncertainty into this discus-
sion by describing a putative non-australidelphian metathe-
rian from the Eocene Tingamarra fauna of Australia.

The Great American Biotic Interchange

After North and South America separated in the Late Me-
sozoic, they remained isolated by a marine barrier until
the Pliocene (ca. 3.5 mya). During this interval, mammal
evolution on the two continents proceeded more or less in-
dependently. The Tertiary fossil record of South America
documents three phases of mammal evolution (Pough et al.
2013), beginning with the Paleocene remains of marsupi-
als, xenarthrans, and archaic ungulates. Marsupials likely
arrived by dispersal from North America, but edentates
and archaic ungulates appear to have originated in South
America. Throughout the Tertiary, these groups diversi-
fied to produce a spectacular array of forms including
5 orders of marsupials, 6 orders of archaic ungulates such
as litopterns and notoungulates, and edentates such as
glyptodonts and ground sloths (Patterson and Costa 2012).
Marsupials filled the niches occupied by placental insecti-
vores, carnivores, and rodents on northern continents,
while placentals dominated herbivorous niches. The sec-
ond phase began with the arrival of hystricognath (“cavio-
morph”) rodents and ceboid monkeys via a sweepstakes
route from West Africa in the Oligocene. Like the older
mammal groups, these too underwent adaptive radiations
during the Miocene—their living descendants comprise 11
and 4 neotropical families, respectively. The third phase
began in the Late Miocene, when North and South Amer-
ica had drifted close enough to one another for limited
mammalian dispersal across island chains. At this time,
procyonids (raccoons) moved from north to south, and
megalonychid ground sloths reached Florida. In the North
American Tertiary, marsupials went extinct, while carniv-
orans, perissodactyls, artiodactyls, proboscideans, sorici-
morphs, lagomorphs, and sciuromorph rodents diversified.

In the Pliocene, some 3.5 mya, the land connection be-
tween North and South America was reestablished by
emergence of the Isthmus of Panama, which initiated ex-
tensive dispersal of mammals between the two conti-
nents—an event widely referred to as the “Great Ameri-
can Biotic Interchange” (Marshall 1988b; note that Montes
et al. [2015] suggest that the isthmus formed much earlier
in the Middle Miocene). The isthmus was initially domi-
nated by savannas similar to those in areas to the north and
south, and thus constituted a corridor for southward-
dispersing mammals such as horses and deer, as well as
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Figure 5.13 The Great American Biotic Interchange. During the Pleistocene, the tropical forests of Central America and the
Panamanian isthmus were a filter route that permitted the dispersal of some mammals but created a dispersal barrier for others. After

Simpson (1950).

Figure 5.14 Virginia opossum. The only living marsupial
found in the United States, Didelphis virginiana crossed the
Panamanian isthmus from South America during the Great
American Biotic Interchange.

northbound glyptodonts, ground sloths, and notoungulates
(Pough et al. 2013). However, development of tropical for-
ests in Panama during the Early Pleistocene converted the
isthmus into a filter route through which weasels, bears,
cats, dogs, tapirs, llamas, peccaries, gomphotheres, shrews,
rabbits, and voles invaded the south, while opossums, ant-
eaters, armadillos, capybaras, and porcupines moved north
(Figure 5.13). In the Pliocene, these mixed faunas seemed to
coexist on both continents, but Pleistocene extinctions took

a heavier toll on South American forms: glyptodonts, ground
sloths, and notoungulates disappeared, as did many of the
Pliocene invaders from the north (e.g., horses, gomphoth-
eres). Today, Virginia opossums (Didelphis virginiana), porcu-
pines (Erethizon dorsatum), and 9-banded armadillos (Dasypus
noverncinctus) are the only South American mammals that
have established ranges north of the Rio Grande (Fig-
ure 5.14). In contrast, roughly 50% of modern South Ameri-
can genera are derived from North American immigrants.

Historical Biogeography of Eutherian Orders

As discussed in Chapter 3, the living eutherian orders rep-
resent 4 major clades—Xenarthra, Afrotheria, Laurasiathe-
ria, and Euarchontoglires. Springer and coworkers (2011)
used a molecular phylogeny of eutherians similar to that in
Figure 3.1 as a framework for reconstructing ancestral ar-
eas using several analytical approaches. In particular, the
branch points on the phylogeny were dated using relaxed
clock methods with multiple fossil calibrations and mini-
mum/maximum constraints (see Chapter 2, “Estimating
Divergence Times”). The resulting trees with estimates of
ancestral areas constitute “ancestral area chronograms”
that can be related to past geological events and elucidate
the paleogeography of early eutherian evolution. Springer
and colleagues considered 4 continental areas (Africa, Eur-
asia, North America, and South America) and a tree of 43
terrestrial placentals representing all orders except Chirop-
tera. Areas were assigned to these taxa based on either their
current geographic ranges or the continental location of
the oldest fossil representing each lineage. Ancestral areas
were then estimated with 9 different techniques, including
the DIVA and DEC methods described above. Springer
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and coworkers (2011) also developed minimum area change
(MAC) parsimony, a method similar to DIVA, except that it
assigns non-zero costs to gains or losses of an area and uses
differential costs of area changes reconstructed on cladograms
scaled to time (“area chronograms”). The result from MAC
parsimony analysis using extant ranges is shown in Figure 5.15.

Given that all terrestrial Afrotherian orders are re-
stricted to—and have their first fossil occurrences in—
Africa, it is not surprising that parsimony returns Africa
as the ancestral area for this clade. Moreover, the timing
of interordinal diversification (Late Cretaceous-Paleocene)
corresponds to a period during which Africa was isolated
from both South America and Eurasia (Springer et al.
1997). Similarly, living and fossil xenarthrans are known
almost exclusively from South America, which is unambig-
uously reconstructed as their ancestral area. Sloths, ant-
eaters, and armadillos represent one of several South
American lineages that evolved in “splendid isolation”
(Simpson 1980) during the Early Cenozoic.

Despite the greater geographic dispersion of Laura-
siatheria and Euarchontoglires, the ancestral area of both

clades (and their common ancestor) is inferred as Eurasia,
with many of the deep divergences within each group also
taking place there. This is consistent with the scarcity of
fossil eutherians in North America until the latest Creta-
ceous (Cifelli and Davis 2003). Areas for deeper nodes
uniting the four clades are highly ambiguous, as are the
phylogenetic relationships among them (Chapter 3). How-
ever, the overall pattern of divergence dates and ancestral
areas is consistent with the suggestion of Murphy and col-
leagues (2001a) that early placental cladogenesis was in-
duced by vicariant separation of Cretaceous lineages in
Africa and South America.

Comparative Phylogeography of Savanna
Ungulates in Africa

The savanna, or tropical grassland, biome of Africa extends
along the southern margin of the Sahara from the Atlan-
tic to the Indian Oceans and along the eastern continental
margin from Ethiopia-Somalia to South Africa. Bounded
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to the south and west by the tropical forests of central Af-
rica, the savanna experiences seasonal rainfall but is warm
(24-29°C) throughout the year. The habitat is dominated
by grasses, forbs, and scattered trees, and is home to a tre-
mendous variety of mammalian herbivores, most of them
ungulates belonging to the cetartiodactyl Family Bovidae
(e.g. wildebeest). Lorenzen and colleagues (2012) synthe-
sized the results of numerous phylogeographic studies us-
ing mitochondrial and microsatellite DNA conducted on
these species and found a striking consistency in the pat-
terns they revealed.

Figure 5.16 shows that genetically distinct populations
of 14 bovid and 5 non-bovid ungulates segregate into 1 or
more of 5 regions within the African savanna. The deep-
est phylogeographic split separates populations in north-
ern and southern areas (e.g., common warthog), while more
recent divergences distinguish west-east populations in the
northern region (e.g., kob) and northeast-southwest popu-
lations in the southern region (e.g., greater kudu). Loren-
zen and colleagues (2012) suggest that these areas of gene-
tic endemism represent savanna refugia that were isolated
to varying degrees by Pleistocene climate fluctuations dur-
ing the past 2.8 my. While much of the northern hemi-
sphere experienced advances and retreats of continental
glaciers during the Pleistocene, the “ice age” of Africa was
characterized by alternating periods of warm-wet (pluvial)
with cool-dry (interpluvial) conditions. Pollen records
show that savannas contracted and forests expanded dur-
ing pluvial periods, while the reverse changes occurred
during interpluvials. Isolation of savanna ungulates in plu-
vial refugia would produce genetic divergence within spe-
cies, which would remain evident (at least for a time) after
savannas expanded during interpluvials. This is, in effect,
Haffer’s (1969) Pleistocene refugia theory applied to
African—rather than Amazonian—animals.

Lorenzen and colleagues (2012) argued that the promi-
nent north-south phylogeographic split in savanna ungu-
lates is due to repeated isolation of these broad areas by ex-
panded tropical forests of central Africa during pluvial
periods. When isolated populations reestablished contact
during interpluvials, they did so in east Africa, a region that
now constitutes a “suture zone” in which secondary con-
tact is manifest by a wide range of genetic patterns includ-
ing admixture, one-way gene flow, limited hybridization,
and reproductive isolation within and among resident spe-
cies. In addition, genetic analyses reveal that some eastern
populations originated by dispersal (colonization) from
southern areas (e.g., wildebeest), whereas some southern
populations were established by colonists from the east
(e.g., giraffe). Such dispersal histories are indicated when
one genetic lineage (the colonist) arises within another (the
ancestor). Lorenzen and colleagues (2012) suggest that the
genetic distinctness of eastern populations reflects high
spatial variation in food and temporal variation in temper-
ature, rather than extensive dispersal barriers, within this
region. Thus, while northwestern and southern areas rep-
resent savanna refugia of the Pleistocene, the diverse un-
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gulates of eastern Africa derive from a more complex set
of historical and ecological processes.

Ecological Biogeography

Major topics in ecological biogeography include commu-
nity assembly, island biogeography, and macroecology.
Because these subjects are so deeply rooted in community
ecology, we defer discussion of them to Chapter 26. Here
we summarize several key geographic phenomena that have
been observed in mammals and explained by ecological
determinants.

ECOGEOGRAPHIC PATTERNS
OBSERVED IN MAMMALS

Since the 19th century, a number of regularities have been
noted in the ways that organismal characteristics of mam-
mals vary with geography. Many of these patterns have
been codified as “ecogeographic rules,” and for the sake of
convenience, we use this terminology here. However, none
of the patterns is invariant, some are of questionable gen-
erality, and all are the result of complex interactions among
multiple historical and environmental factors. Thus they
are “rules” only in the loosest sense. Lomolino and cowork-
ers (2017) provide a critical discussion of ecogeographic
rules, including their applicability to nonmammalian
groups, and conclude that there is as much to be learned
about the causes of geographic variation from studying the
exceptions to the rules as from the rules themselves.

The Island Rule

Small mammals on islands tend to have larger body sizes
than their close relatives or ancestors on the mainland (in-
sular gigantism). Large mammals show the opposite trend,
with island species usually smaller than their mainland
counterparts (insular dwarfism). Foster (1964) drew atten-
tion to the generality of these patterns, and Van Valen
(1973) reified them as the island rule (Figure 5.17A). Their
generality has been both supported (Faurby and Svenning
2016; Lomolino et al. 2017) and challenged (Lokatis and
Jeschke 2018) by modern quantitative analyses. Gigantism
has most frequently been described in rodents (Michaux
et al. 2002; Nolfo-Clements et al. 2017), though the pat-
tern is not universal (Millien 2004). Dwarfism has been
documented in many groups, including proboscideans
(Herridge and Lister 2012), terrestrial cetartiodactyls (Pe-
terson et al. 2011), primates (Welch 2009; Montgomery
2013), and xenarthrans (Anderson and Handley 2002). Ap-
plication of the island rule in carnivores has been difficult
to interpret (Meiri et al. 2009). To take just one example,
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McFadden and Meiri (2012) compared the dwarf raccoon
Procyon pygmaeus of Cozumel Island with its closest rela-
tive (P. lotor) on the Central American mainland and other
islands. They found that dwarf raccoons evolved a 17.8%
size reduction in approximately 3,000 years of isolation on
Cozumel Island, significantly more than that shown by sev-
eral island populations of P. lotor. Interestingly, the ex-
treme morphological divergence of P. pygrmaeus was not re-
flected in its genetic divergence from mainland P. /lotor,
which was small and similar to insular P. Jotor populations.

A considerable literature exists on the evolutionary
causes of insular gigantism and dwarfism (Lomolino et al.
2017). Heaney (1978) found a correlation between body and
island sizes in insular tri-colored squirrels (Callosciurus pre-

lective forces on the size of island mammals vary as a function of

vostii) of Southeast Asia. Because larger islands tend to
have more resident species than smaller islands, Heaney ar-
gued that insular mammals experience variable levels of
food limitation, predation, and competition depending on
the size of the island they occupy. For large mammals, re-
source limitation on small islands should be the most in-
tense selection pressure and favor reduced body size (but
see Meiri et al. 2005); for smaller mammals, reduced in-
terspecific competition (“ecological release”) should favor
larger size. Lomolino (1985) noted that the latter trend
could be reinforced by immigrant selection—that is, larger
individuals (especially in smaller species) have a better
chance of colonizing islands in the first place. Moreover,
the species composition of islands will be affected by their



100

Part 1 Introduction

area and distance from mainland source populations. Lomo-
lino (2005) argued that the island rule is a general pattern
emerging from this array of selective forces (Figure 5.18),
and Lomolino and coworkers (2011) articulated a general
model of body size evolution in which insular species evolve
toward an optimal size determined by their basic body plans
and ecological interactions (see also Palombo 2009).

Bergmann’s Rule

One of the earliest ecogeographic rules was that of Berg-
mann (1847), who observed that the body sizes of mammals
and birds tend to increase with increasing latitude. Origi-
nally framed to describe trends among species, Berg-
mann’s rule was interpreted primarily as a pattern of intra-
specific variation by Mayr (1956), though current research
encompasses both levels. The trend seemed to hold statisti-
cally for mammals in general (Ashton et al. 2000), though
Gohli and Voje’s (2016) survey of 22 mammal families re-
vealed a significant Bergmann pattern in only one (Cani-
dae). Clauss and colleagues (2013) found a strong correla-
tion between latitude and body size for closely (but not
distantly) related mammal species; Joaquin Torres-Romero
and coworkers (2016) found strong correlations among
body size, latitude, and sea surface temperatures in marine
mammals. Rodriquez and colleagues (2008) found that
Bergmann’s rule applied to Western Hemisphere mammals
in cold (northern Nearctic), but not warm (southern Nearc-
tic and Neotropical) macroclimates; the latter showing a
strong influence of local and regional abiotic factors on
body size. Moreover, variation in some small-bodied mam-
mals, such as tuco-tucos (Ctenomzys; Medina et al. 2007), ap-
pears to contradict Bergmann’s rule in that body size de-
creases with increasing latitude. Faurby and Araujo (2017)
argued that anthropogenic global warming effects on the
distribution of extant mammals leads to systematic under-
estimation of the strength of Bergmann’s rule.

Bergmann’s (1847) original explanation for a latitudinal
size gradient was based on the superior heat-conserving ca-
pacity of large-bodied endotherms. A typical large mam-
mal has a lower surface-to-volume ratio than a small mam-
mal, and hence a smaller surface area across which to lose
body heat at cold temperatures. Indeed, Blackburn and
Hawkins (2004; see also Teplitsky and Millien [2014]; Joa-
quin Torres-Romero et al. [2016]) found that average an-
nual temperature is the strongest predictor, among six vari-
ables evaluated, of average body mass in North American
mammals (Figure 5.18). Thermoregulatory constraints
also appear to be causally related to latitudinal variation in
the size of grey mouse lemurs (Microcebus murinus) in Mad-
agascar (Lahann et al. 2006). However, McNab (1971) re-
jected Bergmann’s hypothesis as a general explanation,
noting that large mammals living in extreme environments
at high latitudes face a greater challenge in meeting their
energy requirements than do small mammals in the same
habitats. Thus, McNab (1971) suggested that large body

Average log body mass (g)
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Annual average temperature (C)

Figure 5.18 Bergmann’s rule and temperature. The
mean values of log (body mass in grams) as a function of
average annual temperature experienced by species of northern
North American mammals. The curve is a best-fit polynomial
regression. Redrawn from Blackburn and Hawkins (2004).

size might be the evolutionary result of reduced interspe-
cific competition in species-poor communities at high
latitudes— the same kind of “ecological release” on body
size that has been suggested to explain the island rule.
McNab (2002) also emphasized the greater ability of large
mammals to survive prolonged periods of energy depriva-
tion or thermal stress by virtue of their lower critical tem-
peratures and increased capacity to store food and water.
Brown and colleagues (2017) suggest a more complex forag-
ing model in which the fitness trade-off between search
and handling efficiencies explain both Bergmann’s rule and
the inverse correlation between body size and food quality
in herbivores. Other recent attempts to explain Bergmann’s
rule have focused on integrating abiotic factors that vary at
regional scales (Rodriquez et al. 2008) with biotic factors
such as range size (Meiri et al. 2007) and food availability
(Wolverton et al. 2009; Zhang et al. 2012; Sepulveda et al.
2013), as well as accounting for phylogenetic correlation be-
tween body size and latitude (Kamilar et al. 2012). Lomo-
lino and coworkers (2017) advocated applying such integra-
tive analyses to all determinants of body size, not just those
related to latitude. Orcutt and Hopkins (2013) suggested
that these determinants are likely to be complex, taxon-
specific, and strongly influenced by past climate changes.

