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Foreword

Earth is teeming with life. No one knows exactly how many
distinct organisms inhabit our planet, but more than 5 mil-
lion different species of animals and plants could exist, rang-
ing from microscopic algae and bacteria to gigantic elephants,
redwood trees and blue whales. Yet, throughout this won-
derful tapestry of living creatures, there runs a single thread:
Deoxyribonucleic acid or DNA. The existence of DNA, an
elegant, twisted organic molecule that is the building block
of all life, is perhaps the best evidence that all living organ-
isms on this planet share a common ancestry. Our ancient
connection to the living world may drive our curiosity, and
perhaps also explain our seemingly insatiable desire for in-
formation about animals and nature. Noted zoologist, E. O.
Wilson, recently coined the term “biophilia” to describe this
phenomenon. The term is derived from the Greek bios mean-
ing “life” and philos meaning “love.” Wilson argues that we
are human because of our innate affinity to and interest in the
other organisms with which we share our planet. They are,
as he says, “the matrix in which the human mind originated
and is permanently rooted.” To put it simply and metaphor-
ically, our love for nature flows in our blood and is deeply en-
grained in both our psyche and cultural traditions.

Our own personal awakenings to the natural world are as
diverse as humanity itself. I spent my early childhood in rural
Iowa where nature was an integral part of my life. My father
and I spent many hours collecting, identifying and studying
local insects, amphibians and reptiles. These experiences had
a significant impact on my early intellectual and even spiri-
tual development. One event I can recall most vividly. I had
collected a cocoon in a field near my home in early spring.
The large, silky capsule was attached to a stick. I brought the
cocoon back to my room and placed it in a jar on top of my
dresser. I remember waking one morning and, there, perched
on the tip of the stick was a large moth, slowly moving its
delicate, light green wings in the early morning sunlight. It
took my breath away. To my inexperienced eyes, it was one
of the most beautiful things I had ever seen. I knew it was a
moth, but did not know which species. Upon closer exami-
nation, I noticed two moon-like markings on the wings and
also noted that the wings had long “tails”, much like the ubiq-
uitous tiger swallow-tail butterflies that visited the lilac bush
in our backyard. Not wanting to suffer my ignorance any
longer, I reached immediately for my Golden Guide to North
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American Insects and searched through the section on moths
and butterflies. It was a luna moth! My heart was pounding
with the excitement of new knowledge as I ran to share the
discovery with my parents.

I consider myself very fortunate to have made a living as
a professional biologist and conservationist for the past 20
years. ['ve traveled to over 30 countries and six continents to
study and photograph wildlife or to attend related conferences
and meetings. Yet, each time I encounter a new and unusual
animal or habitat my heart still races with the same excite-
ment of my youth. If this is biophilia, then I certainly possess
it, and it is my hope that others will experience it too. I am
therefore extremely proud to have served as the series editor
for the Gale Group’s rewrite of Grzimek’s Animal Life Ency-
clopedia, one of the best known and widely used reference
works on the animal world. Grzimek’s is a celebration of an-
imals, a snapshot of our current knowledge of the Earth’s in-
credible range of biological diversity. Although many other
animal encyclopedias exist, Grzimek’s Animal Life Encyclopedia
remains unparalleled in its size and in the breadth of topics
and organisms it covers.

The revision of these volumes could not come at a more
opportune time. In fact, there is a desperate need for a deeper
understanding and appreciation of our natural world. Many
species are classified as threatened or endangered, and the sit-
uation is expected to get much worse before it gets better.
Species extinction has always been part of the evolutionary
history of life; some organisms adapt to changing circum-
stances and some do not. However, the current rate of species
loss is now estimated to be 1,000-10,000 times the normal
“background” rate of extinction since life began on Earth
some 4 billion years ago. The primary factor responsible for
this decline in biological diversity is the exponential growth
of human populations, combined with peoples’ unsustainable
appetite for natural resources, such as land, water, minerals,
oil, and timber. The world’s human population now exceeds
6 billion, and even though the average birth rate has begun
to decline, most demographers believe that the global human
population will reach 8-10 billion in the next 50 years. Much
of this projected growth will occur in developing countries in
Central and South America, Asia and Africa—regions that are
rich in unique biological diversity.



Foreword

Finding solutions to conservation challenges will not be
easy in today’s human-dominated world. A growing number
of people live in urban settings and are becoming increasingly
isolated from nature. They “hunt” in supermarkets and malls,
live in apartments and houses, spend their time watching tele-
vision and searching the World Wide Web. Children and
adults must be taught to value biological diversity and the
habitats that support it. Education is of prime importance now
while we still have time to respond to the impending crisis.
There still exist in many parts of the world large numbers of
biological “hotspots”—places that are relatively unaffected by
humans and which still contain a rich store of their original
animal and plant life. These living repositories, along with se-
lected populations of animals and plants held in profession-
ally managed zoos, aquariums and botanical gardens, could
provide the basis for restoring the planet’s biological wealth
and ecological health. This encyclopedia and the collective
knowledge it represents can assist in educating people about
animals and their ecological and cultural significance. Perhaps
it will also assist others in making deeper connections to na-
ture and spreading biophilia. Information on the conserva-
tion status, threats and efforts to preserve various species have
been integrated into this revision. We have also included in-
formation on the cultural significance of animals, including
their roles in art and religion.

It was over 30 years ago that Dr. Bernhard Grzimek, then
director of the Frankfurt Zoo in Frankfurt, Germany, edited
the first edition of Grzimek’s Animal Life Encyclopedia. Dr. Grz-
imek was among the world’s best known zoo directors and
conservationists. He was a prolific author, publishing nine
books. Among his contributions were: Serengeti Shall Not Die,
Rbinos Belong to Everybody and He and I and the Elepbants. Dr.
Grzimek’s career was remarkable. He was one of the first
modern zoo or aquarium directors to understand the impor-
tance of zoo involvement in in situ conservation, that is, of
their role in preserving wildlife in nature. During his tenure,
Frankfurt Zoo became one of the leading western advocates
and supporters of wildlife conservation in East Africa. Dr.
Grzimek served as a Trustee of the National Parks Board of
Uganda and Tanzania and assisted in the development of sev-
eral protected areas. The film he made with his son Michael,
Serengeti Shall Not Die, won the 1959 Oscar for best docu-
mentary.

Professor Grzimek has recently been criticized by some
for his failure to consider the human element in wildlife con-
servation. He once wrote: “A national park must remain a pri-
mordial wilderness to be effective. No men, not even native
ones, should live inside its borders.” Such ideas, although con-
sidered politically incorrect by many, may in retrospect actu-
ally prove to be true. Human populations throughout Africa
continue to grow exponentially, forcing wildlife into small is-
lands of natural habitat surrounded by a sea of humanity. The
illegal commercial bushmeat trade—the hunting of endan-
gered wild animals for large scale human consumption—is
pushing many species, including our closest relatives, the go-
rillas, bonobos and chimpanzees, to the brink of extinction.
The trade is driven by widespread poverty and lack of eco-
nomic alternatives. In order for some species to survive it will
be necessary, as Grzimek suggested, to establish and enforce

a system of protected areas where wildlife can roam free from
exploitation of any kind.