Allen’s Rule, Gloger’s Rule, and Rapoport’s Rule

Extending Bergmann’s reasoning about thermoregulatory
adaptations in endotherms, Allen (1877) observed that



mammals and birds living in cold climates have shorter ap-
pendages than do their close relatives in warm climates.
Long limbs, tails, ears, or other appendages increase the
surface area for heat dissipation in mammals, which might
be adaptive as a cooling mechanism in hot, dry environ-
ments (Schmidt-Nielsen 1979). The traditional example of
Allen’s rule is correlation of ear length with air tempera-
ture in foxes (Canidae) and hares (Lepus; Hesse 1937; Grif-
fling 1974), but few other mammalian examples have been
discovered. Stevenson (1986) confirmed the correlation for
size-specific ear and tail lengths in Lepus, but rejected it for
cottontail rabbits (Sylvilagus), as well as showing that hind
foot length in both groups was negatively correlated with
temperature. The latter pattern was also found for tail
length in tuco-tucos (Ctenomys; Bidau et al. 2011). Lindsay
(1987) interpreted the results of a multivariate analysis of
craniometric characters in Rocky Mountain red squirrels
(Tamiasciurus hudsonicus) as consistent with Allen’s rule.
Whereas Tilkens and colleagues (2007) confirmed the
physiological correlation between heat dissipation and ap-
pendage length in hominin primates, Serrat and cowork-
ers (2008) suggested that enhanced growth of appendages
in warm climates might be due to the direct influence of
temperature on cartilage production rather than selection
on developmental genes.

Gloger (1883) noticed an apparent correlation between
the plumage colors of closely related birds and the humid-
ity levels of their habitats, with darker forms more fre-
quently found in humid environments and lighter forms
in dry areas. In mammals, the rule would apply to pelage
color—for example, white polar bears (Ursus maritinus) in-
habiting the dry Arctic contrast with brown grizzly bears
(U. arctos) in the somewhat more humid tundra and boreal
forests of North America and Eurasia. Gloger’s rule has
been documented in primates (Kamilar and Bradley 2011),
including human skin color (Chaplin 2004), but its gener-
ality appears limited. Lomolino and colleagues (2017) sug-
gested that it may be a manifestation of selection for cryp-
tic coloration in some mammals, and that clines in pelage
color opposite to that predicted by Gloger (i.e., darker pel-
age in drier habitats) may reflect thermoregulatory adap-
tations. Several studies have documented an adaptive
(predator-avoidance) correlation between dorsal pelage
color and soil color in rodents, including deer mice (Pero-
myscus maniculatus; Dice 1947), pocket gophers (Geomzys
bursarius; Krupa and Geluso 2000), and pocket mice (Chae-
todipus intermedius; Hoekstra et al. 2005).

Rapoport (1982) noted that the latitudinal breadth of
species ranges in mammals tends to increase from the
equator to the poles. Stevens (1989) called this pattern
Rapoport’s rule, documented it in other groups of organ-
isms, and argued that it results from species’ responses to
a gradient of increasing climatic variability at higher lati-
tudes. Species living at high latitudes are adapted to a rela-
tively broad seasonal range of environmental conditions
and are able to expand their geographic ranges accordingly.
In contrast, tropical species are adapted to a more stable
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climate, have evolved toward ecological specialization, and
have narrower distributions. Rapoport’s rule has been sup-
ported (often with caveats) in quantitative studies of pri-
mates (Harcourt 2006), North American mammals (Arita
et al. 2005), and New World bats and marsupials (Lyons
and Willig 1997). However, Gaston and coworkers (1998)
argued that the pattern is limited to high-latitude taxa in
the Holarctic and that statistical flaws undermine alleged
documentations of it. Indeed, Smith and colleagues (1994)
argued that Rapoport’s rule does not apply to Australian
mammals. Colwell and Lees (2000) suggested that Rapo-
port’s gradient is due to a statistical artifact, the “mid-
domain effect,” in which chance alone results in more spe-
cies with narrower ranges nearer to the equator than to the
poles. A significant mid-domain effect was shown by Luo
and colleagues’ (2011) study of terrestrial mammal ranges
in China. Davies and coworkers (2011) suggested that the
Rapoport pattern is more the result of long-term climate
variations (e.g., Pleistocene glaciation) than current season-
ality in temperate latitudes.

GRADIENTS IN SPECIES DIVERSITY
The Latitudinal Gradient

Perhaps the first global ecological pattern described by nat-
uralists was that species diversity (i.e., the number of spe-
cies per unit area) decreases from the equator toward the
poles, a trend that holds for most groups of organisms
(Hawkins 2001). It is apparent in Darlington’s (1957) counts
of tropical and temperate mammal species in eastern Asia
(180 and 100, respectively). One of the earliest detailed
demonstrations of this pattern for mammals was given by
Simpson (1964), who tabulated the number of species oc-
curring in 150 square-mile quadrats throughout North
America (Figure 5.19). Simpson found that over 160 mam-
mal species can occur within a single quadrat of Costa Ri-
can tropical forest, with diversity dropping in an irregular
but unmistakable trend to a low of about 20 species per
quadrat in northern Canada and Alaska. Since Simpson’s
classic work, the general latitudinal gradient of species di-
versity has been confirmed for mammals in general (Schip-
per et al. 2008) and separately for terrestrial and marine
forms (Lomolino et al. 2017 and references therein). The
latitudinal trend is not a monotonic decline from the equa-
tor to the poles; rather it displays considerable local varia-
tion. For many groups, it is dominated by high but vari-
able species diversity within the tropics and an abrupt drop
between tropical and subtropical latitudes (Figure 5.19).
Despite the ubiquity of the latitudinal trend, it does not
apply to all mammal groups or regions. For example, the
diversity of soricomorphs (shrews and moles) is higher in
temperate than in tropical areas (Cotgreave and Stockley
1994). Andrews and O’Brien (2000) suggested that differ-
ent latitudinal gradients apply to large versus small Afri-
can mammals, as well as to species with different feeding
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Figure 5.19 Latitudinal gradient in species diversity. (A) Contour map showing the number of species of mammals per
150-square-mile quadrat in North and Central America; (B) plot of diversity along the transect (solid line) shown in (A). Redrawn

from Simpson (1964).

strategies. The steepness of the gradient may vary over
time. Marcot and colleagues (2016) showed that the high
current gradient for North American mammals developed
within the past 4 my; for much of the Cenozoic, the gradi-
ent was much weaker.

Numerous explanations have been suggested for the lati-
tudinal gradient in species diversity. Lomolino and col-
leagues (2017) list 24 such hypotheses in 3 categories that
were published through 2014: null models such as the mid-
domain effect (see above); ecological feedback models that
emphasize habitat complexity and species interactions; and
abiotic models based on environmental conditions, area,
and age of land masses. These models attempt to evaluate
the influence of latitudinally varying ecological conditions
on evolutionary processes (speciation, extinction, and dis-
persal) that determine regional species richness. For exam-
ple, the tropical niche conservatism model (Wiens and
Donoghue 2004) posits that most clades originate in the
tropics and rarely invade the temperate zone. The out-of-

the-tropics model (Jablonski et al. 2006) also assumes that
most clades originate in the tropics and experience low ex-
tinction rates there, but asserts that colonization of tem-
perate regions is common. The metabolic theory (Allen
etal. 2006) argues that the higher primary productivity of
tropical habitats results in higher speciation and lower ex-
tinction rates there than in temperate habitats. Recently,
some of these hypotheses have been tested with phyloge-
netic methods. Jansson and coworkers (2013) analyzed 111
phylogenies of mammals, birds, insects, and angiosperms;
their results supported the out-of-the-tropics model in that
many tropical-to-temperate transitions were inferred. Weir
and Schluter (2007) compared divergence times of avian
and mammalian sister species at different latitudes and
concluded that speciation rates are Jower in the tropics than
at higher latitudes, contrary to predictions of the metabolic
theory but arguably consistent with the out-of-the-tropics
model. Buckley and colleagues (2010) showed that the di-
rection of diversity gradients in terrestrial mammals de-



pends on the ages and distributions of clades. Young
clades or those with widespread temperate-zone distribu-
tions (e.g., caniform carnivorans) show more diversity at
cooler temperatures, whereas clades with restricted distri-
butions and tropical origins (e.g., feliform carnivorans) ex-
hibit the usual decreasing gradient with latitude. These
and many other recent studies highlight the significance
that evolutionary ecologists attach to understanding this
most striking biogeographic pattern.

Elevational and Peninsular Gradients

Ecologists have long been aware that elevation exerts a
powerful influence on the composition of biological com-
munities and the diversity of species within those commu-
nities (Whittaker 1975). Initial studies emphasized the
species-poor nature of mountaintops relative to more di-
verse habitats in adjacent lowlands (e.g., Patterson et al.
1996). In a few cases, the elevational gradient of species di-
versity is a steady decrease from low to high elevations (Fig-
ure 5.20A; Kasangaki et al. 2003). Explanations for this pat-
tern have emphasized the changing climatic characteristics
along a mountainside (Hapold and Hapold 1989). At higher
elevations, temperature and oxygen levels drop while mois-
ture becomes tied up in frosts. These abiotic conditions re-
sult in lower primary productivity on mountaintops and a
correspondingly less diverse community. However, most
studies with thorough geographic sampling (e.g., Ferro and
Barquez 2009, Krystufek et al. 2011) have suggested that
species diversity peaks at middle, rather than low, eleva-
tions (Figure 5.20B). Lomolino and colleagues (2017) note
that this pattern is expected if one considers how the rela-
tive isolation and areas of elevation zones interact with
changing climatic conditions. The conical shape of most
mountains ensures that high-elevation zones are smaller
and more isolated from one another than lower zones, re-
sulting in lower immigration and higher extinction rates.
Isolation, however, also promotes speciation. The net effect
of these countervailing factors is that species diversity
should be relatively high at the base of mountains, highest at
middle elevations, and lowest on mountaintops. Recent au-
thors (Rowe 2009; Wu et al. 2013) also emphasize that, al-
though elevational diversity gradients are common, their
causes at particular localities may be species-specific and
diverse rather than simple and uniform. Elevational effects
are also responsible for the increased species diversity in
areas with topographic variation (Simpson 1964), such as
the western United States (Figure 5.19A).

Simpson (1964) noted that the number of mammal spe-
cies on North American peninsulas declines toward their
terminal ends. This peninsular effect is evident in Simp-
son’s map (Figure 5.19A) if one examines diversity contours
in Baja California, Florida, and the Yucatan. The pattern
in Baja California was demonstrated for heteromyid ro-
dents by Taylor and Regal (1978), for small mammals on
the Iberian Peninsula by Barbosa and Benzal (1996), for ro-
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Figure 5.20 Elevational gradient in species diversity.
(A) In Bwindi Impenetrable National Park, Uganda, the diversity
of small rodents shows a steady decrease with altitude. Dots
represent collecting localities, and the line is a linear regression.
(B) In the Uinta Mountains of the southwestern United States, the
diversity of small nonflying mammals peaks at intermediate
altitudes. Redrawn from Kasangaki et al. (2003) and Rowe (2005).

dents in Italy by Contoli (2000), and for nonvolant mam-
mals in Europe by Baquero and Telleria (2001). On the
other hand, Lawlor (1983) argued that there is no penin-
sular effect in Baja for soricomorphs, lagomorphs, geomyid
and murid rodents, carnivorans, or bats. Simpson (1964) at-
tributed the gradient to declining immigration rates and
increasing extinction rates as one moves closer to the ter-
minus of a peninsula, both effects due to isolation from the
mainland, reduced land area, and limited habitat diversity
(Lomolino et al. 2017). Some authors (e.g., Lawlor 1983)
have found this kind of explanation insufficient to account
for the variation in peninsular diversity patterns among
different groups and have argued instead that factors such
as topographic complexity, ecological barriers, and the dis-
persal abilities of resident species determine whether a
particular group will show the peninsular effect.
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Part 1 Introduction

SUMMARY

e Biogeography is the study of how organisms are distributed
on the Earth and of the causal processes that determine
those distributions. The most fundamental datum for
biogeography is the species range, the entire area over which
individuals of a species occur.

e Historical biogeography is concerned with changes in species
ranges over time, as well as how such changes result from
evolutionary (e.g., speciation, extinction, dispersal) and
geological (e.g., continental drift, climate change) processes.
Ecological biogeography focuses on how species ranges are
influenced by factors such as migration, community interac-
tions, and physiological or morphological adaptations.

e Mammal distributions, like those of most organisms, show
varying degrees of endemism or restriction to specific areas.
On a worldwide scale, endemism results in provincialism—
distinct faunal regions or provinces that harbor diverse groups
of closely related species.

e Biogeographic regionalization is the scientific process of
identifying areas of endemism at different spatial scales. The
most common global regionalization applied to mammals
recognizes six regions—Palearctic, Nearctic, Neotropical,
Ethiopian, Oriental, and Australian. Mammals are also found
on oceanic islands (mostly rodents and bats), in coastal waters
(e.g., pinnipeds and sirenians), or in the open ocean
(cetaceans).

Scientific acceptance of continental drift and plate tectonics
theory in the 1960s revolutionized our understanding of
historical biogeography. Throughout the Phanerozoic eon,
continents have moved, coalesced, and fragmented, carrying
their biotas with them and producing the most significant
historical influence on current provincialism.

Scientists have also become aware that, because of continen-
tal drift and other factors, climate conditions have varied
dramatically throughout Earth history, displaying alternating
periods of “hothouse” and “icehouse” conditions. Extreme
icehouse conditions produced ice ages, during which glaciers
advanced across portions of continents and many species
distributions were contracted into small refugia.

Since their origin in the Late Mesozoic, synapsids have
experienced both continental movements and climate
changes, and have responded to them evolutionarily in a
variety of ways. One response is dispersal, which involves
extension of a species range into previously unoccupied areas.
Corridor routes are dispersal pathways through which many
species may move with little ecological resistance. Filter
routes are accessible to some species but not others, depend-
ing on their ecological tolerances. Sweepstakes routes are the
result of rare events that move individuals across a dispersal
barrier into an area where they can successfully reproduce.

e Another possible response to environmental change is
vicariance, in which the ancestral range of a species is

fragmented by a dispersal barrier, which, in turn, induces
speciation and subsequent diversification of lineages in
isolated geographic areas. Vicariance followed by diversifica-
tion is thought to be the primary mechanism by which
patterns of endemism arise.

Species may also respond to environmental changes by going
extinct. Background extinction is the result of ecological
processes that lead to the demise of individual species,
whereas mass extinctions are worldwide events that result in
the simultaneous loss of many species from different major
groups.

Historical biogeographic hypotheses are usually framed to
explain patterns of disjunction, such as the geographic
separation of sister groups. Early biogeographers emphasized
dispersal and extinction as the primary processes that
determine species distributions, but awareness of continental
drift and climate change, coupled with the development of
rigorous methods of phylogeny reconstruction, led to a
stronger emphasis on the role of vicariance.

Cladistic biogeographers focus on reconstructing the history
of areas from the phylogenies and current distributions of
species in those areas. The key to inferring area relationships
is congruence among the phylogenies of multiple, codistrib-
uted species. However, cladistic biogeography is complicated
by widespread and missing species, species with multiple
representatives in the same area, and the temporal incongru-
ence of biogeographic events that affected groups in a single
region. Nevertheless, there are now powerful algorithmic
approaches to biogeographic inference, including model-
based methods that apply statistical principles.

Molecular techniques have also been brought to bear on
questions of historical biogeography. Comparative phylo-
geography uses principles of genealogical concordance to
formulate and test hypotheses of recent vicariance and
dispersal by examining the genetic structure of populations
throughout the ranges of individual species.

The early evolutionary history of marsupials illustrates the
value of combining paleontological, geological, and phyloge-
netic information to understand the biogeographic history of
a major mammalian group. Marsupials probably originated in
North America during the Cretaceous and dispersed by a
sweepstakes route to South America, where they diversified
during the Cenozoic. Some of these taxa, including microbio-
theres, made their way across the Antarctic peninsula, East
Antarctica, the South Tasman Rise, and into Australia by the
Paleocene or Eocene. Breakup of the Gondwanan continents
isolated the common ancestor of Australian marsupials, which
underwent a spectacular radiation throughout the later
Tertiary Period as Australia drifted north to its current
position.

Fossils have also documented the biogeographic history of
South America. Along with marsupials, the Paleocene



mammal fauna of South America contained archaic ungu-
lates, diverse edentates, and condylarths. Hystricomorph
rodents and ceboid primates arrived during the Oligocene;
procyonids from North America invaded via island chains in
the Miocene. In the Pliocene (or perhaps Miocene), the
Panamanian land bridge emerged and formed the dispersal
route for the Great American Biotic Interchange of mammals
between the two continents. Pleistocene extinctions took a
much heavier toll on South American forms, however,
resulting in a relatively large proportion of current South
American species being derived from northern ancestors.

Analytical biogeography methods used in conjunction with
area chronograms based on DNA sequences and fossil
calibrations have illuminated the ancestral areas of eutherian
orders. Afrotherians appear to have originated in Africa,
xenarthrans in South America, and boreoeutherians in
Eurasia—all during the Late Cretaceous and associated with
continental separations.

Comparative phylogeographic analyses of African savanna
ungulates suggests that Pleistocene climate fluctuations
created refugia north and south of the tropical forest in
central Africa, as well as in eastern and western areas within
the northern and southern zones. High ungulate diversity in
East Africa appears related to the high spatial and temporal
heterogeneity of environmental conditions within this region.

e Since the 19th century, ecological biogeographers have noted
regularities in the geographical pattern of variation in
morphological and life-history characters of mammals. These
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patterns have been codified as ecogeographic rules, although
their generality is often quite limited.

o The “island rule” is that island representatives of large-
bodied mammal species are often smaller than their
mainland relatives (insular dwarfism), whereas small-bodied
species on islands tend to be larger than their counterparts
on the mainland (insular gigantism).

o Rapoport’s rule is that the latitudinal breadth of species
ranges tends to increase with increasing latitude.

o The same trend in body size—Ilarger individuals occur at
higher latitudes—constitutes Bergmann's rule.

o According to Allen’s rule, individuals that live in cold climates
have shorter appendages than do conspecifics in warmer
areas. Gloger’s rule suggests that species living in dry areas
have darker pelage than their relatives in humid areas.

Ecological biogeographers are also concerned with explaining
large-scale patterns in species diversity. The first such pattern
to be described is that the number of species per unit area
tends to decrease with latitude, with tropical habitats
harboring the greatest diversity. Similarly, species diversity
changes with elevation in montane areas, peaking at
mid-elevations and declining toward the summits. Species
numbers also decline as one moves toward the terminus of a
peninsula. Again, these trends are not universal, and the
factors that produce them are complex.

Models that integrate the effects of various ecological
processes on rates of dispersal, extinction, and speciation
have been formulated and are currently being tested, often
with phylogenetic methods.
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DISCUSSION QUESTIONS

1. Using a field guide for mammals, select an order with 3. Select your favorite mammalian family and determine

numerous species in North America (or any other
continent). Count the numbers of species in the order
that occur at 5- or 10-degree increments of latitude.
In light of the information in this chapter, what
factors might explain differences in species richness at
the different latitudes?

2. Some species of mammals, such as house mice (Mus

musculus), have extremely broad distributions.
Others, such as the Kangaroo Island dunnart (Smin-
thopsis aitkeni), occur only in very small areas (e.g.,
Kangaroo Island off the coast of South Australia).
Most mammal species have range sizes between these
two extremes. What factors do you think help to
explain the variation in range size among species?

the distribution of each species within it using
guidebooks or the internet. Based on your knowl-
edge of geography and climate, along with informa-
tion about the niches and phylogeny of these species,
what can you say about the factors that produced the
current distribution of the family?

4. How is biogeography related to conservation biology?

What kinds of information could biogeographers
supply that might assist in developing a conservation
management plan for an individual species or a group
of related species?



PART 2

Structure and
Function

In Part 2, we examine the relationships between the anatomical parts of a mammal (its struc-
ture) and the way those parts work together to accomplish fundamental life processes (their
function). Our goal is to understand how anatomy and physiology have been shaped by natural
selection in response to varied environmental circumstances. We give special attention to the
morphological adaptations of mammals in general, as well as to some of the specialized body
structures associated with particular lifestyles. Later, in Parts 3 and 4, we describe the anatomi-
cal features characteristic of major mammalian groups and explore how morphology and physi-
ology are related to mammal behavior.

Chapter 6 describes the outer covering of a mammal’s body (the skin, or integument), the
support system provided by the axial and appendicular skeletons, and the muscles that power
movement. Chapter 6 concludes with an examination of locomotor adaptations among mam-
mals. Chapter 7 covers the ways in which mammals obtain and process food, including a discus-
sion of how variation in tooth structure relates to different modes of chewing. This chapter also
explores how the digestive system extracts nutrients from food and how mammals store energy.
In Chapter 8, we discuss the concept of homeostasis and how it is maintained. This includes a
description of the circulatory, respiratory, and urinary systems and how they interact to accom-
plish respiration, osmoregulation, thermoregulation, and energy conservation. In Chapter 9, we
explore the morphological structures and physiological processes by which mammals
reproduce.



CHAPTER 6

Integument

Structure and Function
Claws, Nails, and Hooves
Horns and Antlers

Basic Skeletal Patterns
Skull

Vertebrae, Ribs, and Sternum
Appendicular Skeleton

Muscles

Modes of Locomotion
Walking and Running
Jumping and Ricocheting
Climbing

Digging and Burrowing
Gliding and Flying
Swimming
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Sljp port, and
Movement

Imagine a cheetah (Acinonyx jubatus) slowly stalking a Thomson’s ga-
zelle (Gazella thomsonii) on the African savanna. The cheetah blends
into the dappled shade under acacia trees and warily follows the ga-
zelle at a distance. Suddenly, it sprints after the gazelle in an all-out
dash to capture its prey (Figure 6.1). We are amazed by the cheetah’s
burst of speed and by the graceful, powerful movements of its legs as it
races toward the gazelle. What body structures enable the cheetah to
make such a swift attack? What body processes are at work to produce
the smooth, forceful run of this predator?

The cheetah’s body, like that of other mammals, is adapted for its
way of life. Its fur protects and camouflages it. As it runs or walks, each
stride involves intricately coordinated movements of muscles and bones
throughout its body. To understand the dynamics of locomotion, we
must first examine the arrangement of skin, bones, and muscles in a
mammal’s body. This chapter starts with the outside of a mammal—
the integument—and then moves under the skin to explore the skele-
ton and the muscles that power movement. In the final section, we
show how the integument and musculoskeletal system relate to modes
of locomotion.

Integument

The skin, or integument, is the interface between a mammal and the
external environment. Its primary role is to separate the internal, ho-
meostatically regulated milieu of tissues and cells from the vagaries of
outside conditions. The integument of mammals also has two more spe-
cific functions: water conservation and insulation. An impervious outer
layer of skin is a trait shared by all amniotes and an adaptation for pre-
venting evaporative loss of body water in the dry air of terrestrial habi-
tats. As endotherms, mammals must also conserve body heat that is en-
ergetically expensive to produce. The outermost layer of their integument
has evolved a relatively simple structure—hair—that traps a layer of air



next to the skin and prevents convective heat loss. Feathers
perform the same function in birds, the other group of en-
dothermic vertebrates. The integument serves other criti-
cal functions as well, including the ability to dissipate ex-
cess heat by evaporative cooling, communication via pelage

Figure 6.1 Cheetah and gazelle. This scene of a cheetah
attempting to run down a gazelle shows the general body form
of each animal, as well as their integuments and color patterns.
Both species are cursorial, or running, mammals, but the
structures of their limb bones are extremely different.
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color or patterns, sensory capabilities for obtaining infor-
mation about the environment, and production of diverse
secretions from specialized glands. Moreover, the skin has
produced some uniquely mammalian structures such as the
surfaces of horns, antlers, nails, and hoofs.

STRUCTURE AND FUNCTION
Skin

Vertebrate skin consists of an outer epidermis and inner
dermis, below which is a hypodermis or subcutaneous re-
gion that overlies muscle (Figure 6.2; Kardong 2012). The
epidermis of mammals consists of several layers: an inner
stratum basale (or germinativum), intermediate strata show-
ing stages of keratinization, and an outer stratum corneum.
Stem cells in the stratum basale divide continually and some
of the daughter cells migrate into the overlying strata where
they manufacture large amounts of the protein keratin (i.e.,
they become keratinized or cornified), a process that causes
them to die by the time they reach the stratum corneum.
Keratin is water-insoluble and thus the keratinized stratum
corneum prevents desiccation of the underlying skin. Cells
of the stratum corneum are shed and replaced throughout
the life of a mammal. The thickness of the stratum corneum
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Figure 6.2 Mammalian skin. Three-dimensional section through the skin and subcutaneous region of a mammal. Glands and
hair are epidermal structures that grow into the dermis during development.
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varies among regions of the body and among species. It is
very thick in the foot pads of most species. These surfaces
experience regular abrasion against rough substrates dur-
ing locomotion, and thickening of the stratum corneum pro-
vides protection against excess wear. Epidermal thicken-
ing may even result in a distinct cell layer—the stratum
lucidum—ijust below the stratum corneum. Cells in the stra-
tum lucidum are translucent due to large amounts of kera-
tohyaline, a precursor of keratin.

At the boundary between the epidermis and dermis are
melanophores, cells that contain melanin. This brown pig-
ment absorbs ultraviolet radiation from the sun, which
might otherwise damage the underlying dermal tissue. Mel-
anin in the dark tongues of giraffes (Giraffa camelopardalis)
protects the tissue from sunburn as the animals lift their
heads into the branches of trees to forage for leaves. In
humans, synthesis of melanin increases upon exposure to
sunlight and produces tanning. Extensions of melanophores
reach into the epidermis where they inject their pigments
into developing hair cells (see next section). In a few cases,
such as the bright ischial callosities of baboons, pigmented
patches of skin are used as visual signals. The blue and red
coloration on the scrotum and perineal region of male ver-
vets (Chlorocebus aethiops) is used in dominance displays.

The thick mammalian dermis contains connective tis-
sue, blood vessels, nerves, and slips of integumentary mus-
cle. The epidermis has no blood supply of its own, so meta-
bolic needs of cells in the stratum basale are met by diffusive
exchange of nutrients and waste products with the highly
vascularized dermis. Constriction and dilation of dermal ar-
terioles helps regulate heat loss by directing blood toward or
away from the surface of the skin. Encapsulated sensory
nerve endings in the dermis terminate at tactile receptors
such as Pacinian (Vater-Pacini) corpuscles or the Meissner’s
corpuscles of primates (Figure 6.2). Receptor stimulation
results in firing of the associated nerve and transmission of
an impulse to the central nervous system. A tiny smooth
muscle, the arrector pili, inserts at the base of each hair
within the dermis. When they contract, arrectores pilorum
cause hairs to stand erect, a response that may conserve heat
by thickening the dead-air layer above the skin, or act as a
visual signal (e.g., when “hairs stand on end” on the neck of
a snarling dog). Although hairs and integumentary glands
are derived from epidermal cells, their bases grow down into
the dermal layer as they develop (Figure 6.2).

Below the skin lies a hypodermis consisting of loose
connective and adipose (fat) tissues. Connective tissue
causes the skin to adhere to underlying muscle, whereas
subcutaneous fat serves as insulation and an energy reserve.
Some sensory receptors (e.g., Pacinian corpuscles) also oc-
cur in the hypodermis.

Hair

Hair is a unique characteristic of mammals, but its evolu-
tionary origin is obscure. Derived from the stratum cor-

neum, the hairs of mammals occupy the same structural
position and perform some of the same functions as the
epidermal scales of nonavian reptiles and the feathers of
birds. As noted previously, hair provides insulation for
mammals, so perhaps its evolution was tied to the origin
of endothermy. However, there is an inconsistency in this
scenario: insulatory fur would be maladaptive for an ances-
tral ectotherm that relied on efficient heat exchange with
the environment for thermoregulation, but some form of
insulation appears to be necessary for endothermy to be en-
ergetically cost-effective (Pough et al. 2013). Indeed, evi-
dence for endothermy (respiratory turbinate bones in the
nasal cavity) can be found in Permian therapsids long be-
fore the earliest mammal (Ruben and Jones 2000; but see
Kemp 2006). The Permian therocephalian Estemmmenosu-
chus has an exceptionally well-preserved skin impression
that lacks any trace of hair (Kardong 2012). In contrast, the
oldest synapsid known to have had fur, the docodont Cas-
torocauda, did not occur until the Middle Jurassic (Ji et al.
2006), though indirect evidence suggests that hair may
have been present in the Late Triassic stem mammal Mor-
ganucodon (Pough et al. 2013). Given this long lapse between
the apparent origin of endothermy and the origin of hair,
it seems unlikely that hair evolved in response to selection
for insulation. What, then, explains its origin?

Maderson (1972) suggested that hairs originated as tac-
tile receptors between the scales of early synapsids and later
were coopted as insulation after the evolution of endo-
thermy. Stenn and colleagues (2008) and Dhouailly (2009)
proposed that hairs evolved through modification of the
developmental processes that produced skin glands in an-
cestral synapsids, a view supported by some experimental
evidence (e.g., Alibardi 2012). These authors suggest that
lepidosaur scales, avian feathers, and mammalian hairs—
all derivatives of the stratum corneum—represent divergent
evolutionary trends in development of the amniote epider-
mis. Each had distinct adaptive values, but all owe their
origin to changes in a common set of morphogenetic sig-
nals between the epidermis and underlying dermis.

A hair follicle begins its development in the stratum ba-
sale (Butcher 1951) and grows down into the dermis, induc-
ing the formation of a dermal papilla (Figure 6.3). The
papilla becomes vascularized and serves as a conduit for
nutrients and waste products with the developing hair.
Where it reaches the base of the dermis, the follicle swells
to form a bulb around the dermal papilla. Continual mito-
sis occurs within the bulb, where root cells synthesize ker-
atin and grow outward to form a shaft of dead cells, which
eventually emerges from the surface of the skin. As the hair
is differentiating, so too are dermal cells that will form the
arrector pili muscle and follicle cells that will form a seba-
ceous gland. The root of each hair becomes surrounded by
sensory nerve endings that transmit tactile signals to the
brain whenever the shaft is displaced (Figure 6.2).

A typical hair has three structural layers. The medulla
occupies the center of the shaft and consists of sparse, ir-
regular cells connected by keratin strands and surrounded
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Figure 6.3 Hair development. At left, epidermis invades the dermis (shaded) at the site where an individual hair will form.
At center, a dermal papilla organizes beneath the epidermal invagination, which is beginning to form a follicle. At right, a hair shaft
begins to differentiate within the follicle, and a bulb of epidermal cells surrounds the dermal papilla. Adapted from Searle (1968).

by air space. The medullas of some species, including deer,
lack cells altogether, and the hairs are hollow. The cortex,
composed of tightly packed cells, surrounds the medulla
and comprises most of the shaft. A thin, transparent cu-
ticle forms a scale-like pattern on the surface of the hair.
Cuticle patterns vary greatly among species (Figure 6.4)
and have been used to identify closely related forms
(Wooley and Valente 1992).

Hair can be classified in a variety of ways (Martin et al.
2011). One distinction recognizes different growth pat-
terns. Angora hair grows continuously to produce long,
flowing shafts that may or may not be shed (e.g., a horse’s
mane). Definitive hairs attain a fixed length before being
shed and replaced (e.g., body hairs of a dog). The two main
functional types of hairs are vibrissae and pelage (fur). Vi-
brissae are long, stiff hairs that function as tactile recep-
tors and exhibit definitive growth. The most common are
“whiskers” in the facial region of nocturnal species, but
they are also found on the tails of some fossorial species or
on the legs of others. Active vibrissae can be erected vol-
untarily, whereas passive ones cannot. Pelage consists of
long, coarse guard hairs underlain by underfur that is
short, dense, and fine. The most common type of guard
hair is an awn, characterized by an expanded distal end, a
weak base, and definitive growth. Awns usually lie in one
direction, giving the pelage a distinct nap. Spines are the
stiff, enlarged guard hairs that exhibit definitive growth
and form the protective quills of porcupines, echidnas, and
hedgehogs. Bristles are firm, generally long hairs that ex-
hibit angora growth to form manes; they function as vi-
sual signals that augment facial expressions (e.g., lions) or
body postures (e.g., horses). Wool is long, soft, and usually
curly. Velli are the very short, fine hairs found on newborns
(often referred to as “down” or “fuzz”). The “scales” of pan-

golins are agglutinated keratin fibers developmentally sim-
ilar to hairs. Hair typically grows in tracts with a distinct
orientation, or grain, relative to the body surface (Jones
1924).

Hair color is determined by the distribution and den-
sity of melanin granules within the shaft, as well as the pro-
portion of two forms of melanin. Pheomelanin produces
shades of red and yellow, whereas eumelanin is black or
brown. “Agouti” hair results from a mixture or banding of
these pigments. Gray or white hair results from the absence
of melanin and an increase in the volume of air vacuoles
within the medulla. White hair (along with pale skin and
pink eyes) may be due to a genetic condition, albinism, in
which melanin production is blocked. Although rare over-
all, albinism has reached high frequencies in some popula-
tions, such as the albino gray squirrels (Sciurus carolinensis)
of Olney, Illinois. The opposite of albinism is melanism,
in which the pelage is very dark due to high levels of mela-
nin. Melanic forms of several mammal species have been
described, including fox squirrels (Sciurus niger) and red
foxes (Vulpes vulpes).

The pelage color of a species, or populations within a
species, is an evolutionary response to several environmen-
tal pressures. One common factor seems to be the adapa-
tive value of camouflage. As noted in Chapter 5, Gloger’s
rule predicts that mammals from arid regions will tend to
be paler than those from more humid areas. This is prob-
ably an example of crypsis, in which the color of the ani-
mal matches that of the substrate (e.g., the desert floor is
more lightly colored than that of forests or grasslands; Ben-
son 1933). Mammals that display countershading have
lighter-colored pelage on the ventral portion of the body
than on the dorsal portion. This causes them to look white
(like the sky) when viewed from below, but dark (like the
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Figure 6.4 Hair cuticles. Scale patterns on the cuticles of
primary guard hairs vary among species and even within
regions of the same hair. These light micrographs show guard
hairs of two dasyurid marsupials. (A) Murexia melanurus;

(B) Phascolosorex doriae (distal portion); (C) P. doriae (transition
region); (D) P. doriae (proximal region).

ground) when viewed from above, and therefore they ap-
pear less conspicuous from either angle. Many species
show cryptic coloration in which the pelage blends in
with the horizontal background against which an animal
is viewed. White-tailed deer fauns (Odocoileus virginianus)
have light-colored spots on their brown fur that conceal
them in the dappled shade characteristic of temperate
forests. Other species have disruptive coloration pat-
terns that distort the outline of their bodies. For example,
the black-and-white banding pattern of zebras (Equus
spp.) causes them to appear larger than their actual size
in the eyes of predators. Singaravelan and colleagues
(2010) showed that cryptic coloration in spiny mice (Aco-
mys cabirinus) from Israel is achieved by varying the ratio

of eumelanin (black) to pheomelanin among habitats
within the same general area.