While it is clear that modern conservation must take the
needs of both wildlife and people into consideration, what will
the quality of human life be if the collective impact of short-
term economic decisions is allowed to drive wildlife popula-
tions into irreversible extinction? Many rural populations
living in areas of high biodiversity are dependent on wild an-
imals as their major source of protein. In addition, wildlife
tourism is the primary source of foreign currency in many de-
veloping countries and is critical to their financial and social
stability. When this source of protein and income is gone,
what will become of the local people? The loss of species is
not only a conservation disaster; it also has the potential to
be a human tragedy of immense proportions. Protected ar-
eas, such as national parks, and regulated hunting in areas out-
side of parks are the only solutions. What critics do not realize
is that the fate of wildlife and people in developing countries
is closely intertwined. Forests and savannas emptied of wildlife
will result in hungry, desperate people, and will, in the long-
term lead to extreme poverty and social instability. Dr. Grz-
imek’s early contributions to conservation should be
recognized, not only as benefiting wildlife, but as benefiting
local people as well.

Dr. Grzimek’s hope in publishing his Animal Life Encyclo-
pedia was that it would “...disseminate knowledge of the ani-
mals and love for them”, so that future generations would
“...have an opportunity to live together with the great diver-
sity of these magnificent creatures.” As stated above, our goals
in producing this updated and revised edition are similar.
However, our challenges in producing this encyclopedia were
more formidable. The volume of knowledge to be summa-
rized is certainly much greater in the twenty-first century than
it was in the 1970’s and 80’s. Scientists, both professional and
amateur, have learned and published a great deal about the
animal kingdom in the past three decades, and our under-
standing of biological and ecological theory has also pro-
gressed. Perhaps our greatest hurdle in producing this revision
was to include the new information, while at the same time
retaining some of the characteristics that have made Grzimek’s
Animal Life Encyclopedia so popular. We have therefore strived
to retain the series’ narrative style, while giving the informa-
tion more organizational structure. Unlike the original Grz-
imek’s, this updated version organizes information under
specific topic areas, such as reproduction, behavior, ecology
and so forth. In addition, the basic organizational structure is
generally consistent from one volume to the next, regardless
of the animal groups covered. This should make it easier for
users to locate information more quickly and efficiently. Like
the original Grzimek’s, we have done our best to avoid any
overly technical language that would make the work difficult
to understand by non-biologists. When certain technical ex-
pressions were necessary, we have included explanations or
clarifications.

Considering the vast array of knowledge that such a work
represents, it would be impossible for any one zoologist to
have completed these volumes. We have therefore sought spe-
cialists from various disciplines to write the sections with

Grzimek’s Animal Life Encyclopedia



which they are most familiar. As with the original Grzimek’s,
we have engaged the best scholars available to serve as topic
editors, writers, and consultants. There were some complaints
about inaccuracies in the original English version that may
have been due to mistakes or misinterpretation during the
complicated translation process. However, unlike the origi-
nal Grzimek’s, which was translated from German, this revi-
sion has been completely re-written by English-speaking
scientists. This work was truly a cooperative endeavor, and I
thank all of those dedicated individuals who have written,
edited, consulted, drawn, photographed, or contributed to its
production in any way. The names of the topic editors, au-
thors, and illustrators are presented in the list of contributors
in each individual volume.

The overall structure of this reference work is based on
the classification of animals into naturally related groups, a
discipline known as taxonomy or biosystematics. Taxonomy
is the science through which various organisms are discov-
ered, identified, described, named, classified and catalogued.
It should be noted that in preparing this volume we adopted
what might be termed a conservative approach, relying pri-
marily on traditional animal classification schemes. Taxon-
omy has always been a volatile field, with frequent arguments
over the naming of or evolutionary relationships between var-
ious organisms. The advent of DNA fingerprinting and other
advanced biochemical techniques has revolutionized the field
and, not unexpectedly, has produced both advances and con-
fusion. In producing these volumes, we have consulted with
specialists to obtain the most up-to-date information possi-
ble, but knowing that new findings may result in changes at
any time. When scientific controversy over the classification
of a particular animal or group of animals existed, we did our
best to point this out in the text.

Readers should note that it was impossible to include as
much detail on some animal groups as was provided on oth-
ers. For example, the marine and freshwater fish, with vast
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numbers of orders, families, and species, did not receive as
detailed a treatment as did the birds and mammals. Due to
practical and financial considerations, the publishers could
provide only so much space for each animal group. In such
cases, it was impossible to provide more than a broad overview
and to feature a few selected examples for the purposes of il-
lustration. To help compensate, we have provided a few key
bibliographic references in each section to aid those inter-
ested in learning more. This is a common limitation in all ref-
erence works, but Grzimek’s Encyclopedia of Animal Life is still
the most comprehensive work of its kind.

I am indebted to the Gale Group, Inc. and Senior Editor
Donna Olendorf for selecting me as Series Editor for this pro-
ject. It was an honor to follow in the footsteps of Dr. Grz-
imek and to play a key role in the revision that still bears his
name. Grzimek’s Animal Life Encyclopedia is being published
by the Gale Group, Inc. in affiliation with my employer, the
American Zoo and Aquarium Association (AZA), and I would
like to thank AZA Executive Director, Sydney ]J. Butler; AZA
Past-President Ted Beattie (John G. Shedd Aquarium,
Chicago, IL); and current AZA President, John Lewis (John
Ball Zoological Garden, Grand Rapids, MI), for approving
my participation. I would also like to thank AZA Conserva-
tion and Science Department Program Assistant, Michael
Souza, for his assistance during the project. The AZA is a pro-
fessional membership association, representing 215 accred-
ited zoological parks and aquariums in North America. As
Director/William Conway Chair, AZA Department of Con-
servation and Science, I feel that I am a philosophical de-
scendant of Dr. Grzimek, whose many works I have collected
and read. The zoo and aquarium profession has come a long
way since the 1970s, due, in part, to innovative thinkers such
as Dr. Grzimek. I hope this latest revision of his work will
continue his extraordinary legacy.

Silver Spring, Maryland, 2001
Michael Hutchins
Series Editor
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How to use this book

Gzimek’s Animal Life Encyclopedia is an internationally
prominent scientific reference compilation, first published in
German in the late 1960s, under the editorship of zoologist
Bernhard Grzimek (1909-1987). In a cooperative effort be-
tween Gale and the American Zoo and Aquarium Association,
the series is being completely revised and updated for the first
time in over 30 years. Gale is expanding the series from 13
to 17 volumes, commissioning new color images, and updat-
ing the information while also making the set easier to use.
The order of revisions is:

Vol 8-11: Birds I-IV

Vol 6: Amphibians

Vol 7: Reptiles

Vol 4-5: Fishes I-11

Vol 12-16: Mammals I-V

Vol 1: Lower Metazoans and Lesser Deuterostomes
Vol 2: Protostomes

Vol 3: Insects

Vol 17: Cumulative Index

Organized by taxonomy

The overall structure of this reference work is based on
the classification of animals into naturally related groups, a
discipline known as taxonomy—the science through which
various organisms are discovered, identified, described,
named, classified, and catalogued. Starting with the simplest
life forms, the lower metazoans and lesser deuterostomes, in
volume 1, the series progresses through the more complex
animal classes, culminating with the mammals in volumes
12-16. Volume 17 is a stand-alone cumulative index.