Many mammals periodically replace their fur by molt-
ing, which occurs in three principal patterns. Young mam-
mals, particularly rodents, undergo a postjuvenile molt
that starts after weaning (Figure 6.5). Molting patterns
have been described for many small mammal species, such
as red-backed voles (Myodes gapperi; Sare et al. 2005) and
deer mice (Peromyscus maniculatus; Sinclair et al. 1998).
Mammals living in temperate latitudes undergo a fairly
rapid annual molt during which most hairs are replaced.
This process is important for animals in cooler environ-
ments because daily activities wear down their hairs, result-
ing in less effective insulation during winter unless the
hairs are replaced. Annual molts require considerable en-
ergy for the rapid growth of new hair and may be timed to
avoid overlap with other energy-demanding activities such
as late gestation and suckling, as in deer mice (Tabacaru
et al. 2011), or to coordinate with migrations, as in hoary
bats (Lasiurus cinereus; Cryan et al. 2004). Some mammals,
such as Cape hares (Lepus capensis; Lu 2003), have a sea-
sonal molt that replaces their pelage more than once a
year. Some species have camouflage coloration that changes
with season: ermine (Mustela vison) and arctic foxes (Alo-
pex lagopus) have a white coat during the winter, matching
the snow-covered landscape they inhabit, but molt into a
darker coat for the summer (Figure 6.6). As evidence for
the adaptive value of seasonal molts, Zimova and cowork-
ers (2016) found that a climate-change induced mismatch
between the timing of molt in snowshoe hares (Lepus amer-
tcanus) and seasonal snow cover in Montana resulted in a
significant increase in hare mortality. Animals in molt can
be recognized by short or partially elongated hairs, which
are dark at the base, growing among mature hairs that are
light to the base. Fully developed molt lines can be seen in
short-haired species such as moles, shrews, and pocket go-
phers. The skin of a molting mammal is dark or speckled
due to presence of pigment-injecting melanophores just be-
low the surface.

Integumentary Glands

Three types of glands are derived from the epidermis of
mammalian skin—sebaceous, eccrine, and apocrine glands.
More specialized structures, such as scent and mammary
glands, are derived from these basic types. Like hairs, epi-
dermal glands have their base in the dermis but are con-
nected to the surface of the skin or hair by a duct. Seba-
ceous glands are generally associated with hair follicles
(Figure 6.2) and secrete an oily product (sebum) that keeps
the hair shaft moist and waterproof. These glands are sit-
uated such that contraction of integumentary muscles
causes sebum to be squeezed onto the shaft. Sebaceous
glands not associated with hairs occur on the lips, penis,
labia minora, and nipples. Examples of specialized seba-
ceous glands include those that produce lanolin in sheep,



Figure 6.5 Molting. The postjuvenile molt of the golden
mouse (Ochrotomys nuttalli) proceeds in a regular manner from
the underside of the flanks dorsally to the back of the neck and
base of the tail. Letters A—F refer to the chronological sequence
of the molt. Adapted from Linzey and Linzey (1967).

ceruminuous glands that secrete a waxy protective lubri-
cant (cerumen) into the outer ear canal, and Meibomian
glands in the eyelid that moisten the conjunctiva.

Eccrine glands produce a watery secretion (e.g., sweat),
lie deep in the dermis, are not associated with hairs, and
are connected to the skin surface by coiled ducts (Fig-
ure 6.2). They function immediately after birth. Evapora-
tion of eccrine secretions from the skin results in evapora-
tive cooling, an important thermoregulatory mechanism in
some mammals. Eccrine glands are most common on sur-
faces (e.g., soles and palms) that come in regular contact
with a substrate, where their secretions increase adhesion
and tactile sensitivity. Apocrine (sudoriferous) glands pro-
duce viscous fluids that act as chemical signals, are located
near hair follicles, and begin functioning at puberty. The
distribution of eccrine and apocrine glands over the body
varies, but they are most common in areas where fur is the
least dense (e.g., the feet of cats, dogs, rodents, and pri-
mates; the lips of rabbits; the snout of platypuses). In
humans and chimpanzees, eccrine glands are broadly dis-
tributed, but apocrine glands occur primarily in the axil-
lae (armpits), anogenital region, naval areas, and nipples.
Ciliary glands that drain onto the eyelashes of many mam-
mals are apocrine glands; these are absent in pangolins,
cetaceans, sirenians, and echidnas.

Scent glands may be either modified sebaceous or apo-
crine glands. The composition and function of the secre-
tions they produce vary widely, but many act as phero-
mone (chemical signals that convey information between
members of the same species). Scents may be used to deter
predators, as in skunks, to mark territories, as in deer, to
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Figure 6.6 Seasonal changes of coat color. Weasels
(Mustela) may change their coat color seasonally. They molt to
a mostly white pelage (top) for the winter, which camouflages
them against the snowy background. The summer pelage
(bottom) is brown on the dorsal surface and flanks and white
on the ventral surface; this shading more closely resembles
summer background colors.

mark sites for spatial orientation, as in weasels and badgers,
or to mediate sexual and social interactions (Greenwood
et al. 2005; Sharpe 2015). Scent glands can be found in al-
most any location on the body, including the anal area (ro-
dents and mustelids), back (kangaroo rats), head (ele-
phants, peccaries), forelimbs (lemurs, carnivorans), and
hind limbs (ungulates). Some mammals spread scented
glandular secretions onto their fur, possibly to enhance the
effectiveness or persistence of the chemical signal. The yel-
lowish color often seen on the fur of opossums is the re-
sult of such behavior.

The structures for which Mammalia is named, mam-
mary glands, are specialized epidermal glands. They de-
velop at one or more points along parallel ridges (“milk
lines”) of embryonic skin in the ventrolateral body wall,
with epidermal cells growing deep into the hypodermis to
form an extensive branching system of ducts that terminate
in alveoli and are surrounded by milk-producing cells. At
the surface, the ducts extend through an elevated nipple or
teat to open at its apex (Figure 6.7). In many species, adi-
pose tissue forms beneath the mammary gland to produce
breasts. The number and location of glands vary among
species: one axillary pair in dermopterans and marmosets;
one thoracic pair in anthropoid primates; one inguinal pair
in perissodactyls and cetaceans; one thoracic and one in-
guinal pair in soricomorphs and some lemurs; two pairs on
the side in nutrias (Myocastor coypus); up to five pairs from
the axillae to the inguinal regions in rodents, cats, dogs,
pigs, and edentates; up to ten pairs in the pouches of some
marsupials. The Virginia opossum (Didelphis virginiana)
has 13 mammary glands—12 in a circle and 1 in the cen-
ter. Monotreme mammary glands lack nipples, but the sur-
face openings of milk ducts are marked by tufts of hair.

With few exceptions, mammary glands are functional
only in females. Late in pregnancy, hormones such as pro-
lactin stimulate the proliferation of alveoli, adipose tissue,
and milk-producing cells. Milk is an aqueous mixture of
protein, lipid, and carbohydrate that serves as nourishment
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Figure 6.7 Mammary glands. Milk-producing cells surround the alveoli of mammary glands, which project into the hypodermal
portion of the skin and may be surrounded by adipose tissue forming breasts. The arrangement of ducts varies among species.
Monotremes lack nipples or teats. Modified from Kent and Carr (2001).

for young. The relative proportions of different nutrients
in milk vary among species (Table 6.1). In general, young
grow more quickly in species with higher proportions of
protein in their milk (Bouliére 1964). Skibiel et al. (2013)
performed an extensive phylogenetic comparative analysis
of variation in milk composition among mammals and
found a significant phylogenetic effect; after controlling for
it, maternal diet and duration of milk production explained
most of the variation in milk composition. The composi-
tion of milk also changes over the course of the suckling
period (Abbondanza et al. 2013). When a female gives
birth, mammary glands have produced a significant amount
of milk that is stored in the alveoli. When suckling com-
mences, nerve impulses travel from the nipple to the brain
causing the hormone oxytocin to be released by the hypo-
thalamus. Oxytocin stimulates contraction of muscle slips
around the alveoli and forces milk into the ducts, a pro-
cess known as “milk letdown.” The flow of milk from
mother to suckling is lactation.

The evolutionary origin of mammary glands is unclear.
Although they are undoubtedly epidermal, their precise
homology with sebaceous, eccrine, or apocrine glands is
not obvious, nor is it absolutely certain that the mammary
glands of monotremes are homologous with those of the-
rians. Even more problematic is inferring the timing and
initial adaptive value of lactation. Pond (1977) argued that
suckling must have preceded the appearance of diphyodont
dentition (see Chapter 4); the latter is a prerequisite for pre-
cise tooth occlusion and could not have evolved in neo-
nates that used their teeth for chewing. If correct, this
places the origin of lactation just prior to the emergence
of diphyodont teeth with complex occlusal surfaces (prob-
ably during the evolutionary transition from cynodonts to
true mammals; Pough et al. 2013). The origin of milk it-

self may relate to the early adaptive value of glandular se-
cretions for eggs or hatchlings that were incubated by par-
ents (Blackburn 1991). Modern milk contains proteins that
are similar to lysozymes and act as antimicrobial agents
(Vorbach et al. 2006). Such secretions may have protected
the surface of eggs or young from infection in early mam-
mals; if ingested by hatchlings, the same protection might
have extended to the digestive tract. It is also possible that
maternal antibodies could be transferred to young via an
integumentary secretion, as they are in modern milk. Once
ingestion of the secretion became established, evolution of
the nutritional aspect of lactation and the associated ana-
tomical features of mammary glands could proceed (Kar-
dong 2012). Kawasaki and colleagues (2011) argued that the
casein proteins characteristic of milk evolved by duplica-
tion and divergence of an ancestral gene expressed during
the development of vertebrate teeth.

CLAWS, NAILS, AND HOOVES

Claws, nails, and hooves are keratinized structures that de-
velop from the stratum cormeum at the ends of digits
(Hamrick 2002). Claws are the most primitive form, ap-
pearing early in amniote evolution and still common in no-
navian reptiles, birds, and mammals. A claw consists of
two parts: a heavily keratinized, convex, dorsal unguis and
a softer, ventral subunguis that is continuous with the pad
at the end of a digit (Figure 6.8A). Both layers are wrapped
around the dorsolateral surface of the last phalanx (see
Homberger et al. [2009] for a detailed anatomical descrip-
tion). Mammals use their claws for climbing, digging,
fighting, and defending. In some groups, such as felids, the
sharp claws are retractable, an arrangement that may be



Table 6.1 Milk composition*

Water Protein Fat Sugar Ash
Marsupials
Kangaroo (wallaroo) 3.5 9.7 8.1 3.1 1.5
Primates
Rhesus monkey 88.4 2.2 2.7 6.4 0.2
Orangutan 88.5 1.4 3.5 6.0 0.2
Human 88.0 1.2 3.8 7.0 0.2
Xenarthrans
Giant anteater 63.0 11.0 20.0 0.3 0.8
Lagomorphs
Rabbit 71.3 12.3 13.1 1.9 2.3
Rodents
Guinea pig 81.9 7.4 7.2 2.7 0.8
Rat 72.9 9.2 126 3.3 1.4
Carnivores
Cat 81.6 10.1 6.3 4.4 0.7
Dog 76.3 9.3 9.5 3.0 1.2
European red fox 81.6 6.6 5.9 49 0.9
Pinnipeds
California sea lion 47.3 13.5 35 0 0.6
Harp seal 43.8 11.9 42.8 0 0.9
Hooded seal 49.9 6.7 40.4 0 0.9
Cetaceans
Bottle-nosed dolphin  44.9 10.6 34.9 0.9 0.5
Blue whale 47.2 12.8 38.1 ? 1.4
Fin whale 54.1 13.1 30.6 ? 1.4
Ungulates
Indian elephant 0.7 3.6 17.6 5.6 0.6
Zebra 86.2 3.0 48 53 0.7
Black rhinoceros ? 1.5 0.3 6.5 0.3
Collared peccary ? 5.8 35 6.5 0.6
Hippopotamus 90.4 0.6 4.5 4.4 0.1
Camel 87.7 3.5 34 48 0.7
White-tailed deer 65.9 10.4 19.7 2.6 1.4
Reindeer 64.8 10.7 203 25 1.4
Giraffe 771 5.8 12.5 3.4 0.9
American bison 86.9 4.8 1.7 5.7 0.9
Cow 87.0 33 3.7 48 0.7

From Bourliére (1964). Reprinted by permission.

*The composition of milk in different mammal species varies in the pro-
portions of protein, fat, and sugar. Notice high fat content for pinnipeds,
cetaceans, and lagomorphs. In lagomorphs, the mother usually feeds her
young once per day.

advantageous during peaceful interactions with conspecif-
ics and young (Figure 6.9). Felids are more adept at manip-
ulating objects with their forepaws than are canids, which
lack retractable claws. Russell and Bryant (2001) suggested
that reversion to less retractable claws in cheetahs (Acinonyx
jubatus) is associated with this species’ unique hunting be-
havior, including a diminished use of the forepaws in
feeding. Claws, like nails and hooves, are ever-growing in
mammals and must be worn down by abrasion.

Nails cover only the dorsal surface of a phalanx, the un-
guis being broad and flat, and the subunguis reduced (Fig-

Chapter 6 Integument, Support, and Movement 115

A

Unguis

\\\_'/ /
Pad Subunguis

B Unguis

T .

:j D:j \Subunguis

Pad

Unguis

Subunguis

Pad

Figure 6.8 Claws, nails, and hooves. Longitudinal
sections through the ends of digits. Unguis is solid black,
subunguis is white, and digital pad is blue. (A) Claws are the
most common cornified epidermal structure at the ends of
digits in mammals. The tough outer unguis wraps around the
surface and sides of the terminal phalanx; the softer subunguis is
continuous with the pad on the underside of the digit. (B) Nails
occur in primates. The unguis is flattened, the subunguis
reduced, and the digital pad highly innervated. (C) Hooves
occur in ungulates. A thick unguis surrounds the terminal
phalanx, and the subunguis overlies a thickened foot pad.

ure 6.8B). They are modified claws that evolved in primates
(Soligo and Muller 1999) to facilitate gripping and object
manipulation by the hands and feet. Along with the devel-
opment of nails, the number of sensory nerve endings in the
dermis at the ends of primate digits has greatly increased.
Hooves are characteristic of ungulates and also derived
from claws. They consist of a much-thickened, U- or V-
shaped unguis that completely surrounds the subunguis,
which in turn forms the sole of the foot (Figure 6.8C).
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Figure 6.9 Retractable claw. The retractible claw mecha-
nism of the mountain lion (Puma concolor) involves (A) an
extensor muscle, (B) a middle interphalangeal joint, (C) a
tendon of extensor muscle, (D) tendon of flexor muscle, (E) a
lateral dorsal elastic ligament, and (F) a distal interphalangeal
joint. Adapted from Gonyea and Ashworth (1975).

Hooves occur in conjunction with a reduction in the num-
ber of digits in ungulates, both features being adaptations
for cursorial locomotion. A more primitive hoof structure
appears in hyraxes (Hyracoidea).

HORNS AND ANTLERS

Among extant mammals, head ornamentation occurs only
in cetartiodactyls and perissodactyls. “Horn” refers to a
surface made of keratin. True horns, found only in bovids
(cattle), have an inner core of dermal bone (derived from
the frontal bone of the skull) covered by a keratinized
sheath (derived from epidermis; see Figure 19.12E). Bovid
horns usually grow continuously throughout the life of the
animal, remain unbranched, are never shed, and occur in
both sexes. They often function in intrasexual competition
for mates, and their size may be correlated with individual
health status (Ezenwa and Jolles 2008). Growth rings at the
base of the horns may be used to determine the age of an
individual. Barbosa et al. (2010) performed stable isotope
analysis (see Chapter 2) on ibex horns to study the effects
of changing atmospheric CO, levels on water-use efficiency
in an alpine grassland. Pronghorn antelope (Antilocapra
americana), endemic to the American West, are unique in
having two-branched “horns,” the keratinized sheath of
which is shed and regrown each year (O’Gara and Matson
1975). Antilocaprids also display sexual dimorphism in
horn size, with female horns being smaller and not forked,
unlike those of males (see Figure 19.12D). The hair horns
of rhinoceroses (Rhinocerotidae) are masses of aggluti-
nated, keratinized epidermal cells that develop above the
dorsal surface of the nasal bones in both sexes and are not
shed (see Figure 19.12A).

Antlers are branched head ornaments made entirely of
bone and found in cervids (deer; see Figure 19.12C). As

they grow, antlers are covered by a layer of “velvet,” highly
vascularized skin that supplies the growing bone tissue
with nutrients. When bone growth is complete, the blood
supply to velvet is cut off and the dead skin is worn away.
After the annual rut, or mating season, hormones induce a
weakening of the bone just above the base of each antler,
such that the distal portion of the antlers are shed. New
antlers develop each year, and their growth is one of the
fastest examples of organogenesis known among animals
(Price et al. 2005). Antlers develop only in male cervids, ex-
cept for caribou (Rangifer tarandus), in which they occur
in both sexes. Giraffes and okapi (Giraffidae) have two
bony projections (ossicones) that develop from separate os-
sification centers and then fuse to the skull near the suture
of the frontal and parietal bones. They are permanently
covered by skin and hair (see Figure 19.12B) and occur in
both sexes. These structures are not homologous to bovid
horns or cervid antlers.

Head ornaments can have a variety of functions, but
they are often adapted for intraspecific competition
among males (Kitchener 2000). This is especially evident
in Rocky Mountain bighorns (Ovis canadensis), in that
males compete during the rut by running toward each
other and butting heads. Horns and antlers may be used
defensively to ward off predators, as markers of social rank
(Ciuti and Apollonio 2011), or as advertisements of male
fertility (Malo et al. 2005). The size of antlers (like that of
horns) seems to be an accurate indication of relative male
quality in species subject to sexual selection (Ciuti and
Apollonio 2011). The phylogenetic comparative analyses of
Stankowich and Caro (2009) suggested that horns evolved
as antipredator adaptations in large, conspicuous female
bovids living in open habitats. Some of these functions are
discussed more thoroughly in Part 4.