Organization of chapters within each volume reinforces
the taxonomic hierarchy. In the case of the Mammals vol-
umes, introductory chapters describe general characteristics
of all organisms in these groups, followed by taxonomic chap-
ters dedicated to Order, Family, or Subfamily. Species ac-
counts appear at the end of the Family and Subfamily chapters
To help the reader grasp the scientific arrangement, each type
of chapter has a distinctive color and symbol:

@ -Order Chapter (blue background)

Q =Monotypic Order Chapter (green background)

xii

A -Family Chapter (yellow background)
/A =Subfamily Chapter (yellow background)

Introductory chapters have a loose structure, reminiscent
of the first edition. While not strictly formatted, Order chap-
ters are carefully structured to cover basic information about
member families. Monotypic orders, comprised of a single
family, utilize family chapter organization. Family and sub-
family chapters are most tightly structured, following a pre-
scribed format of standard rubrics that make information easy
to find and understand. Family chapters typically include:

Thumbnail introduction
Common name
Scientific name
Class
Order
Suborder
Family
Thumbnail description
Size
Number of genera, species
Habitat
Conservation status

Main essay
Evolution and systematics
Physical characteristics
Distribution
Habitat
Behavior
Feeding ecology and diet
Reproductive biology
Conservation status
Significance to humans

Species accounts
Common name
Scientific name
Subfamily
Taxonomy
Other common names
Physical characteristics
Distribution
Habitat
Behavior
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Feeding ecology and diet

Reproductive biology

Conservation status

Significance to humans
Resources

Books

Periodicals

Organizations

Other

Color graphics enhance understanding

Grzimek’s features approximately 3,000 color photos, in-
cluding approximately 1,560 in five Mammals volumes; 3,500
total color maps, including nearly 550 in the Mammals vol-
umes; and approximately 5,500 total color illustrations, in-
cluding approximately 930 in the Mammals volumes. Each
featured species of animal is accompanied by both a distrib-
ution map and an illustration.

All maps in Grzimek’s were created specifically for the pro-
ject by XNR Productions. Distribution information was pro-
vided by expert contributors and, if necessary, further
researched at the University of Michigan Zoological Museum
library. Maps are intended to show broad distribution, not
definitive ranges.

All the color illustrations in Grzimek’s were created specif-
ically for the project by Michigan Science Art. Expert con-
tributors recommended the species to be illustrated and
provided feedback to the artists, who supplemented this in-
formation with authoritative references and animal skins from
University of Michgan Zoological Museum library. In addi-
tion to species illustrations, Grzimek’s features conceptual
drawings that illustrate characteristic traits and behaviors.
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How to use this book

About the contributors

The essays were written by scientists, professors, and other
professionals. Grzimek’s subject advisors reviewed the com-
pleted essays to insure consistency and accuracy.

Standards employed

In preparing these volumes, the editors adopted a conser-
vative approach to taxonomy, relying on Wilson and Reeder’s
Mammal Species of the World: a Taxonomic and Geographic Ref-
erence (1993) as a guide. Systematics is a dynamic discipline
in that new species are being discovered continuously, and
new techniques (e.g., DNA sequencing) frequently result in
changes in the hypothesized evolutionary relationships among
various organisms. Consequently, controversy often exists re-
garding classification of a particular animal or group of ani-
mals; such differences are mentioned in the text.

Grzimek’s has been designed with ready reference in mind
and the editors have standardized information wherever fea-
sible. For Conservation status, Grzimek’s follows the IUCN
Red List system, developed by its Species Survival Commis-
sion. The Red List provides the world’s most comprehensive
inventory of the global conservation status of plants and an-
imals. Using a set of criteria to evaluate extinction risk, the
TUCN recognizes the following categories: Extinct, Extinct
in the Wild, Critically Endangered, Endangered, Vulnerable,
Conservation Dependent, Near Threatened, Least Concern,
and Data Deficient. For a complete explanation of each cat-
egory, visit the [UCN web page at <http://www.iucn.org/>.
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What is a mammal?

At first sight, this is not a difficult question. Every child is
able to identify an animal as a mammal. Since its earliest age
it can identify what is a cat, dog, rabbit, bear, fox, wolf, mon-
key, deer, mouse, or pig and soon experiences that with any-
one who lacks such a knowledge there would be little chance
to communicate about other things as well. To identify an
animal as a mammal is indeed easy. But by which character-
istics? The child would perhaps explain: Mammals are hairy
Sfour-legged animals with faces.

A child answers: A hairy four-legged animal
with a face

Against expectation, the three characteristics reported by
this naive description express almost everything that is most
essential about mammals.

Huir, or fur, probably the most obvious mammalian fea-
ture, is a structure unique to that group, and unlike the feath-
ers of birds is not related to the dermal scales of reptiles. A
mammal has several types of hairs that comprise the pelage.
Specialized hairs, called vibrissae, mostly concentrated in the
facial region of the head, perform a tactile function. Pelage
is seasonally replaced in most mammals, usually once or twice
a year by the process called molting. In some mammals, such
as ermines, the brown summer camouflage can be changed
to a white coat in winter. In others, such as humans, ele-
phants, rhinoceroses, naked mole rats, and aardvarks, and in
particular the aquatic mammals such as walruses, hip-
popotami, sirenia, or cetaceans, the hair coat is secondarily
reduced (though only in the latter group is it absent com-
pletely, including vibrissae). In the aquatic mammals (but not
only in them), the role of the pelage is performed by a thick
layer of subcutaneous adipose tissue by which the surface of
body is almost completely isolated from its warm core and
the effect of a cold ambient environment is substantially re-
duced. Thanks to this tissue, some mammals can forage even
in cold arctic waters and, as a seal does, rest on ice without
risk of freezing to it. In short, the essential role of the sub-
cutaneous adipose layer and pelage is in thermal isolation, in
preventing loss of body heat. Mammals, like birds, are en-
dotherms (heat is generated from inside of the body by con-
tinuous metabolic processes) and homeotherms (the body
temperature is maintained within a narrow constant range).
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The body temperature of mammals, about 98.6°F (37°C), is
optimal for most enzymatic reactions. A broad variety of
functions are, therefore, kept ready for an immediate trig-
gering or ad hoc mutual coupling. All this also increases the
versatility of various complex functions such as locomotion,
defensive reactions, and sensory performances or neural pro-
cessing of sensory information and its association analysis.
The constant body temperature permits, among other things,
a high level of activity at night and year-round colonization
of the low temperature regions and habitats that are not ac-
cessible to the ectothermic vertebrates. In short, endothermy
has a number of both advantages and problems. Endothermy
is very expensive and the high metabolic rate of mammals re-
quires quite a large energetic intake. In response, mammals
developed a large number of very effective feeding adapta-
tions and foraging strategies, enabling them to exploit an ex-
treme variety of food resources from insects and small
vertebrates (a basic diet for many groups) to green plants (a
widely accessible but indigestible substance for most non-
mammals). At the same time, mammals have also developed
diverse ways to efficiently control energy expenditure.

Besides structural adaptations such as hair, mammals have
also developed diverse physiological and behavioral means
to prevent heat and water loss, such as burrowing into un-
derground dens; seasonal migrations or heterothermy; and
the controlled drop of body temperature and metabolic ex-
penditure during part of the day, or even the year (hiberna-
tion in temperate bats, bears, and rodents as well as summer
estivation in some desert mammals). So, considerable adap-
tive effort in both directions increases foraging efficiency
and energy expenditure control. When integrated with mor-
phological, physiological, behavioral, and social aspects, it is
an essential feature of mammalian evolution and has con-
tributed to the appearance of the mammalian character in
many respects.

Four legs, each with five toes, are common not only to many
mammals, but to all terrestrial vertebrates (amphibians, rep-
tiles, birds, and mammals), a clade called Tetrapoda. Never-
theless, in the arrangement of limbs and the modes of
locomotion that it promotes, mammals differ extensively from
the remaining groups. The difference is so clear that it allows
us to identify a moving animal in a distance as a mammal even
in one blink of an eye. In contrast to the “splayed” reptilian
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What is a mammal?

Red kangaroos (Macropus rufus) on the move. (Photo by Animals An-
imals ©Gerard Lacz. Reproduced by permission.)

stance (i.e. horizontal from the body and parallel to the
ground), the limbs of mammals are held directly beneath the
body and move in a plane parallel to the long axis of the body.
In contrast to reptiles, whose locomotion is mostly restricted
to the lateral undulation of the trunk, mammals flex their ver-
tebrate column vertically during locomotion. This arrange-
ment enables a powered directional movement, such as
sustained running or galloping, very effective for escaping
from a predator, chasing mobile prey, or exploring spatially
dispersed food resources. The respective rearrangements also
bring another effect. By strengthening the vertebral column
against lateral movement, the thoracic cavity can be consid-
erably enlarged and the thoracic muscles released from a lo-
comotory engagement, promoting changes to the effective
volume of the thoracic cavity. With a synergetic support from
another strictly mammalian structure, a muscular diaphragm
separating the thoracic and visceral cavity, the volume of the
thoracic cavity can change during a breathing cycle much
more than with any other vertebrates. With the alveolar lungs,
typical for mammals, that are designed to respond to volume
changes, breathing performance enormously increases. This
enables a mammal to not only keep its basal metabolic rate
at a very high level (a prerequisite for endothermy) but, in
particular, to increase it considerably during locomotion. In
this connection, it should be stressed that the biomechanics
of mammalian locomotion not only allow a perfect synchro-
nization of limb movements and breathing cycles but, with
the vertical flex of the vertebral column, are synergetic to the
breathing movements and support it directly. As a result, the
instantly high locomotory activity that characterizes a mam-
mal increases metabolic requirements but at the same time
helps to respond to them.

The face is the essential source of intra-group social infor-
mation not only for humans but for many other mammal
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groups. The presence of sophisticated mechanisms of social
integration and an enlarged role in interindividual discrimi-
nation and social signaling are broadly characteristic of mam-
mals. Nevertheless, each isolated component contributing to
the complex image of the mammalian face says something im-
portant regarding the nature of the mammalian constitution,
and, moreover, they are actually unique characters of the
group. This is particularly valid for fleshy cheeks and lips, the
muscular belt surrounding the opening of a mouth. The lips
and the spacious pocket behind them between the cheeks and
teeth (the vestibulum oris) are closely related to feeding, and
not only in that they enlarge the versatility of food process-
ing in an adult mammal. The lips, cheeks and vestibulum oris
are completely developed at the time of birth and since that
time have engaged in the first behavioral skill performed by
a mammal. Synergetic contraction of lip and cheek muscles
producing a low pressure in the vestibulum oris is the key
component of the suckling reflex, the elementary feeding
adaptation of a newborn mammal. All mammals, without ex-
ception, nourish their young with milk and all female mam-
mals have large paired apocrine glands specialized for this
role—the mammary glands, or mammae. Nevertheless, not

A spotted hyena (Crocuta crocuta) stands on its meal of a baby ele-
phant. (Photo by Harald Schitz. Reproduced by permission.)
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Some mammals, such as this goat, have rather dramatic antlers or
horns. (Photo by Animals Animals ©Robert Maier. Reproduced by per-
mission.)

all mammalian newborns actually suck the milk. In the egg-
lying monotremes (the Australian duck-billed platypus and
spiny anteaters), mammary glands lack the common milk
ducts and nipples, so young do not suck but instead lick the
milk using their tongue. All other mammals, both marsupials
and eutherians, together denoted as Theria, bear a distinctive
structure supporting suckling—the paired mammary nipples.
The nipples originate independently from mammary glands,
they are present both in males and females, and their num-
ber and position is an important character of individual clades.
The therian mammals are all viviparous. For the most vul-
nerable period of their lives they are protected first by the in-
trauterine development with placental attachment of the
embryo and then by prolonged postnatal parental care. A milk
diet during the latter stage postpones the strict functional con-
trol on jaws and dentition and enables postnatal growth, the
essential factor for the feeding efficiency of an adult mammal.
At the same time this provides extra time for development of
other advanced and often greatly specialized mammalian
characteristics: an evolving brain and the refinement of mo-
tor capacities and behavioral skills. Thanks to the extended
parental investment that mammalian offspring have at the be-
ginning of their independent life, they enjoy a much higher
chance for post-weaning survival than the offspring of most
other vertebrates. The enormous cost of the parental invest-
ment places, of course, a significant limit upon the number
of offspring that can be produced. Despite the great variation
in reproductive strategies among individual mammalian
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clades, in comparison to other vertebrates (excepting elasmo-
branchians and birds), the mammals are clearly the K-strate-
gists (producing few; but well-cared for, offspring) in general.