Basic Skeletal Patterns

A detailed description of the mammalian skeleton would
require several volumes, because an understanding of skel-
etal anatomy has been central to mammalian systematics,
paleontology, and biomechanics for many decades. Our
goal here is to provide an overview of the skeleton, with
an emphasis on the relationship between structure and
function. More detailed information on the skeletal mor-
phology of specific groups can be found in Part 3. The skel-
eton is the body’s framework: it provides structural sup-
port against the force of gravity, a system of levers that
function in locomotion, attachment points for the muscles
that drive movement, and a protective casing for vital or-
gans. Vertebrate skeletons consist of two subdivisions: the
axial skeleton corresponds to the skull, vertebral column,
ribs, and sternum; the appendicular skeleton comprises
bones of the pectoral and pelvic girdles and their associ-
ated limbs.



SKULL

Comparative anatomists divide the skull into three por-
tions, each with a distinct developmental origin: the neu-
rocranium (or primary braincase), the dermatocranium
(membrane bones that surround the neurocranium), and
the splanchnocranium (jaws and other derivatives of the
embryonic pharyngeal arches). The neurocranium consists
of bones, few of which are visible on the surface of the skull,
that ossify in the shape of a bowl to hold the brain. Many
of the bones are perforated by openings (foramina) that al-
low passage of nerves and blood vessels (Figure 6.10). At
the back of the skull, a ring of occipital bones (basioccipi-
tal, exoccipitals, supraoccipital) forms a foramen magnum
through which the spinal cord passes and a pair of occipi-
tal condyles on either side that articulate with the verte-
bral column. Just anterior to these on both sides of the
skull, a series of otic centers ossify around the inner ear and
coalesce to form the petrosal bone of adults. Sphenoid
bones form the anteromedial floor of the braincase (basi-
sphenoid, presphenoids) and contribute to the wall of the
orbit (orbitosphenoid). Ethmoid elements surround the na-
sal area, giving rise to scroll-like turbinal bones that sup-
port the olfactory and nasal epithelia, a perforated cribi-
form plate that fibers of the olfactory nerve pass through,
and a mesethmoid bone forming the nasal septum.
Overlying the neurocranium, and in intimate associa-
tion with it, are dermatocranial bones that form within the
hypodermis of developing embryos. Paired roofing bones
(nasals, frontals, parietals) occur on either side of the dor-
sal midline, forming a median sagittal crest that marks the
dorsalmost origin of the temporalis jaw muscle. At the rear
angle of the skull (the temporal region), a squamosal bone
contributes to the jaw joint and the posterior portion of the

Incisor

Premaxilla

Chapter 6

zygomatic arch. The arch, a point of origin for the mas-
seter muscle, is completed anteriorly by a jugal bone. Lac-
rimal bones form in the anteromedial corners of each or-
bit. Remnants of embryonic cartilage in the upper jaw are
invested by dermal bones to form paired, tooth-bearing
premaxillae and maxillae; portions of the same embryonic
cartilages ossify in the posterior walls of the orbits as ali-
sphenoid bones. On the ventral portion of the cranium,
bones of the primary palate (vomer, palatine, pterygoid) lie
alongside neurocranial bones. The premaxillae, maxillae,
and palatines develop wing-like processes that grow ven-
trally and medially to meet at the midline and form a com-
plete secondary palate. The hollow tube between the pri-
mary and secondary palates is the nasal passageway for
respiratory air from the external to internal nares.

The lower jaw, or mandible, consists of right and left
tooth-bearing bones (dentaries) that meet anteriorly at the
mandibular symphysis. Each dentary articulates with a
squamosal bone of the cranium to form the characteristic
dentary-squamosal jaw joint of mammals. The masseteric
fossa, a depression on the lateral surface of the dentary,
marks the insertion site of the masseter muscle; the tem-
poralis muscle inserts dorsally on the coronoid process.
The dentary bone develops by ensheathing the anterior
portion of the embryonic lower-jaw cartilage. At its poste-
rior end, however, remnants of this cartilage and that of the
upper jaw ossify as small ossicles (malleus and incus, re-
spectively) within the middle-ear cavity. These sound-
transmitting ossicles are homologous to bones (articular
and quadrate, respectively) that formed the jaw-joint of
nonmammalian synapsids. A third ossicle, the stapes, is
common to all tetrapods and is derived from the dorsalmost
element of the second pharyngeal arch in fishes. A fourth
lower-jaw bone of mammalian ancestors, the angular, is
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Figure 6.10 Anatomy of the skull. The skull of a coyote (Canis latrans). (A) Dorsal view of cranium; (B) ventral view of cranium,;
(C) lateral view of cranium and mandible. Adapted from Gunderson and Beer (1975).
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homologous to the tympanic bone that frames the ear-
drum (tympanum) of mammals.

The hyoid apparatus, located in the throat region, con-
sists of an H-shaped array of small bones that support the
tongue and larynx (Figure 6.11). These are derived from
the second through fifth pharyngeal arches of embryos,
which are homologous to portions of the corresponding
gill arches in fish.

VERTEBRAE, RIBS, AND STERNUM

The bodies of mammals that are permanently marine, like
those of fish, can be supported by their buoyancy in water.
For terrestrial mammals, the skeleton and muscles must
support the body against the downward pull of gravity.
The vertebral column (“backbone”), suspended above the
ground by limbs, is the central element in this architecture
(Figure 6.11). The column consists of a series of bony ele-
ments (vertebrae) separated from one another by cartilagi-
nous intervertebral discs extending from the base of the
skull to the tail. Within each disc is a pulpy nucleus, a ge-
latinous remnant of the embryonic notochord. The entire

column is sheathed in longitudinal bands of ligaments and
axial muscles that determine its flexibility. Thomson (1942)
likened the vertebral column to the deck and girders of a
suspension bridge, with the limbs corresponding to the
bridge’s pillars. Indeed, many organs in the body cavity are
attached to, or suspended from, the vertebral column.

An individual vertebra consists of a circular centrum on
top of which are paired neural arches that form a canal for
the spinal cord. Various articular surfaces (apophyses) oc-
cur at the margins of centra, marking sites where the ver-
tebrae make contact with one another or (in the thoracic
region) with ribs. Other vertebral processes mark the at-
tachment points of axial muscles and ligaments. Various
foramina occur within and between centra, the most sig-
nificant being the intervertebral foramina through which
spinal nerves emerge.

Tetrapod vertebral columns display regional specializa-
tion (i.e., vertebrae in different parts of the column have
distinct morphologies and functions). In mammals there
are five regions, each with a corresponding type of verte-
bra (Figure 6.11). All mammals except sloths and manatees
have seven cervical vertebrae in the neck The first cervi-
cal vertebra, the atlas, articulates anteriorly with the oc-
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Figure 6.11 Cat skeleton. Lateral view of the skeleton of a domestic cat (Felis catus). Note the digitigrade foot posture and
reduced clavicle (the small bone just anterior to the head of the humerus), which does not articulate with the rest of the skeleton.

These are cursorial adaptations. Adapted from Kistler et al. (1975).



cipital condyles of the skull and posteriorly with the sec-
ond cervical, or axis. The structure of this joint allows
mammals to move their skulls both vertically and horizon-
tally, independently of the body trunk, thereby improving
their ability to position sensory receptors on the head for
maximum sensitivity to external stimuli. Fish, amphibians,
and most reptiles have much less flexibility. Posterior to the
cervicals, 12-15 thoracic vertebrae occur in the chest re-
gion and articulate with ribs; the long, dorsocaudally ori-
ented spinous processes of mammalian thoracics make
these vertebrae readily identifiable. In the lower back re-
gion are 4-7 lumbar vertebrae, which may be partially or
entirely fused to one another. In most mammals, the sacral
vertebrae (usually 3-5, but as many as 13 in edentates) are
fused to form a sacrum that articulates with the pelvic gir-
dle. A variable number (3-50) of caudal vertebrae occur in
the tail, usually diminishing in size and structural com-
plexity toward the distal end. The 4-5 vestigial caudals of
hominoid primates fuse to form a rigid coccyx (“tailbone”)
posterior to the sacrum.

The remainder of the axial skeleton consists of ribs at-
tached to thoracic vertebrae at their dorsal ends and to a
sternum via costal cartilages or a more anterior rib at their
ventral ends. Most mammals have 12 pairs of ribs, but the
number ranges from 9 (in whales) to 24 (in sloths). The
posterior ribs usually fail to reach the sternum, terminat-
ing instead as “floating” ribs. Gorillas and chimpanzees
have ribs on their first two lumbar vertebrae. The rib cage,
or thoracic basket, surrounds and protects the heart and
lungs. Ribs also provide attachment surfaces for muscles
that expand or compress the thoracic cavity.

APPENDICULAR SKELETON

The pectoral girdle is the skeleton of the shoulder, form-
ing a complex surface for muscle attachment and articula-
tion of the forelimb. Primitively, the pectoral girdle
consisted of an inner layer of replacement bones (precora-
coid, coracoid, scapula) and an outer layer of dermal bones
(clavicle, interclavicle). This arrangement occurred in the-
rapsids and is still found in living monotremes. In the-
rian mammals, however, the pectoral bones are typically
reduced to just two—the clavicle (“collar bone”) and the
scapula (“shoulder blade”). In cursorial mammals (e.g., cats,
ungulates) and cetaceans, the clavicle is reduced or lost,
leaving the scapula as the only substantial bone of the gir-
dle (Figure 6.11). Mammalian pectoral girdles do not make
contact with the axial skeleton; they are suspended in a
sling of appendicular muscles, which allows considerable
flexibility in one or more planes of motion. In contrast, the
pelvic girdle is firmly braced against the sacrum at a broad
sacroiliac joint. The pelvis consists of three fused bones on
each side—an anteroventral pubis, a posteroventral is-
chium, and a dorsally oriented ilium that articulates with
the sacrum. These elements coalesce during development
into a pair of innominate bones (“coxae”) that meet ven-
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trally at the ischiopubic symphysis and form a bony ring
around the lower abdomen. The pelvic girdle is vestigial
in cetaceans.

Forelimbs and hind limbs have a common architecture,
consisting of a proximal propodium, an intermediate epi-
podium, and a distal autopodium. In the forelimb, the pro-
podium consists of a single long bone, the humerus, which
articulates proximally at the glenoid fossa of the scapula
(Figure 6.11). Distally the humerus articulates with paired
epipodial bones in the forearm, the medial radius and lat-
eral ulna, forming the elbow joint. The ulna is sometimes
reduced, as in bats. The proximal part of the autopodium
consists primitively of three rows of small carpal (wrist)
bones, but these are often reduced or fused in extant mam-
mals. Beyond the wrist, there are primitively five metacar-
pals forming the palm, followed by two or more phalanges
comprising each digit. Metacarpals and phalanges may be
reduced or lost in some cursorial species that have fewer
than five digits. In the hind limb, the propodial bone is the
femur, articulating proximally at the acetabulum of the pel-
vis to form the ball-and-socket hip joint. Distally, the fe-
mur meets paired epipodial bones (the tibia and fibula) to
form the knee joint. Tarsal bones form the ankle joint and
were primitively arranged much like the carpals. In mod-
ern terrestrial mammals, the number of tarsals is usually
reduced, but one of the proximal bones is expanded poste-
riorly to form a heel, the insertion site of the powerful
shank muscles (via Achilles’s tendon). Metatarsals (one per
digit) form the sole, articulating distally with one or more
phalanges in the digits. Hind limbs are absent in cetaceans
and sirenians.

Muscles

As with the skeleton, our presentation of the basic muscu-
lature of mammals is much briefer than what might be jus-
tified by the enormous body of information available
(Kardong 2012). Muscles may be classified in several ways,
but we are here concerned with somatic muscles, those
that orient the body in the external environment. Somatic
muscles are striated (i.e., histological preparations show the
presence of sarcomeres), skeletal (i.e., attached to bones by
tendons), and voluntary (i.e., can be contracted at will). As
such, they provide the force to move the skeleton’s levers,
resulting in general body movements and locomotion.
Nonsomatic (i.e., visceral) muscles are smooth or cardiac
types, nonskeletal, and involuntary.

The distribution of somatic muscles in mammals follows
the architecture of the skeleton (Figure 6.12). Axial mus-
cles are those having their origins and insertions on the
axial skeleton, or on connective tissues associated with it.
Dorsally, these muscles are disposed as longitudinal bands
lying above the transverse processes and alongside the neu-
ral spines of vertebrae. In general, they serve to extend
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Figure 6.12 Muscle groups. Schematic representation of muscle groups in the European rabbit (Oryctolagus cuniculus). Axial
muscles are indicated by numbered lines with both ends terminating on bones of the axial skeleton (skull, vertebral column, sternum);
appendicular muscles indicated by lines with one or both ends terminating on bones of the appendicular skeleton (pectoral and pelvic
girdles and limbs). Notice the groups of muscles that operate the limbs are positioned to work in opposition to one another.

(straighten) the spine. Ventrally, axial muscles below the
transverse processes of vertebrae flex (arch) the spine;
others form the multilayered body wall. Anteriorly, the
diaphragm and thoracic muscles power ventilation of the
lungs. Appendicular muscles are those that insert on
the girdles or limbs; their contraction drives limb move-
ments and locomotion. In most mammals, the appendicu-
lar musculature is extremely well developed and results in
the unparalleled locomotor diversity of mammals com-
pared to other vertebrates.

Modes of Locomotion

Many mammals use walking as their primary means of lo-
comotion, and this appears to be the primitive pattern.
Others are specialized for running. Kangaroos, some ro-
dents, rabbits, and hares employ hopping, jumping, or leap-
ing to get around. Climbing is a primary activity of arbo-
real species, such as many primates and sloths, and a
secondary locomotor pattern for many other species that
are mainly terrestrial. Some species are specialized for bur-
rowing, including moles and many subterranean rodents.
Dermopterans, some rodents, and some marsupials have

the ability to glide, and one group (bats) has evolved pow-
ered flight. Other mammals spend all or most of their time
in water, and for them swimming is the dominant form of
locomotion. This group includes marine mammals (ceta-
ceans, sirenians, and pinnipeds) as well as freshwater spe-
cies such as beavers and muskrats. We will examine each
of these in turn. Note, however, that most mammals use
more than one means of movement.

WALKING AND RUNNING

Most mammals are quadrupedal, though a few (including
humans) have evolved some form of bipedal locomotion.
Species that move predominantly by walking are called
ambulatory, and those with adaptations for running are
cursorial. The primitive, walking gait is associated with a
plantigrade foot posture in which all or most of the palms
and soles are in contact with the substrate. This means that
the metatarsals and phalanges of the hind foot and the
metacarpals and phalanges of the front foot are oriented
parallel to the ground, as in humans. Cursorial mammals
have one of two foot postures. Digitigrade species (e.g.,
cats, dogs) have elevated the metacarpals and metatarsals
to an acute angle, leaving only the phalanges in contact
with the substrate (see Figure 6.11). Most digitigrade spe-



cies have reduced one of their digits, leaving only four
functional toes for locomotion. Unguligrade mammals
(e.g., ungulates) have elevated the phalanges, as well as the
metacarpals and metatarsals, such that only the tips of the
phalanges are in contact with the ground (see Figure 19.26).
Along with their foot posture, ungulates have further re-
duced the number of digits to three (e.g., tapirs), two (e.g.,
artiodactyls), or one (e.g., horses) (see Figure 19.1); they
have also developed hooves and increased the length of the
functional metacarpals, metatarsals, and phalanges.
Hildebrand (1985b) identified four functional require-
ments for animals that walk or run: (1) support and stabil-
ity even though the feet make only intermittent contact
with the substrate; (2) propulsion to move the body for-
ward; (3) maneuverability; and (4) endurance (see also Hil-
debrand et al. [2001] and Liem et al. [2001]). The first chal-
lenge is partly postural. Large, heavy species such as
elephants and hippopotamuses are graviportal: their legs
are directly under the body, their propodial and epipodial
bones are columnar, and their ankle and knee joints are
nearly vertical. This arrangement allows the skeleton to
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bear most of the large body weight, taking the burden off
postural muscles that would otherwise require large
amounts of energy. Lighter mammals such as deer have
their limbs positioned slightly outside the trunk axis and
rely more on muscles for postural support and stability dur-
ing locomotion.

Different approaches to propulsion result in distinct
gaits (the oscillation patterns of the limbs during forward
movement) for walking and running mammals. In ambula-
tory species, each foot is on the ground for at least half the
duration of a single stride cycle; in cursorial species each
foot is on the ground less than half the time. Walking, pac-
ing, and trotting all involve equal spacing of the feet mak-
ing contact with the substrate, with the footfalls evenly
spaced in time (Hildebrand et al. 2001). These are sym-
metrical gaits (Figure 6.13). Walking is the most stable gait
because of the prolonged contact of the feet with the
ground (Figure 6.13D). This pattern reduces the possibility
of the front and hind limbs interfering with one another.
Pacing, often seen in long-legged carnivorans and came-
lids, involves the simultaneous movement of both legs on
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Figure 6.13 Symmetrical gaits for walking and running. The graph shows the percentage of time during a single stride cycle
that each foot is in contact with the substrate (vertical axis) versus the percentage of the cycle during which the feet on the same side
of the animal touch the ground consecutively. (A) Fast running in a small antelope; (B) fast running trot in a horse; (C) moderate
running pace in a horse; (D) moderate walking in a hippopotamus. Adapted from Hildebrand et al. (1985).
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the same side of the body (Figure 6.13C). Trotting involves
synchronously moving the two legs that are diagonally op-
posite one another (Figure 6.13B) and provides somewhat
more stability than pacing. Fast trotting (Figure 6.13A) is
how many short-legged cursorial species run. Gaits such as
galloping and bounding, in which the footfalls are unevenly
spaced in time, are asymmetrical. At moderate to high ve-
locities, these gaits entail having all four feet off the ground
simultaneously for a portion of the stride cycle.