The other components of the mammalian face provide cor-
respondingly significant information on the nature of these
animals. The vivid eyes with movable eyelids, external auri-
cles, nose, and last but not least long whiskers (vibrissae, the
hairs specialized for tactile functions), show that a mammal is
a sensory animal. Most extant mammals are noctural or cre-
puscular and this was almost certainly also the case with their
ancestors. In contrast to other tetrapods, which are mostly di-
urnal and perceive almost all spatial information from vision,
mammals were forced to build up a sensory image of the world
from a combination of different sources, in particular olfac-
tion and hearing. Nevertheless, vision is well developed in
most mammals and is capable of very fine structural and color
discrimination, and some mammals are secondarily just opti-
cal animals. For example, primates exhibit a greatly enlarged
capability for stereoscopic vision. In any case, all mammals
have structurally complete eyes, though the eyes may be cov-

A baby gray bat (Myotis grisescens). (Photo by Merlin D. Tuttle/Bat
Conservation International/Photo Researchers, Inc. Reproduced by per-
mission.)
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Near Kilimanjaro, a giraffe (Giraffa camelopardalis) pauses to survey for predators. Giraffes are the tallest extant mammals, males reaching 18
ft (5.5 m) in height. (Photo by Harald Schitz. Reproduced by permission.)

ered by skin in some fossorial mammals (such as blind mole
rats, or marsupial moles) or their performance may be re-
duced in some respect. In comparison with other vertebrates,
the performance of vision is particularly high under low light
intensities, and the eyes are quite mobile. The latter charac-
ter may compensate for a reduced ability of head rotation in
mammals due to the bicondylous occipital joint contrasting
to a monocondylous joint in birds or reptiles. The eyes are
covered by movable eyelids (not appearing in reptiles), sig-
nificant both in protecting the eyes and in social signaling.
The remaining two structures—nose and auricles—are par-
ticularly unique for mammals and are related to the senses
that are especially important for mammals: olfaction and hear-
ing. Not only the nose and auricles themselves, but also the
other structures associated with the senses of smell and hear-
ing feature many traits unique to mammals.

Mammals construct much of their spatial information with
the sole aid of olfactory, acoustic, or tactile stimuli combined
with information from low-intensity vision. This task neces-
sitated not only a considerable increase in the capacity and
sensory versatility of the respective organs, but also the re-
finement of the semantic analysis of the information they pro-
vide. As a result, the brain structures responsible for these
tasks are greatly enlarged in mammals. The tectum mesen-

6

cephali, a center for semantic analysis of optical information,
bi-lobed in other vertebrates, is supplemented by a distinct
center of acoustic analysis by which the tectum of mammals
becomes a four-lobed structure, the corpora quadrigemina.
The forebrain or telencephalon, a structure related to olfac-
tory analysis, is by far the largest part of the mammalian brain.
Its enlargement is particularly due to the enlarging of the neo-
cortex, a multi-layered surface structure of the brain, which
further channels inputs from other brain structures and plays
the role of a superposed integrative center for all sensory,
sensory-motor, and social information.

A zoologist answers: A highly derived amniote

Many of the characters common to mammals do not ap-
pear in other animals. Some of them, of course, can be ob-
served also in birds—a very high (in respect to both maximum
and mean values) metabolic rate and activity level or com-
plexity of particular adaptations such as advanced parental care
and social life, increased sensory capacities, and new pathways
of processing sensory information or enormous ecological ver-
satility. Fine differences between birds and mammals suggest
that the respective adaptations are homoplasies—that is, they
evolved in both groups independently.

Grzimek’s Animal Life Encyclopedia
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What is a mammal?

Black-handed spider monkeys (Ateles geoffroyi) grooming. (Photo by Gail M. Shumway. Bruce Coleman, Inc. Reproduced by permission.)

Other mammalian characteristics are synapomorphies of
Amniota, the characteristics shared because of common an-
cestry. The amniotes, a group including reptiles, birds, and
mammals, are the terrestrial vertebrates in which embryonic
development takes place under the protection of fetal mem-
branes (amnion, chorion, allantois). As in other amniotes,
mammals are further characterized by an increased role of
parental investment, internal fertilization, keratinized skin de-
rivatives, an advanced type of kidney (metanephros) with a
specific ureter, an advanced type of lung respiration, and the
decisive role of dermal bones in skull morphology. Of course,
at the same time, mammals share a large number of charac-
teristics with all other vertebrates, including the general body
plan, solid inner skeleton, the design of homeostatic mecha-
nisms (including pathways of neural and humoral regulation),
and functional integration of particular developmental mod-
ules. Mammals also share with other vertebrates the patterns
of segmentation of trunk skeleton and muscles and the spe-
cific arrangements of the homeobox genes organizing the
body segmentation as well as a lack of their expression in the
head region, etc. These characters are synapomorphies of ver-
tebrates, which are at least partly retained not only in some
amniotes but throughout all other vertebrate clades. With re-
spect to mammals, these are symplesiomorphies, the primi-
tive characters that do not reveal closer relations of the class
but on its broadest phylogenetic context.
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Mammals also exhibit a large number of qualities that are
fully unique to them, the autapomorphies. The autapomor-
phies are the characteristics by which a taxon can be clearly
distinguished and diagnosed. Thus, though many character-
istics of mammals are not specific just to them, answering
the question “what is a mammal?” means first demonstrat-
ing the autapomorphies of that group. A simplified list of
them includes:

(1) The young are nourished with milk produced by (2) mam-
mary glands. These glands appear in all female mammals, and
are the structure from which the class Mammalia got its name.
(3) Obligatory vivipary (in Theria, i.e., marsupials and placen-
tals) is the reproductive mode with a specialized organ inter-
connecting the embryo and maternal tissues, the chorioallantoic
placenta (in Eutheria, i.e., placentals). (4) Hairs, covering the
body, grow from deep invaginations of the germinal layer of
epidermis called follicles. Similar to other amniotes, the hair
is composed of keratin and pigments, but its structure is
unique for mammals. (5) Skin is rich in various glands. Most
mammals have sweat glands (contributing to water balance
and cooling the body surface), scent glands, and sebaceous
glands. (6) The specific integumental derivatives, characteristic
of particular groups of mammals, are composed either exclu-
sively of keratin (such as claws, nails, and hoofs, which pro-
tect the terminal phalanx of the digits and adapt them to a
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A silverback jackal (Canis mesomelas) and an African elephant (Lox-
odonta africana) at a watering hole in Chobe National Park, Botswana.
(Photo by © Theo Allofs/Corbis. Reproduced by permission.)

specific way of locomotion or foraging) or of keratin in com-
bination with dermal bone structures (horns of bovids and
antlers of cervid artiodactyls, which play a considerable role
in social signaling). A large variety of integumental deriva-
tives are included in defensive adaptations: dermal armors of
armadillos or keratinized scales of pangolins, spines modified
from hairs in echidnas, hedgehogs, tenrecs, porcupines, or
spiny mice, or the accumulations of hairlike fibers keratinized
into a horn structure in rhinoceroses. (7) Limb position and
function are modified to support specific locomotory modes
of mammals such as jumping, galloping, or sustained running
and can be specifically rearranged. The extreme rearrange-
ments are seen in bats, which fly using a forelimb wing, and
in specialized marine mammals, pinnipedian carnivores,
cetaceans, and sirenia, whose forelimbs take the shape of a fin
(the external hind limbs are absent in the latter two groups).
(8) Pectoral girdle is simplified in comparison to the non-mam-
malian state: coracoid, precoracoid and interclavicle bones are
lost (except for monotremes, which retain them) or partly in-
cluded in the scapula. Also the clavicle, the last skeletal ele-
ment that fixes the limb to the axial and thoracic skeleton, is
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lost in many groups. With these rearrangements the forelimbs
get new locomotory qualities (such as extensive protraction),
supporting abilities such as climbing and fine limb movements
and providing a new spectrum of manipulative functions from
cleaning hair to a variety of prey manipulations. (9) The bones
of the pelvic girdle are fused into a single bone, with enlarged and
horizontally prolonged ilium.

(10) A great degree of regional differentiation of the vertebral
columm. All mammals (except some edentates and manatees)
have seven cervical vertebrae with the first two (atlas and axis)
specifically rearranged to support powered head movements.
(11) The vertebral column is strengthened against lateral move-
ments but is greatly disposed to the vertical flexion. This is
seen first of all in the lumbar section, whose vertebrae, in con-
trast to the non-mammalian ancestors, lack ribs. (12) The
mammalian skull is bicondylous (the first vertebra, atlas, joints
the skull via paired occipital condyles located on the lateral
sides of the large occipital foramen), with (13) an enlarged
braincase, (14) massive zygomatic arches (formed by the jugale
and squamosum bones), and (15) a spacious nasal cavity with
a labyrith of nasal turbinalia covered by vascularized tissue im-
portant both for olfaction (ethmoidal turbinalia) and/or heat
and water exchange during breathing (maxillary turbinalia).
(16) The nostrils open at a common structure called the nose,
obviously the most prominent point of the head. The ances-
tral form of the nose, the rhinarium, is a hairless field of
densely circular-patterned skin surrounding the nostril open-
ings. The rhinarium is particularly large in macrosmatic
(highly developed sense of smell) mammals (such as carni-
vores or artiodactyls), in lagomorphs, some rodents, and bats.
In strepsirhine primates it is incised by a central groove, the
phlitrum, while in some other groups such as in macroscelids
or in elephants, the nose is prolonged and attains a number
of supplementary functions. In contrast, all these structures
are absent in cetaceans in which the nasal cavity is reduced
and the nostrils (or a single nostril opening in Odontoceti)
appear at the top of the head and their function is restricted
to respiration. (17) Left and right maxillary and palatal bones
are fused in early development and form the secondary bomy
palate, which is further extended by a fleshy soft palate. These
structures provide a complete separation of the respiratory
and alimentary tracts. The early appearance of such a sepa-
ration is one of the essential prerequisites for suckling milk
by a newborn and, hence, it seems probable that the secondary
palate first appeared simply as an adaptation for this. (18) The
beart is a large four-chambered organ (as in birds) with the Jeft
aorta persistent (not the right one, as in birds). (19) Erythro-
cytes, the red blood cells, are biconcave and lack nuclei. Thrombo-
cytes are transformed to nonnucleated blood platelets.

(20) Lungs have an alveolar structure, ventilated by volume
changes performed by the counteraction of two independent
muscular systems, and a (21) muscular diaphragm, unique for
mammals. (22) The voice organ in the larynx, with several pairs
of membranous muscles, is unique for mammals. It is capa-
ble of very specialized functions such as the production of var-
ious communicative signals or high-frequency echolocation
calls in bats and cetaceans. (23) There are three ossicles in the
middle ear (malleus, incus, stapes). The former two are unique
to mammals and are derived from the elements of the pri-
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mary mandibular joint—articulare and quadratum—which
still retain their original function in the immediate mam-
malian ancestors. The third bone of the primary mandibular
joint, the angulare, changes in mammals into the tympanic
bone, which fixes the tympanic membrane and finally enlarges
into a bony cover of the middle ear—the bulae tympani. (24)
The sound receptor (Corti’s organ of the inner ear) is quite long
and spirally coiled in mammals (except for monotremes) and
surrounded by petrosum, a very compact bone created by a fu-
sion of several elements. (25) With an enlarged braincase, the
middle ear and tympanic membrane are thus located deeper
in the head and open to the external environment by a long
auditory meatus terminating with (26) a large movable external
auricle. Auricles (pinnae) are specifically shaped in particular
clades and contribute to the lateral discrimination of the au-
ditory stimuli and directionality of hearing. They may be ab-
sent in some aquatic mammals (cetaceans, sirenia, walruses),
while they are extremely pronounced and diversified in other
groups such as bats, for which the acoustic stimuli (echoes of
the ultrasonic calls they emit) are by far the most important
source of spatial information. (27) In contrast to other am-
niotes, the lower jaw, or mandible, is composed of a single bone,
dentary or dentale, which directly articulates with the tem-
poral bone of the skull at the (28) dentary-squamosal joint. This
arrangement not only fastens the jaw joint to resist the forces
exerted during strong biting but also simplifies the functional
rearrangements of jaw morphology responding to different
demands of particular feeding specializations. (29) In all
mammals, the posterior part of the mandible extends dorsally
into the ramus mandibulae, which provides an area of attach-
ment for the massive temporal muscles responsible for the
powered adduction of the mandible.

(30) Essentially, all mammals have /arge teeth despite con-
siderable variation in number, shape, and function in partic-
ular groups and/or the fact that some mammals secondarily
lack any teeth at all (anteaters of different groups, and the
platypus). Teeth are deep-rooted in bony sockets called alve-
oles. Only three bones host the teeth in mammals: the pre-
maxilla and maxilla in the upper jaw and the dentary in the
lower jaw. (31) Mammalian dentition is generally beterodont (of
different size, shape, etc.). Besides the conical or unicuspidate
teeth (incisors and a single pair of canines in each jaw) mam-
mals also have large complex multicuspidate molars (three in
placentals, four in marsupials, in each jaw quadrant) and pre-
molars situated between canines and molars whose shape and
number varies considerably among particular groups. The lat-
ter two teeth types are sometimes called “postcanines” or
“cheek teeth.” (32) The molars are unique to mammals. The
basic molar type ancestral to all particular groups of mam-
mals is called tribosphenic. It consists of three sharp cones
connected with sharp blades. In combination with the deep
compression chambers between blades, such an arrangement
provides an excellent tool both for shearing soft tissues and
crushing insect exoskeletons. This type of molar is retained
in all groups feeding on insects, such as many marsupials, ten-
recs, macroscelids, true insectivores such as moles, shrews or
hedgehogs, bats, tree shrews, and prosimian primates, but the
design of the molar teeth is often extensively rearranged in
other groups. The multicuspidate structure of molars bears
enormous potential for morphogenetic and functional re-
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Many young mammals practice skills needed for survival. These lion
cubs practice hunting in the grass. (Photo by K. Ammann. Bruce Cole-
man, Inc. Reproduced by permission.)