Models of animal movement (Hildebrand et al. 2001;
Liem et al. 2001) are based on the idea that the legs swing
below the body like a pendulum. Jointed limbs and their
associated muscles, tendons, and ligaments work like levers.
Several predictions from such models are supported by the
comparative anatomy of mammals. Faster species have rel-
atively longer limbs than slower species. Cursorial mam-
mals tend to have limb joints that restrict movement to a
single plane, forward and backward, parallel to the body.
The insertion points of many muscles used for running
have shifted so that they are nearer to, and in the same
plane as, the lever joint they operate. Reducing weight in
the distal portion of the limbs also increases running speed.
This is accomplished by bone reduction and fusion in the
lower legs (e.g. the cannon bone of horses) and by moving
the appendicular muscles nearer to the body’s center of
mass, with long tendons stretching to the distal limb joints.
Tendons and ligaments that cross joints can function like
springs when the joints are flexed, storing energy that is
released during subsequent extension (Alexander and
Bennet-Clark 1977). Ungulates, for example, have a long
“springing” ligament connecting their metacarpals or
metatarsals with more distal phalanges.

Maneuverability, the capacity to change direction dur-
ing locomotion, is required by both predators and prey.
Most cursorial mammals can alter their gait momentarily,
such that both legs on the same side (or both hind legs)
strike the ground simultaneously, resulting in an angular
shift in the direction of movement. Some mammals can
turn their bodies (spinal flexion) while in the air, thereby
altering their direction. Just as when we round a curve on
a bicycle, mammals lean their weight in the direction of a
turn to maintain balance and control. Running mammals
that are large and heavy tend to be less maneuverable and
agile than smaller, lighter ones.

Endurance results from integration of an animal’s mus-
culoskeletal and physiological adaptations. The musculo-
skeletal traits described here contribute to efficient motion
of the limbs. Moreover, the appendicular muscles of cur-
sorial mammals tend to be rich in “fast-twitch” fibers ca-
pable of rapid, powerful contractions (Goldspink 1981;
Kardong 2012). The study of joint mechanics, models of
ambulatory and cursorial movement, and research in bio-
energetics have become quite sophisticated in recent years
and incorporated principles from mechanical engineering
and physics (Bejan and Marden 2006). Bertram (2016) pro-
vides a comprehensive treatment of the biomechanics of
locomotion in terrestrial mammals.

Consider again the example of the cheetah and gazelle
from the beginning of this chapter. Both the predator and
the prey are cursorial species, with digitigrade and unguli-
grade foot postures, respectively. The faster speed of the
cheetah might predict that the predator will invariably win
the race, but the distance and length of time over which
each species can maintain its top speed (i.e., its endurance)
must also be considered. Cheetahs can move swiftly for rela-
tively short distances, a few hundred meters at most, whereas
the endurance of the gazelle is considerably greater. Thus,
the cheetah needs to be close enough when it begins its dash
so that it can overtake the gazelle quickly; if it fails, it will soon
be outdistanced by its prey. Maneuverability is also an impor-
tant factor; the greater the speed, the less the maneuverability.

JUMPING AND RICOCHETING

Jumping and ricocheting are forms of saltatorial locomo-
tion. Jumping involves the use of all four feet, as in the case
of rabbits. Ricocheting (or “bipedal hopping”) involves pro-
pulsion with only the hind limbs, such as in kangaroos,
kangaroo rats, and jumping mice (Figure 6.14). Mammals
that employ ricochetal locomotion spend much of their
time in a bipedal position, using the forepaws only occa-
sionally for slow, short-distance movements. The forelimbs
of such animals are shorter than the hind limbs and are of-
ten employed for manipulating objects such as food. Most
mammals (indeed, most vertebrates) that use saltatorial lo-
comotion are relatively small, with kangaroos (up to 90-
kg body mass) being exceptions.

Because saltatorial movement has evolved in several dif-
ferent groups, the anatomical similarities shared by jumping
or ricocheting species are the result of convergent evolution
(Emerson 1985). The principal adaptation is lengthening

Figure 6.14 Ricochetal locomotion. Kangaroos, such as
the red kangaroo (Macropus rufus) shown here, move by
ricochetal (bipedal) hopping. Notice the robust hind legs and feet
that are used to propel the animal forward with each bound.



one or more segments of the hind limbs, usually the tibia,
and development of long, elastic tendons that stretch across
the knee and ankle joints. Especially in large hoppers, en-
ergy stored in these tendons as the limbs recover from one
jump (i.e., during landing) is released during the next pro-
pulsive leap forward. Small bouncing species store relatively
less energy in tendons, but reduce the cost of propulsion by
using a lower collision angle (e.g., a more nearly vertical hop)
(Gutman et al. 2013). Other adaptations for saltatorial loco-
motion include: (1) a posterior shift in the center of body
mass to avoid tumbling forward or backward when thrust-
ing with the hind limbs; (2) an enlargement of muscles in the
hip region, with lengthy tendons; (3) changes in the size and
arrangement of bones in the pelvic girdle to accompany shifts
in musculature and the center of body mass; (4) larger hind
feet for takeoff and landing; and (5) a longer tail for balance.

Arboreal clinging and leaping become ricochetal loco-
motion in some lemurs (Figure 6.15), tarsiers, and the
white-faced saki (Pithecia pithecia). These animals often
cling to a tree trunk with all four limbs, drop down to the
ground, land on their hind feet, then bound back up into
another tree. Primates that leap and ricochet have longer
femurs than do other primates, allowing them to make lon-
ger leaps by increasing the lever action of their hip mus-
cles (Connour et al. 2000). Tarsiers, which leap great dis-
tances from branch to branch, also have elongated shank
and tarsal bones such that their thighs, lower legs, and feet
are of roughly equal length (Macdonald 1984).

CLIMBING

Climbing mammals use their limbs to move about in trees—
that is, they employ arboreal locomotion and display a suite
of corresponding adaptations (Cartmill 1985). In species
that also spend a substantial portion of their time on the
ground, climbing is accomplished primarily by use of claws.
Small arboreal mammals, such as squirrels, gain a holdfast
in tree bark with their sharp claws and are able to maneuver
on trunks and branches with considerable agility. Larger
species, such as bears (Figure 6.16), use their claws in a simi-
lar manner but are much less agile. These species possess
footpads to provide friction that aids in gripping tree limbs
securely, as well as increased numbers of sensory receptors
on their palms, soles, and ventral surfaces of digits. Sloths
employ their claws to hang underneath tree branches for ex-
tended periods. Arboreality in mammals with a plantigrade
foot posture is facilitated by the flexible joint between meta-
carpals or metatarsals and phalanges, thus allowing the
hands and feet to be used for grasping. Primate digits are
even more flexible—mobile joints between phalanges in the
hand allow them to wrap their fingers around branches or
other objects. Such hands, and occasionally feet, are said to
be prehensile. Old World monkeys and apes have evolved
an opposable thumb that can be rotated toward the tips of
the other digits. Their thumb has a saddle joint at the base
of the proximal phalanx, is oriented at nearly a right angle to
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Figure 6.15 Saltatorial locomotion. Lemurs such as the
ring-tailed lemur (Lemur catta) use a specialized form of
saltatorial locomotion involving ricochetal movement from one
tree (A) to the ground (B), and then back to another tree.
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Figure 6.16 Tree climbing. When a black bear (Ursus
americanus) climbs a tree, it grasps the trunk with its forepaws
and hind feet, aided by lateral pressure from the arms and legs
and by claws on the ends of its digits.

the first finger, and is attached to a powerful muscle (the ad-
ductor pollicis). Partial opposability is found in the thumbs
and great toes of many primates. Brachiation, swinging
from branch to branch using the forelimbs, is best devel-
oped in gibbons (Hylobatidae) but is also found in other pri-
mates. Brachiators have large clavicles anchored to the ster-
num, relatively long forelimbs, grasping hands, and
opposable great toes. Their stout pectoral girdle stabilizes
the shoulder joint, allowing the forelimb to bear the weight
of the animal (Kardong 2012). Humans have this kind of
pectoral girdle, a reflection of our arboreal ancestry.

Many arboreal mammals have long tails, which they use
for balance (e.g., harvest mice of the genus Reithrodontomys).
Some lemurs and Old World monkeys use their tails as a
brace against tree trunks during climbing. In a few species
of South American monkeys, the tail has become a prehen-
sile appendage used to grasp branches. The distal portion
of the tail in these species has developed friction pads and
an increased number of tactile receptors similar to the grip-
ping hands and feet of other climbing mammals.

DIGGING AND BURROWING

Mammals that dig in the soil to find food or create shelter
are called fossorial. It is useful to distinguish the terms

“fossorial” and subterranean: the former refers to animals
with adaptations for digging, whereas the latter refers to
species that live virtually their entire lives underground
(Lacey et al. 2000). Among mammals, there are more fos-
sorial than subterranean species. The limbs of digging spe-
cies are short and powered by strong appendicular mus-
cles. Digging is usually accomplished by scratching at the
soil with forepaws to excavate a hole or tunnel large enough
to accommodate the animal’s body. A series of rapid alter-
nate strokes of the forelimbs loosens soil in front of the dig-
ger, pushing excavated material posteriorly under the
belly, after which the hind limbs kick it further back or
compact it. Marsupial moles (Notoryctemorphia) and
golden moles (Chrysochloridae) use fore and hind limbs to
dig through sand but do not leave a permanent burrow.
Golden moles use their heads and chests to open a gap in
the sand that is then excavated with the forelimbs (Kardong
2012). Bateman (1959) described a golden mole (Amblysomus
bottentotus) weighing less than 60 g that moved a 9 kg iron
plate with its head in order to escape from a fishbowl filled
with soil. In true moles (Talpidae), the short humerus is
highly sculpted as a means of increasing surface area for
muscle attachment, the distal bones of the forelimb are en-
larged, and the wrist joint is rotated outward such that ab-
duction and extension of the limb result in a lateral digging
stroke; recovery is accomplished by rotating the limb
downward (see Figure 17.8). Some tunnel-diggers will peri-
odically clear the passage behind them by turning around
and pushing the excavated soil back out to the surface.

Many fossorial rodents also use their teeth as digging
tools, including spalacids (e.g., root rats, bamboo rats, blind
mole-rats), geomyids (pocket gophers), and bathyergids (Af-
rican mole-rats). These animals have large incisors external
to the lips, allowing them to dig with their teeth while their
mouths remain closed. Their skulls have a broad rostrum
and stout zygomatic arches for attachment of powerful mas-
seter (jaw-closing) muscles, as well as well-developed neck
musculature for moving the head (Macdonald 1984).

Subterranean species show additional morphological
specializations (Figure 6.17). Their eyes are small and
probably sightless, as in bathyergids and talpids, or vesti-
gial, as in marsupial moles and blind mole-rats. Tactile re-
ceptors in the snout are well developed, and vibrissae may
occur on the tail, body wall, or legs. Senses of hearing and
smell are usually well developed, with most species lack-
ing external pinnae and some possessing valvular nostrils
that can be closed during digging.

Many other mammals—including monotremes (platy-
pus and echidnas), marsupials (e.g., wombats), and numer-
ous placental species—excavate soil for nesting, food stor-
age, hibernation, refuge from predators, or other functions
(Reichman and Smith 1990). Burrows may be used contin-
uously over months or years, or they may be used briefly
and abandoned. Some species construct different kinds of
burrows for different purposes. For example, hamsters
(Cricetidae) make separate chambers for sleeping, food
storage, and defecation. Woodchucks (Marmota) usually



Figure 6.17 Burrowing. Moles, such as this eastern mole
(Scalopus aquaticus), live their entire lives underground. A key
adaptation for this subterranean existence is the modification
of the hands and feet for digging. Moles build extensive tunnel
systems just below the surface, primarily as a means of finding
food.

have a summer burrow in an open area and a winter bur-
row in more forested habitat.

GLIDING AND FLYING

Gliding has evolved independently in several groups of
mammals—gliding possums (Petauridae, Pseudocheiridae,
Acrobatidae), colugos (Dermoptera), and members of Ro-
dentia such as “flying” squirrels. In each of these groups,
gliding species are arboreal and use their gliding ability as
a means of moving among tree branches. The principal
morphological adaptation is a patagium, an extension of
skin that stretches from the lateral neck and body wall to
the wrists and ankles, as well as to the tips of the fingers,
toes, and tail in colugos (see Figure 14.2). The animal leaps
from a perch extending its limbs and tail such that the pa-
tagium acts as an airfoil. Aerodynamic control during
gliding and landing is accomplished by adjusting the posi-
tion of the limbs (Byrnes and Spence 2011; Jackson and
Schouten 2012). The patagium may be used for protection
or insulation when wrapped around the body like a cloak;
colugos also use it as a pouch in which to hold neonates.
Among mammals, only bats (Chiroptera) have evolved
true powered flight, or volant locomotion. With the excep-
tion of swimming, flying is the most energetically efficient
means of moving a body of a given mass between two
points (Norberg 1990). A bat’s wing is also a patagium, but
its skeletal support—principally the autopodial bones—is
more highly modified than in gliding mammals (Fig-
ure 6.18; also see Figure 21.3). The broad and slightly
keeled sternum serves as the point of origin for flight mus-
cles. The shoulder includes a stout clavicle and a locking
mechanism to keep the joint at an appropriate angle (lock-
ing devices may also occur in the elbow, wrist, and digits).
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The radius is thin and elongated, but the ulna is reduced
distal to the elbow, which prevents rotational movement of
the forearm. At the wrist, central and distal carpals are lost,
and the three proximal carpals fuse to form a single bone.
The first digit is unmodified and bears a claw, but digits
2-5 have greatly elongated metacarpals followed by two or
three phalanges that are oval in cross section (Hildebrand
et al. 2001). The radius and bones of digit 2 support the
leading edge of the wing, while digits 3-5 form struts ex-
tending to the trailing edge. Digit 1 (the thumb) may func-
tion in the awkward terrestrial-arboreal locomotion of
bats or aerodynamically as a leading-edge flap for the wing.
The patagium stretches from the body wall anterior to the
forelimb to the short hind limbs and a portion of the tail.
Bats, like birds, have a stiff, compact body trunk (includ-
ing several fused vertebrae and proximally fused ribs in
some species) for aerodynamic efficiency. We discuss the
aerodynamics of bat flight in Chapter 21.

How did flight evolve in bats? Current authors agree
that the common ancestor of all bats was a small, quadru-
pedal animal with generalized forelimb anatomy (Speak-
man 2001). Unfortunately, the bat fossil record shows no
transitional forms—the oldest fossils (e.g., Icaronycteris
from the Eocene) have wing-like forelimbs very similar to
those of modern species. Sears and colleagues (2006) con-
firmed that the relative lengths of bones in digits 3-5 are
the same in living and fossil bats. They also showed that
embryonic digits in the hands of modern bats are initially
similar to those of mice, but subsequently become elongated
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Figure 6.18 Bat wing skeleton. The pectoral girdle and
right wing of a bat. Note the elongated radius and metacarpals
(m2-m5) on digits -V, the reduced ulna, and the fusion of
carpals into a single wrist bone. Redrawn from Kent and Carr
(2001).
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due to locally increased expression of a bone morphoge-
netic protein gene. Causal hypotheses for the evolution
of flight in bats have linked this trait to echolocation,
a mechanism used by many bats for navigation (see
Chapter 21). Giannini (2012; see also Teeling et al. [2012])
reviewed three scenarios. (1) Echolocation may have
evolved before flight (“echolocation first”) as an adapta-
tion for navigation and/or foraging. The observation that
some shrews also use sonar is consistent with this model;
Carter and Adams (2016) suggest that nascent echoloca-
tion abilities in ancestral (“shrew-like”) bats were elabo-
rated during the subsequent evolution of flight. (2) Flight
may have evolved before echolocation (“flight first”), as
the end point of a trend that began with arboreal leaping
and gliding. This scenario is supported by the anatomy of
Onychonycteris finneyi, an Eocene fossil that may represent
the sister group of all other bats; it shows evidence of
powered flight but not echolocation (Simmons et al. 2008).
(3) Echolocation and flight may have evolved together
(“tandem evolution”). Ancestral bats may have leaped
and glided while relying on enhanced visual perception,
thereby establishing a selection pressure favoring both
echolocation and powered flight. If echolocation and
flight each originated only once among bats (Springer
et al. 2001b), this scenario is plausible. However, much of
the debate turns on explaining the absence of echoloca-
tion in pteropodids (fruit bats). Details of bat develop-
ment and biomechanical modeling suggested to Adams
and Shaw (2013) that flying bats evolved from strictly ter-
restrial ancestors without passing through arboreal or glid-
ing stages.

SWIMMING

All mammals that spend a significant portion of their time
in water evolved from terrestrial ancestors. Because water is
generally cooler than average body temperatures and more
thermally conductive than air, aquatic and marine mam-
mals must conserve heat when they are in water. Most spe-
cies have thick coats of fur or body fat that serve as insula-
tion and provide buoyancy. Amphibious (semiaquatic)
species occur in many groups (monotremes, marsupials,
tenrecs, rodents, soricomorphs, carnivorans, and cetartio-
dactyls); most of these animals are equally at home in water
or on land (Figure 6.19). Webbing between the toes in many
species increases the surface area in contact with the water
for propulsion, especially significant in that semiaquatic
mammals swim by alternating strokes of the limbs (paraxial
swimming), much as they walk on land (Webb and Blake
1985). Water shrews (Sorex palustris) have stiff hairs between
the toes (fimbriation) that serve the same function as web-
bing. Muskrat tails are laterally flattened, and those of bea-
vers are dorsoventrally flattened; both can be used for pro-
pulsion or like a rudder for directional control. Within the
rodent Family Castoridae, fossil evidence suggests that

Figure 6.19 Swimming. Muskrats (Ondatra zibethicus) are
amphibious mammals, spending a portion of their time in the
water. They have a tail that is laterally flattened, which can be
used as a propeller and a rudder (e.g., when the animal swims
with its limbs).

swimming evolved only once in the Early Miocene lineage;
this led to modern beavers (Rybczynski 2007).