arrangements, one of the prerequisites of the large diversity
of feeding adaptations in mammals. (33) Mammalian denti-
tion is diphyodont. This means that there are two generations
at each tooth position (except for molars): the milk or decid-
uous teeth of the young and the permanent teeth of an adult
mammal. Diphyodonty solves a functional-morphological
dilemma: the size of teeth, an essential factor in feeding effi-
ciency, is limited by the size of the jaws. While the jaws can
grow extensively, the posteruption size of the teeth cannot be
changed due to the rigidity of their enamel cover, which is
the essential quality of a tooth. With diphyodonty, the size
of the late erupting permanent teeth can be maximized and
adapted to adult jaw size while the deciduous dentition pro-
vides a corresponding solution for the postweaning period.
Dental morphology and the patterns of tooth replacement are
specifically modified in some clades. In marsupials, only one
milk tooth—the last premolar—comes in eruption, while the
others are resorbed prior to eruption. Dolphins, aardvarks,
and armadillos have a homodont dentition without any tooth
replacement. No tooth replacement occurs in small and short-
living mammals with greatly specialized dentition, such as
shrews or muroid rodents (deciduous teeth are resorbed in-
stead of eruption), while in some large herbivores tooth re-
placement can become a continuous process by which the
tooth row enlarges gradually by subsequent eruption of still
larger molar teeth in the posterior part of the jaws. In ele-
phants and manatees, this process includes a horizontal shift
of the erupting tooth, which thus replaces the preceding cheek
tooth. All these processes are well synchronized with the
growth of jaws, the course of tooth wear, and subsequent pro-
longing of time available for tooth development. (34) A gen-
eral enlargement of the brain related perhaps not only to an
increase in the amount of sensory information and/or a need
to integrate sensory information from different sources, but
also to more locomotory activity, high versatility in locomo-

9



What is a mammal?

Vol. 12: Mammals |

A cheetah (Acinonyx jubatus) chases a Thomson's gazelle (Gazella thomsonii). The cheetah is the fastest land animal and can reach speeds of
70 mph (113 kph). (Photo by Tom Brakefield. Bruce Coleman, Inc. Reproduced by permission.)

tory functions, a greatly diversified social life, and a consid-
erably expanded role for social and individual learning. (38)
The extended spectrum of behavioral reactions and their in-
terconnections with an increased capacity of social and indi-
vidual learning and interindividual discrimination should also
be mentioned. In fact, this characteristic is very significant for
mammals, as are the following two: (39) Growth is terminated
both by hormonal control and structural factors. The most
influential structural aspect of body growth is the appearance
of cartilaginous epiphyseal discs separating diaphyses and epiphyses
of long bones. With completed ossification, the discs disap-
pear and growth is finished. Corresponding mechanisms de-
termine the size of the skull (except in cetaceans, which have
a telescoped skull in which the posterior bones of the cranium
overlap each other). (40) Sex is determined by chromosomal
constitution (XY system, heterogametic sex is a male).

Almost all of these (and other) characteristics undergo sig-
nificant variations and their modifications are often largely
specific for particular clades of mammals. What is common
for all is perhaps that in mammals all the characters are more
densely interrelated than in other groups (except for birds).
The morphological adaptations related to locomotion or feed-
ing are often also integrated for social signaling, physiologi-
cal regulation, or reproductive strategy, and often are
controlled by quite distant and non-apparent factors. Thus,
the excessive structures of ruminant artiodactyls, such as the
horns of bovids and antlers of deer, are undoubtedly signifi-
cant in social signaling, in courtship and display behavior, and
frequently are discussed as excessive products of sexual selec-
tion. However, the proximate factor of these structures, the
hereditary disposition for excessive production of mineralized
bone tissue, can actually be selected rather by its much less
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obvious effect in a female: her ability to produce a large, ex-
tremely precocial newborn with highly mineralized long
bones that enable it to walk immediately after parturition. The
female preference for the excessive state of the correlated
characters in a male, his large body size and display qualities,
possibly supported by social learning, supplement the mech-
anisms of the selection in quite a non-trivial way. Such a
multi-layered arrangement of different factors included in a
particular adaptation is indeed something very mammalian.

A paleontologist answers: The product of the
earliest divergence of amniotes and index fos-
sils of the Cenozoic

Mammals are the only extant descendants of the synap-
sids—the first well-established group of amniotes, named af-
ter a rounded temporal opening behind the orbit bordered by
the jugale and squamosum bones. Since the beginning of am-
niotes, evolution of synapsids proceeded separately from the
other amniotes, which later diversified in particular reptile
lineages including dinosaurs and birds. The first amniotes
recorded from the middle Carboniferous (320 million years
ago) were just synapsids and just this clade predominated in
the fossil record of the terrestrial vertebrates until the early
Triassic. A large number of taxa appearing among early synap-
sids represented at least two different clades: Eupelycosauria
and Caseasauria. The former included large carnivorous
forms and the latter were generalized small- or medium-sized
omnivores. Since the middle Permian (260 mya), another
group of synapsids called Therapsida dominated the terres-
trial record. In comparison with pelycosaurs, therapsids had
much larger temporal openings, a single pair of large canines,
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and clear functional and shape differences between the ante-
rior and the posterior teeth. Two lineages of that group, Di-
cynodontia and Cynodontia, survived the mass extinction at
the Permian/Triassic boundary (248 mya).

Immediate ancestors of mammals are found among the
cynodonts. Mammals are closely related to cynodont groups
called tritylodontids and trithelodontids, which first ap-
peared during the late Triassic. All three groups, including
mammals, had additional cusps on posterior teeth, a well-
developed ramus mandibulae, and a complete secondary
palate. In some of them (Diarthrognathus), the jaw joint was
formed both by the original articulation (articulare-quadra-
tum) and by the mammal-like process (dentary-squamosal).
In the oldest true mammals, the former jaw articulation is
abandoned and removed in the middle ear. These characters
are the index diagnostic features of a mammal in the fossil
record (no. 23, 26, 27 of the above list).

The oldest mammals, Sinoconodon, Adelobasileus, Kuebneo-
therium, or Morganucodon (about 200-225 million years old),
were all very small, with long heterodont dentition and a tri-
angular arrangement of molar cusps designed for shearing.
They were most probably quite agile night creatures resem-
bling today’s insectivores. The relative brain volume in the
earliest mammals was close to that found in extant insecti-
vores and about three times higher than in cynodonts. Of
course, they still differed from the modern mammals in many
respects. The derived characters of modern mammals (as re-
viewed in the preceding text) did not evolve together but were
subsequently accumulated during the long history of synap-
sid evolution.

In contrast to the medium- to large-sized diurnal dinosaurs,
birds, and other reptiles that had dominated the terrestrial
habitats, the early mammals were quite small, nocturnal crea-
tures. Nevertheless, since the Jurassic period they grew in
greatly diversified groups and at least four lineages of that
radiation survived the mass extinction at the Cretaceous/
Tertiary boundary (65 mya). Three of these groups, mono-
tremes, marsupials, and placentals, are extant; the fourth
group, multituberculates, survived until the end of Oligocene.
Multituberculates resembled rodents in design of dentition
(two pairs of prominent incisors separated from a series of
cheek teeth by a toothless diastema), but their cheek teeth and
skull morphology were quite different from those in any other
groups of mammals.