Pinnipeds (seals, sea lions, walruses; see Chapter 18) are
fully aquatic mammals that move onto land only to breed
and give birth. The autopodia of pinnipeds have evolved
into flippers, with all five digits encased in a single sheath of
integument; tails are absent or rudimentary. In the water,
wriggling (earless, or true) seals (Phocidae) generate pro-
pulsion with their hind limbs, which are caudally directed.
This orientation is permanent, the tibial portion of both
hind limbs being enclosed with the proximal tail in a com-
mon neck of integument. Phocids swim by lateral undula-
tions of the posterior trunk and hind limbs, facilitated by
flexion at the knee and ankle joints that produces a scull-
ing motion. On land, however, the hind limbs are of no
use and phocids are forced to pull themselves along the
substrate with their front flippers and wriggle with their
trunk. Walruses (Odobenidae) also swim by sculling, though
much more weakly than phocids. Eared (or fur) seals and
sea lions (Otariidae) employ a modified form of paraxial
swimming, generating thrust by moving their forelimbs in
synchrony while their back and caudally directed hind limbs
undulate dorsoventrally. Unlike phocids, otariids are able to
rotate their rear flippers forward when they are on land, al-
lowing for an awkward but distinctly quadrupedal gait. This
ability is especially well developed in pups and gives them
much more agility on land than is possible for adults.

Anatomical specializations for a fully aquatic life reach
their pinnacle among marine mammals—those that never
come onto land. There are two such groups, Cetacea



(whales) and Sirenia (manatees and the dugong). The axial
skeleton of these animals is simplified, with the cervical
vertebrae partially fused and interlocking facets lost be-
tween trunk and tail vertebrae. Hind limbs and sacrum
are absent, and the pelvic girdle is vestigial. The tails are
modified into horizontal flukes that provide propulsion by
dorsoventral undulation. Forelimbs are modified into flip-
pers and frequently show an increase in the number of

SUMMARY
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phalanges; they are used as stabilizers and have no role in
propulsion. In cetaceans, the body trunk is fusiform, a
friction-reducing adaptation for fast swimming. The
buoyancy provided by water has removed some of the re-
strictions on body size that would accompany a terrestrial
tetrapod, allowing some whales to reach gigantic body
sizes. Other noteworthy adaptations of marine mammals
are discussed in Chapters 18 and 20.

e Study of the integument and musculoskeletal system tells us a
great deal about the integration of form and function in the
evolution of mammalian body forms. This is especially evident
in the context of locomotion, where mammals are unparal-
leled among vertebrates in their morphological and functional
diversity.

The integument consists of an outer epidermis and an inner
dermis. The epidermis contains a basal layer of dividing cells
that become impregnated with keratin as they move superfi-
cially, ultimately forming a layer of dead tissue on the surface
of the body, which prevents desiccation and damage to the
underlying skin.

Epidermal derivatives include many uniquely mammalian
characteristics such as hair, sebaceous glands, sweat glands,
mammary glands, nails, hooves, horns, and antlers.

The dermis contains integumentary muscles that insert on
hairs, general somatic receptors and associated sensory
nerves, blood vessels, and connective tissue. Beneath the
dermis, a layer of subcutaneous fat serves as insulation and
an energy reservoir.

The mammalian skeleton has axial and appendicular
divisions.

The skull, the anteriormost portion of the axial skeleton,
consists of a cranium and mandible.

¢ The cranium includes bones of two different embryonic
origins: the neurocranium (occipital, otic, sphenoid, and
ethmoid bones) forms the primary braincase; the dermatocra-
nium consists of roofing, upper jaw, temporal, and secondary
palate bones.

The mandible is formed by dentary bones that articulate with
the squamosal bone of the cranium to form the characteristic
mammalian jaw joint.

¢ The remainder of the axial skeleton consists of the hyoid
apparatus, vertebral column, ribs, and sternum.

® Bones of the pectoral and pelvic girdles, along with their
associated limbs, constitute the appendicular skeleton. Fore-
and hind limbs have a common structural design, with a
proximal propodium, intermediate epipodium, and distal
autopodium.

Like the skeleton, mammalian musculature has axial and
appendicular divisions.

Axial muscles are disposed as parallel bands along the
vertebral column that flex or extend the spine, as a multilay-
ered body wall in the trunk region, and as thoracic muscles
associated with ventilation.

Appendicular muscles insert on bones of the appendicular
skeleton and power the limbs. Skeletal muscles are somatic
(derived from mesodermal somites), striated (sarcomeres
visible in histological preparations), and voluntary.

Walking mammals have an ambulatory gait and plantigrade
foot posture.

Running mammals are cursorial; they display gaits and foot
postures that vary with running speed and species. Some
cursorial species, such as cats, have a digitigrade foot; others,
such as ungulates, are unguligrade. Cursorial locomotion is
frequently associated with reduction in the number of digits
and lengthening of those digits that remain.

Jumping and ricocheting mammals use saltatorial locomotion;
they frequently have enlarged hind limbs and reduced
forelimbs.

Climbing mammals are arboreal, variously making use of
claws, flexible autopodial joints, or prehensile tails for
grasping branches. Brachiators have stout, weight-bearing
shoulder joints and long forelimbs.

Digging and burrowing species are fossorial, and those that
spend nearly all of their time underground are subterranean.
Most digging mammals scratch at the soil with their forelimbs,
but several groups of fossorial rodents dig with their incisor
teeth.
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e Gliding mammals are arboreal species with a patagium that
serves as an airfoil when extended during leaps between
trees. Powered flight occurs in bats, the only volant mam-
mals. Bat wings consist of a patagium, with skeletal support
provided primarily by modified autopodial bones.

¢ Semiaquatic mammals are adapted for both swimming and
terrestrial locomotion; most swim by alternating strokes of
their limbs. Pinnipeds are marine carnivorans that leave the
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DISCUSSION QUESTIONS
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1. Using the internet or other reference material, com-

pare the skeleton of a generalized mammal such as
the Virginia opossum (Didelphis virginiana) to that of
a generalized reptile such as a tuatara (Sphenodon
spp.). What differences are apparent in bones of the
cranium and mandible? How does the arrangement
of bones in the pectoral and pelvic girdles differ, and
how does this relate to locomotor differences in the
two species?

2. Mammalian skin contains all tissue types recognized by

histologists (i.e., epithelium, connective tissue,
muscle, and nerves). Consult a reference text and
identify the tissue type of each integumentary
structure described in this chapter. How are the
functions of these structures related to their histo-
logical properties?

3. Bodybuilding programs for humans attempt to in-

crease the strength and mass of specific muscle

groups in both the axial and appendicular divisions.
Consult a trainer’s handbook or similar reference and
relate specific exercises to the muscles they are
designed to enhance. Which of these exercises would
be possible for a nonprimate mammal to perform?

4. Bats and birds are both capable of powered flight, but

this capacity evolved independently in the two
groups. Find illustrations of the skeleton of a bird’s
wing and compare it to the bat wing shown in this
chapter. What are the anatomical similarities and
differences? How do the two types of wing function
to produce lift and thrust?

5. Marine mammals (e.g., pinnipeds) and marine birds

(e.g., penguins) share many adaptations for swim-
ming and survival in cold ocean water. Compare the
integument and skeletal anatomy of these groups
and note the similarities and differences in their
locomotor and thermoregulatory adaptations.
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Feeding

Mammals, like all organisms, require energy and nutrients for mainte-
nance, growth, activity, and reproduction—that is, for survival. Main-
taining a high body temperature, which is a key feature of Class Mam-
malia, requires regular acquisition of food. The food of mammals
ranges from microscopic forms such as diatoms and crustaceans—a sta-
ple in the diet of the largest mammals, the baleen whales—to seden-
tary forms such as plants used by the most abundant mammals, the
rodents. Mammals consume food of high-energy content (blood of
vertebrates and insects) as well as of low-energy value (grasses and
stems). The food of mammals may be highly specialized and restricted
(nectar of localized plants) or rather general and readily available (grasses
and herbs). To meet their high-energy needs, mammals have evolved a
diverse array of trophic, or nutritional, specializations. The adaptive
radiation in food-gathering morphologies is diverse and reflects the
diversity of available food.

In this chapter, we detail the feeding apparatus of mammals, focus-
ing on the capturing (teeth, tongue, and jaw musculature) and pro-
cessing (alimentary canal) of food. Feeding integrates the sense or-
gans and locomotor adaptations (see Chapter 6). Although different
orders of mammals are sometimes grouped according to their modes of
feeding (i.e., Carnivora), food habits cannot be employed as a system-
atic criterion because many members of an order may depart from
these feeding generalizations. Thus, to enhance understanding of nu-
tritional adaptations, we suggest consulting specific chapters to unite
anatomical specializations of different groups with their dietary habits.
At the end of the chapter, we will briefly examine some general princi-
ples regarding mammalian foraging strategies.

Foods and Feeding

We understand the life-history traits and food habits of extant mam-
mals by examining their teeth. As discussed in Chapter 4, all mam-
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Figure 7.1 Skull and dentition specialization. Feeding specializations in the dentition and skulls of mammals relate to their
dietary habits: (A) hedgehog; (B) mole; (C) armadillo; (D) anteater; (E) giant anteater; (F) marmoset; (G) peccary; (H) bear; (1) fruit-
eating bat; (J) nectar-eating bat; (K) raccoon; (L) coyote; (M) mountain lion; (N) horse; (O) deer; (P) jackrabbit; (Q) woodrat;

(R) porpoise; (S) right whale; (T) walrus. Adapted from Rogers (1986).

mals, except certain whales, monotremes, and anteaters,
have teeth, and these structures are inextricably linked
with food habits. As mammals evolved in the Mesozoic,
major changes occurred in their dentition and jaw muscu-
lature; teeth became differentiated to perform specialized
functions. Within extant species, several trophic groups
can be recognized—namely, insectivorous, carnivorous,
herbivorous, and omnivorous mammals. Other special-
ized modes of feeding have evolved from these four basic
plans (Figure 7.1).

INSECTIVOROUS
Insectivory

Mammals that consume insects, other small arthropods,
or worms are referred to as insectivorous (meaning
“insect-eating”). We know from examination of Triassic
mammals that the insectivorous feeding niche represented
the primitive, or basal, condition of eutherian mammals.

"Today, this feeding niche is exploited by members of nine
orders of mammals: echidnas and the platypus (Order
Monotremata); marsupial moles (Order Notoryctemor-
phia), solenodons, hedgehogs, shrews, moles, and desmans
(Order Eulipotyphla); most bats (Order Chiroptera); ant-
eaters and armadillos (Orders Cingulata and Pilosa); pan-
golins (Order Pholidota); aardvarks (Order Tubulidentata);
and the aardwolf (Order Carnivora; see Figure 7.1). Many
other orders of mammals also have members that exhibit
insectivorous habits. The dentition of hedgehogs, shrews,
moles, and most bats is typified by numerous sharp teeth
with sharp cones and blades for piercing, shearing, and ul-
timately crushing the tough chitinous exoskeletons of in-
sects. In many forms, the lower incisors are slightly pro-
cumbent (pointing forward and upward) to aid in grasping
prey (see Figure 7.1). Because insectivorous mammals con-
sume minimal amounts of fibrous vegetative material,
prolonged fermentation is not required; their alimentary
canals are short, and most insectivores and chiropterans
lack a cecum (Figure 7.2).
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Figure 7.2 Digestive system. The digestive systems of mammals, illustrating the differences in morphology that correspond to
different diets: (A) short-tailed shrew; (B) red fox; (C) black-tailed jackrabbit; (D) mule deer.

Aerial Insectivores

The most abundant foods are plants and insects; it is there-
fore not surprising that the most abundant mammals are
rodents and bats. Chiropterans occupy ecological niches in
almost all habitats of the world; the diversity of their diets
is unparalleled among extant mammals. The majority
(70%) of “microchiropterans” (see Chapter 21 for current
terminology associated with this group) is insectivorous
(Black 1974; Whitaker 1988; Whitaker et al. 1996; Neu-
weiler 2000; Patterson et al. 2003; Gonsalves et al. 2013;
Nelson and Gillam 2017). All bats residing north of 38°N
and south of 40°S latitude are insectivorous. Bats may con-
sume 50% of their body mass in insects each night. For
example, lactating female big brown bats (Eptesicus fuscus)
nightly consume a quantity of insects that is equivalent to

more than their body mass (Kurta et al. 1990; Kurta 2017).
Throughout their range, insectivorous bats feed on a di-
verse array of arthropods, ranging from scorpions, spiders,
and crustaceans to soft-bodied and hard-bodied insects
(Whitaker 1994b; Neuweiler 2000; Schulz 2000; McWil-
liams 2005; Dodd et al. 2012; Moosman et al. 2012; Cole-
man and Barclay 2013; McCraken et al. 2018). North
American bats, namely, the little brown bat (Myotis lucifu-
gus) and big brown bat, are major consumers of mosqui-
toes. Recent evidence derived from maternity roosts of M.
lucifugus and E. fuscus in Wisconsin indicate that taxonomic
richness of mosquitoes is higher than previously shown
(Wray et al. 2018).

Insectivorous bats are voracious eaters: Mexican free-
tailed bats (Tadarida brasiliensis) in central Texas, totaling



some 20 million individuals, may consume up to a quarter
of a million pounds of insects nightly and fly as high as
10,000 feet (3,000 m) in search of their prey (Kunz et al.
1995; Whitaker et al. 1996; McCracken 2003; Han and
Wilkins 2015). Sadly, many species of bats are experienc-
ing declines in their population numbers. Using data de-
rived from thermal imaging technology, Betke et al. (2008)
found a major reduction in population estimates of colony
size in T. brasiliensis from 54 million, obtained in 1957 prior
to thermal imaging technology, to 4 million in 6 major cave
colonies in the southwestern United States. Insects are
either captured in the mouth or trapped by a wing tip or
the uropatagium (see Figure 21.3). Foraging styles vary de-
pending on the species. Within a given habitat, feeding
assemblages of bats can be quite diverse and may be divided
into different guilds, such as species that glean insects or
those that forage within forest openings, over water, and
in open-air zones above the forest canopy (Findley 1993;
Nowak 1999; Lacki et. al 2007; Andreas et al. 2012).

The trophic niche of insectivorous bats may be assessed
by determining echolocation calls plus morphological
attributes of a species, including its wing, jaw, and tooth
morphology, brain size, and external dimensions (Findley
and Wilson 1982; Entwistle et al. 1996; Bogdanowicz
et al. 1999). The size of prey varies in relation to the pred-
ator’s jaw morphology, from very small midges and mos-
quitoes to large beetles. Freeman (1979, 1981, 1988) pre-
dicted food habits of molossids by assessing jaw structure
and mechanics; beetle-eaters were characterized by more
robust skulls and fewer but larger teeth, whereas moth-
eaters had delicate skulls and numerous smaller teeth.
Under field conditions, Freeman and Lemen (2010) quan-
tified bite forces of 39 species of 6 families of New World
bats with a variety of diets.

Most insectivorous bats are generalists and opportunis-
tic feeders, but remarkable specialists do occur (Whitaker
1994b). Golden-tipped bats (Kerivoula papuensis) of south-
eastern Australia feed by gleaning, flying slowly in dense
vegetation and hovering and plucking orb spiders from
their webs (Richards 1990; Strahan 1995). Pallid bats (4n-
trozous pallidus) of the southwestern United States feed on
beetles, Jerusalem crickets, sphinx moths, scorpions, and
small vertebrates gleaned from the ground (Adams 2003;
Lenhart et al. 2010).

Some species of phyllostomid bats show impressive plas-
ticity in dietary habits and are known to supplement nec-
tar diets with insects, pollen, and fruit (Schondube et al.
2001; Fleming et al. 2009; Sanchez and Dos Santos 2015).
In contrast, very few insectivorous species (Vespertilioni-
dae) supplement diets with nectar and fruit. Pallid bats are
an exception. These bats reside in the Sonoran Desert of
northwestern Mexico and typically hunt by listening and
will glean large arthropods off the ground or plant sur-
faces; however, Frick and associates (Frick et al. 2009)
noted that 4. pallidus go a step farther. On the Baja penin-
sula in Mexico, pallid bats are regular visitors to cardon
cactus flowers and feed by “plunging their faces into the

Chapter 7

corolla to lap pooled nectar” (Frick et al. 2009:1157). These
same cactus flowers are visited by phyllostomid bats such
as Leptonycteris yerbabuenae, the Mexican lesser-long nosed
bat. Recent work by Frick and colleagues (Frick et al. 2014)
shows that pallid bats seasonally rely on cactus nectar dur-
ing spring months. It turns out that A. pallidus are better
pollinators of the cardon cactus than the nectar-specialist
L. yerbabuenae in that the former deliver more pollen grains
per visit, which is surprising given they lack morphologi-
cal adaptations for nectar-feeding (Frick et al. 2013).

Terrestrial Insectivores

The platypus is a semiaquatic insectivore that feeds on ben-
thic worms, insects, mollusks, and small invertebrates—
those creatures that live at the bottom of a body of water
(see Chapter 10). Food obtained during a dive is stored in
large cheek pouches that open to the rear of the bill. When
the cheek pouches are full, the platypus rests on the sur-
face of the water, and the food is transferred to the rear of
the mouth and masticated by horny pads. As in other in-
sectivores, the alimentary canal of platypuses is simple and
lacks gastric glands. Cheek pouches are thought to replace
the stomach as a food storage area (Harrop and Hume
1980).

The bill of a platypus is soft, pliable, and very sensitive,
with nostrils at the tip—quite unlike that of a true duck.
The bill is its main sensory organ for navigation and lo-
cating food,; it is highly innervated both for tactile recep-
tion and to sense electric fields generated by the muscle
contractions of prey (Scheich et al. 1986; Manger and Pet-
tigrew 1995; Proske et al. 1998). In Chapter 10 we describe
the fascinating arrangement of mechanoreceptors and elec-
troreceptors of the platypus.

Four species of mammal produce a venomous saliva: the
northern short-tailed shrew (Blarina brevicauda) of North
America (Figure 7.3A), the European water shrew (Neonzys
fodiens; Figure 7.3B), the Mediterranean shrew (Neomzys
anomalous), and the Hispaniolan Solenodon (Solenodon par-
adoxus; Figure 7.3C). The toxin of Blarina brevicauda was
purified and characterized as a lethal mammalian venom
possessing a tissue kallikrein-like protease activity derived
from the submaxillary and sublingual glands (Kita et al.
2004, 2005). Research by Tomasi (1978) and Martin (1981)
demonstrated the importance of venom in the hoarding be-
havior of Blarina. In both Blarina and Neomzys, the toxin is
stored in submaxillary glands and is administered to the
prey through a concave medial surface in the first lower in-
cisors. Extracts of this toxin administered to mice affect
the nervous, respiratory, and vascular systems, causing ir-
regular respiration, paralysis, and convulsions, followed by
death (Lawrence 1945; Kita et al. 2004, 2005; Merritt 2010;
Kowalski and Rychlik 2018). Blarina bites its prey, immo-
bilizing it, and caches it below ground in a comatose state.
Caching sites are marked by defecation and urination and
provide shrews with a source of fresh food for some time.
The ability to cache unused prey ensures that a predictable
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Figure 7.3 Venomous mammals. (A) Northern short-tailed
shrew (Blarina brevicauda); (B) European water shrew (Neomys
fodiens); (C) Hispaniolan solenodon (Solenodon paradoxus).

quick energy source is accessible and readily available if
prey is scarce (Churchfield 1990).

Several groups of insectivorous mammals are myr-
mecophagous (meaning “ant-eaters”). Representatives
include the armadillo (Dasypus), silky anteater (Cyclopes),
giant anteater (Myrmecophaga), pangolin (Manis), aardvark
(Orycteropus afer), and numbat (Myrmecobius fasciatus), which
feed on colonial insects, such as ants and termites. Reduc-
tion of teeth is common among myrmecophagous mam-
mals, and their dentition departs from the “insectivorous”
design of the hedgehogs, shrews, and moles. They possess
numerous peg-like teeth (armadillos) or no teeth at all
(echidnas, anteaters, and pangolins). The marsupial num-
bat, the sole member of the Family Myrmecobiidae, pos-
sesses numerous small, delicate teeth—the total number
may be as high as 52. The aardvark is a special case, char-
acterized by columnar cheekteeth composed of vertical
tubes of dentine within a matrix of pulp (see Figure 11.8).
Mammals that consume colonial insects such as termites
and ants possess long, extendible, worm-like tongues (Chan
1995; Reiss 1997). Elongated snouts and strong front feet
used as digging tools enable anteaters and aardvarks to bur-
row rapidly into and tear apart termite hills. Their highly
maneuverable, sticky tongues are effective in reaching the
inner recesses of ant and termite nests. The tongue may
be three times the length of the head; in several groups of
anteaters, the tongue is anchored at the posterior end of
the sternum rather than the throat (Hildebrand 1995;
Figure 7.4). Greatly enlarged salivary glands situated in
the neck produce a viscous, sticky secretion that coats
the tongue and is important in the breakdown of chitin.

Echidnas consume ants, termites, and earthworms, but
they do not have teeth or even horny grinding plates on the
rear of their jaw, as does the platypus. Rather, a pad of
horny spines on the back of the tongue grinds against sim-
ilar spines on the palate to crush the exoskeletons of ar-
thropods. The mouth of the echidna is positioned at the

Tongue muscle divided
from here back

Mandible weak,

toothless Salivary gland

L very large
Tongue cylindrical,

sticky

Tongue anchored to
posterior end of sternum

Figure 7.4 Anteater tongue specialization. The long,
worm-like tongue of the collared anteater (Tamandua) is
anchored to the posterior end of the sternum and can be
protruded extensively to assist in capturing ants and termites.
Adapted from Hildebrand (1995).



very tip of its elongated snout and can be opened only
enough to permit passage of the long, sticky, protrusile
tongue. Because there are no glands in the stomach of
echidnas, digestive enzymes are not present. The amylase
present in the saliva therefore assists in the breakdown of
insect chitin within the stomach. Like the insectivores, the
monotremes have a simple alimentary canal with a tiny,
nonfunctional cecum (Harrop and Hume 1980; Sprent and
Nicol 2016).

Insects represent a staple in the diets of many other
mammals; for example, several species of harvester termites
(Genus Trinervitermes) form the chief food of the aardwolf
(Proteles cristatus) of southern Africa (Koehler and Richard-
son 1990). A single aardwolf was estimated to consume
about 105 million termites a year (Kruuk and Sands 1972).
Slender-tailed meerkats (Suricata suricatta) are small gre-
garious mongooses residing in thorn and grassland savan-
nah of the Kalahari Desert of southern Africa, where 78%
of their diet consisted of larvae and adult Coleoptera sup-
plemented by small reptiles (Doolan and Macdonald 1996).
The bat-eared fox (Otocyon megalotis) of eastern and south-
ern Africa consumes primarily termites and beetles; close
to 70% of its diet consists of harvester termites (Genus
Hodotermes) and dung beetles (Family Scarabaeidae). A
combination of extremely long ears and small, numerous
teeth enhances the bat-eared fox’s ability to detect, capture,
and consume its prey.

Rodents are notably omnivorous, but one, the grasshop-
per mouse (Genus Onychomnys) of North America, is unique
in having a diet composed almost entirely of grasshoppers,
crickets, and ground-dwelling beetles (McCarty 1975,
1978; Williams 2009). Grasshopper mice have evolved spe-
cialized attack strategies to avoid the defensive secretions
of insect prey such as beetles (Genera Elodes and Chlaenius).
When attacking a whip-scorpion, Onychomys first immo-
bilizes the tail and then attacks the head. A marsupial that
is comparable to the grasshopper mouse, the mulgara
(Dasycercus cristicauda), resides in the arid sandy regions of
central Australia (Figure 7.5) About the size of eastern
chipmunks (Tamias striatus), mulgaras specialize in con-
suming large insects, spiders, and rodents. They are re-
ported to be relatively uncommon but their numbers will
increase dramatically if prey such as house mice (Mus m2us-
culus) is abundant. Like Omnchomys, mulgaras are no-
nonsense predators—but they follow a certain etiquette.
They are reported to fiercely attack a mouse and devour it
methodically from head to tail, inverting the skin in neat,
fastidious fashion as they dine (Chen et al. 1998; Dickman
et al. 2001; Haythornthwaite and Dickman 2006).

Insectivorous mammals are broadly distributed and ex-
hibit remarkable adaptations for locating food. Like the
platypus, which relies on tactile receptors on their bill to
locate food under water, certain moles employ a similar sys-
tem underground (Manger and Pettigrew 1996; Grand
etal. 1998). Talpids have poor vision but acute hearing and
touch. The snouts of moles and desmans are equipped with
several thousand sensitive tactile organs, known as Eimer’s
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Figure 7.5 Marsupial carnivore. The ecological equivalent
to the North American grasshopper mouse (Onychomys
leucogaster) is the mulgara (Dasycercus cristicauda), a marsupial
carnivore that lives in the arid sandy deserts of Australia.
Mulgaras are closely related to Tasmanian devils (Family
Dasyuridae). Adapted from Koertner 2008.

organs, located on the nose (Quilliam 1966; Gorman and
Stone 1990; Catania 1995a, 1995b, 1995¢, 2000; Catania
and Kaas 1996; Marasco et al. 2007; Sawyer and Catania
2016). In the star-nosed mole (Condylura cristata) of North
America, touch receptors are distributed among 22 fleshy,
tentacle-like appendages around the tip of the nose. Ei-
mer’s organs appear as “a mass of bulbous protuberances,
reminiscent of a miniature cobbled street” (Gorman and
Stone 1990:47). Each organ is surrounded at its base by a
blood-filled sinus sitting on a network of sensory nerves.
Nerve endings pass up from this network into a thick epi-
dermal cap. When the mole touches an object, Eimer or-
gans rock on their fluid foundation, transmitting the stim-
ulus to the underlying nerve endings via sensory nerves to
the central nervous system. There, stimuli are received and
integrated from other organs that have been “altered,” thus
providing information about the characteristics of the
stimulus (Gorman and Stone 1990) (Figure 7.6).

Several species of shrews have invaded the aquatic world
and undertake frequent forays to pursue macro-invertebrate
prey. As noted in Chapter 17, convergent evolution has
occurred several times in the Family Soricidae. Adapta-
tions enhancing a semiaquatic life have developed in four
genera—Sorex, Neomys, Nectogale, and Chimarrogale—
which inhabit two continents.

Water shrews are well adapted for diving and swimming
in search of prey. Their snouts are used to probe into the
underwater substrate; the dense array of whiskers around
their nostrils aid in detection of prey by perceiving shape
and texture. These small mammals possess a fringe of stiff
hairs called “fibrillae” on the lateral edges of the hind feet
and toes, as well as on the ventral surface of the tail. The
hairs on the feet rise up during the down stroke to increase
surface area of the foot, but fold down and out of the way
during the upstroke. As a result, the surface area of the foot
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is increased at the crucial moment to benefit propulsion.
While underwater, a fimbriated tail is adaptive in prevent-
ing rolling and tends to stabilize body motion while swim-
ming. Perhaps the water shrew best adapted for swimming
is the Tibetan water shrew (Nectogale elegans), an inhabit-
ant of montane streams in the Himalaya Mountains and
southeastern Tibet. Their fimbriated fore- and hind feet

Figure 7.6 Mole specializations. (A) The star-nosed mole

of North America is uniqgue among mammals in possessing 22

fleshy, tentacle-like appendages surrounding the tip of its nose.
(B) Eimer’s organs on the nose of a star-nosed mole, as shown

in a scanning electron micrograph.

are fully webbed, and disc-like pads on the base and small
scales on the dorsal surface of their feet are helpful in tra-
versing wet stones and perhaps in holding prey. Their nos-
trils are located behind the nose shield which may prevent
water from entering.

In the New World, three species—the American water
shrew (Sorex palustris), the marsh shrew (S. bendirii), and
the Glacier Bay water shrew (S. alaskanus)—are dedicated
swimmers. The most widespread species is the 10-15 g
American water shrew, found throughout Alaska and Can-
ada and down to the northern mountain regions of the
United States. As with most shrews, their eyes are minute,
and their ears are small and hidden under the bicolored
coat that is jet black above and silver below. The species is
rarely found far from water; its nests of dried moss tend to
be within bankside burrows, under boulders, or along
streamside tangles of roots. In eastern North America, for
example, S. palustrus can be found in rocky-bottom streams
surrounded by forests of hemlock, spruce, and rhododen-
dron (Merritt 2010).

Like all other shrews, water shrews are active around the
clock—about 12 1-hour foraging bouts in a 24-hour period.
On a given day, these secretive insectivores forage excit-
edly for short periods and then suddenly drop off to sleep.
Their diet consists primarily of small aquatic animals such
as snails, worms, small fish and their eggs, and insects, in-
cluding nymphs of caddis flies, stone flies, and mayflies.
Terrestrial invertebrates are also consumed. Interestingly,
the diet of water shrews may include large amounts of slugs,
snails, and earthworms in addition to the fungus Endogone
(Beneski and Stinson 1987).

They are active throughout the year, even foraging be-
low the ice during winter. When swimming underwater or
crawling on stream bottoms, water shrews appear to be a
small silver submarine or a self-propelled bubble. In addi-
tion to being an adept underwater swimmer, S. palustris is
reported to walk or glide on water. One study documented
a water shrew running more than 1.5 m across the smooth
surface of a pond (Jackson 1961). This impressive achieve-
ment is feasible because the fibrillae can hold small glob-
ules of air and act as a sort of hydrofoil.

Even though water shrews are excellent divers, reported
to sustain forced dives of up to almost 48 seconds, remain-
ing underwater is difficult (Calder 1969). This is due to
their very dense, water-repellent fur, which does not allow
water to penetrate, trapping air bubbles that enhance buoy-
ancy. As a result, the shrew surfaces and floats like a cork
whenever it stops paddling.

Perhaps the most spectacular adaptation of the Ameri-
can water shrew is its ability to detect prey underwater—
using their sense of smell. Investigations have shown that
water shrews can detect odorants while underwater. Re-
cently, Kenneth Catania examined hunting behavior of
water shrews in the laboratory using a high-speed video
system and infrared lighting (Catania 2006, 2012; Catania
et al. 2008). In addition to employing “underwater sniff-
ing” to detect prey, water shrews like platypuses, star-nosed
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Underwater Sniffing

Perhaps the most spectacular adaptation of the American
water shrew (Sorex palustris) is its ability to detect prey
underwater—using its sense of smell! Investigations have
shown that water shrews can detect odorants while
underwater.

Recently, Kenneth Catania and colleagues examined the
hunting behavior of water shrews in the laboratory. Us-
ing high-speed video recordings and infrared lighting,
they found that water shrews continuously emitted and
reinhaled air from their nostrils while foraging underwa-
ter, which indicated that they could be “sniffing” odors
while submerged (see figure). To test this idea, they
trained water shrews to follow an underwater scent trail
that was randomly laid on either of two paths leading to
a food reward. The shrews performed the task with
great accuracy. However, when the bubbles they exhaled
during underwater sniffing were blocked by a fine steel
grid placed over the scent trail, they were unable to fol-
low the scent. Previous investigators likely overlooked
the underwater sniffing ability of the shrews because it
happens very quickly and requires high-speed, underwa-
ter photography to see. Interestingly, underwater sniff-
ing is also known to occur in another semiaquatic mam-
mal, the star-nosed mole (Condylura cristata).

(A) Foraging in the American water shrew (Sorex palustris); (B) laboratory study showing underwater sniffing by the American
water shrew. The bubble is in contact with a wax object.

Both water shrews and star-nosed moles seem to have
adapted their olfactory systems for use underwater. While
foraging underwater, they exhale air bubbles through their
nostrils—often directly onto the objects or prey that they
are investigating.
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moles and desmans mentioned earlier and in chapter 17
(breakout box) have evolved mechanoreceptors to aid un-
derwater hunting. Investigations of Catania and associates
(Catania et al. 2013) have shown that water shrews possess
a neocortex around their nose and mouth dominated by

large whiskers. These specialized somatosensory cells
called “barrelettes” are housed in the brainstem and cru-
cial for locating prey underwater (Catania et al. 2013).
Like anteaters with their long protrusile tongues, some
arboreal primates and marsupials employ elongated digits
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Figure 7.7 Insect-eaters. (A) The aye-aye (Daubentoria
madagascariensis) feeds primarily on the tree-burrowing larvae
of beetles. (B) It bites into the bark with its powerful incisors and
crushes and extracts insect larvae with its elongated third finger.

to secure well-hidden insect prey. The 3rd finger of the
aye-aye (Daubentonia madagascariensis) of Madagascar and
the 4th finger of two species of striped possums (Dactylop-
sila) from Australasia are uniquely adapted as probes for
removing insects from the crevices of trees (Figure 7.7).
Using its keen hearing, an aye-aye detects larval insects
hidden under the bark of dead branches. It then exposes
prey by gnawing off the overlying bark with its incisors,
then inserting its 3rd finger to crush and extract larvae,
which it transfers to its mouth (Oxnard 1981; Erickson

1991, 1994; Krakauer et al. 2002; Pellis and Pellis 2012;
Sefczek et al. 2012, 2017). Aye-ayes may have filled this
insect-eating niche on Madagascar, which elsewhere is
occupied by woodpeckers (Macdonald 1984; Thompson
et al. 2016). The higher elevations of forests in New
Guinea are home to an example of how similar evolution-
ary pressures have acted on two different mammals that
inhabit two distant islands, producing almost identical
feeding specializations. It is a fascinating case of conver-
gent evolution in feeding specializations of a Malagasy
primate, the aye-aye, and a New Zealand marsupial, the
long-fingered triok (Dactylopsila palpator). Like aye-ayes,
trioks have a pronounced sense of hearing adaptive for lo-
cating insect grubs chewing deep within inner recesses of
trees and rotting logs. Elongated tongues and sharp,
powerful, chisel-like incisors assist in tearing through the
bark—reportedly, entire trees can be scarified by teeth
marks. Trioks then use their greatly elongated 4th finger
(recall aye-ayes used their 3rd finger) equipped with a
hooked nail to extract tunneling larvae. As with the
North American pileated woodpecker (Dryocopus pilea-
tus), feeding activities of trioks can be observed by the
presence of woodchips at the base of the excavation. How-
ever, a rather pungent odor may also alert an observer to
the presence of the triok. The body odor is reminiscent of
that of a striped skunk (Mephitis mephitis). That, combined
with bold black and white markings, makes a strong case of
convergence of trioks with skunks.

Tarsiers (Genus Tarsius) from islands of Southeast Asia
are primarily insectivorous. They are equipped with long
legs (the name “tarsier” refers to the elongated tarsal, or
ankle) and have exceedingly large eyes that face forward to
permit stereoscopic vision. Acute directional hearing aids
in locating and pinpointing prey and efficient sit-wait-and-
ambush predatory tactics are a key to their success as a
premier nocturnal predator. Tarsiers capture arthropods,
su