The major radiation of mammals appeared at the begin-
ning of Tertiary, in the Paleocene. That radiation produced
many groups that are now extinct (including nine extinct or-
ders) as well as almost all the orders of modern mammals. Dur-
ing the Paleocene and Eocene, other groups occupied the
niches of current mammalian groups. In Eurasia and North
America it was Dinocerata, Taeniodonta, and Tillodontia as
herbivores and Pantodonta and Creodonta as their predators.
All these are extinct lineages not related to any of the recent
orders. The most isolated situation was in Australia, which had
been cut-off from the other continents since the Cretaceous
and was not influenced by the intervention of the eutherian
mammals. The mammalian evolution in South America after
its separation from Africa at the early Paleocene was equally
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isolated. Besides the marsupials (clade of Ameridelphia) and
edentates with giant glyptodonts, mylodonts, and megalony-
chids, whose relatives survived until recently, a great variety
of strange eutherians appeared here during the Paleocene and
Eocene. This includes the large herbivores of the orders No-
toungulata, Astrapotheria, Litopterna, and Xenungulata, as
well as the Pyrotheria (resembling proboscideans) and their
giant marsupial predators, such as Thylacosmilus, resembling
the large saber-toothed cats. The mammalian fauna of South
America was further supplemented by special clades of hys-
tricognathe rodents, haplorhine primates, and several clades
of bats, particularly the leaf-nosed bats. These groups proba-
bly entered South America during the Paleocene or Eocene
by rafting from Africa. The evolution in splendid isolation of
South America terminated with the appearance of a land bridge
with North America some 3 mya, which heavily impacted the
fauna of both continents. The impact of African and Asian
fauna on the European mammalian evolution by the end of
Eocene was of a similar significance.

It is important to remember that the fossil record of mam-
mals, including detailed pathways of evolutionary divergences
and/or the stories of particular clades, is much more complete
and rich in information than in any other group of vertebrates.
This is due to the fact that the massive bones of mammals,
and in particular their teeth, which provide most information
on both the relationship and feeding adaptation of a taxon, are
particularly well suited to be preserved in fossil deposits. Due
to this factor, the fossil record of mammals is perhaps the most
complete among the vertebrates. Also, during the late Ceno-
zoic, Neogene, and Quaternary, the fossil record of some
mammalian groups (such as rodents, insectivores, and ungu-
lates) is so rich that the phylogeny of many clades can be traced
in surprisingly great detail by the respective fossil record. For
the same reason, some of these fossils (e.g., voles in the Qua-
ternary period) are the most important terrestrial index fossils
and are of key significance not only for local biostratigraphies
and precise dating of the late Cenozoic deposits, but also for
large-scale paleobiogeography and even for intercontinental
correlations. The late Cenozoic period is characterized by
gradually increasing effects of climatic oscillations, including
repeated periods of cold and dry climate—glacials—followed
by the evolution of grass and the treeless grassland country.
Many clades of mammals responded to these changes and pro-
duced the extreme specialists in food resources of the glacial
habitats, such as mammoths, woolly rhinos, lemmings, cave
bears, and cave lions.

The most diversified animals

There are about 4,600 species of mammals. This is a rel-
atively small number compared to the 9,600 species of birds
or 35,000 fish species and almost nothing in comparison to
about 100,000 species of mollusks or some 10,000,000 species
of crustaceans and insects. Even such groups as extant rep-
tiles (with 6,000 species) and frogs (with about 5,200 species)
are more diversified at the species level. Nevertheless, in
diversity of body sizes, locomotory types, habitat adaptations,
or feeding strategies, the mammals greatly exceed all that is
common in other classes.
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Only birds and arthropods may approach such variety.
However, at least in diversity of body size, the mammals
clearly surpass even them. The body mass of the largest ex-
tant terrestial mammal—the African elephant Loxodonta
africana— with shoulder height of 11.5 ft (3.5 m), reaches to
6.6 tons (6,000 kg). The extinct rhinocerotid Baluchitherium
was about 18 ft (5.5 m) and 20 tons (18,000 kg), respectively.
The largest animal to ever appear—the blue whale (Ba/-
aenoptera musculus)—with up to 98 ft (30 m) in length, reaches
220 tons (200,000 kg). In contrast to dinosaurs or elesmo-
branchians, which also produced quite large forms, the aver-
age mammal is a small animal the size of a rat, and the smallest
mammals such as a pygmy white-toothed shrew (Suncus etrus-
cus) or Kitti’s hog-nosed bat (Craseonycteris thonglongyai) have
a body length of just 1.2-1.6 in (3—4 c¢m) and weigh only 0.05-
0.07 oz (1.5-2 g).

Mammals colonized almost all habitats and regions on the
Earth. They now feed on flying insects hundreds of meters
above the ground; jump through foliage in the canopy of a
tropical forest; graze in lowland savannas and high mountain
alpine meadows; hunt for fish under the ice cover of arctic
seas; burrow the underground labyrinths to feed on diverse
plant roots, bulbs, or insects; cruise the world’s oceans, or
dive there to depths of 1.8 mi (3 km) in the hunt for giant
squid. Some even sit by a computer and write articles like
this.

About 4,600 species of mammals are arranged in approxi-
mately 1,300 genera, 135 families, and 25 orders. Rodents with
1,820 species, 426 genera and 29 families are far the largest
order, while in contrast, 8 orders include less than 10 species,
and four of them are even monotypic (Microbiotheria, Noto-
ryctemorphia, Tubulidentata, Dermoptera). Although inter-
relationship among individual orders is still the subject of a
vivid debate, three major clades of mammals are quite clear:
monotremes (2 families, 3 genera, 3 species), marsupials (7 or-
ders, 16 families, 78 genera and 280 spp.), and eutherian or
placentals (17 orders, 117 families, 1,220 genera, 4,300 spp.),
the latter two clades are together denoted as Theria.

The essential differences among the three major clades of
mammals are in mode of their reproduction and patterns of
embryonic development. Monotremes (platypus and echid-
nas), restricted to the Australian region, show only little dif-
ference from their ancestral amniote conditions. They deliver
eggs rich in yolk, and incubate them for 10 to 11 days. Young
hatch from the egg in a manner similar to birds. Monotremes
also retain the reptile conditions in the morphology of the re-
productive system: the ovary is large and short oviducts come
via paired uteri to a broad vagina, which opens with the uri-
nary bladder and rectum into a common cloaca. Except for
monotremes, all mammals are viviparous with intrauterine
embryonic development and have quite small eggs, poor in
yolk (particularly in eutherians).

There are essential differences between marsupials and
eutherians in the earliest stages of embryonic development,
as well as in many other characteristics. The reproductive
tract in a female marsupial is bifurcated (with two vaginas),
and also the tip of the penis in a male marsupial is bifurcated.
Many marsupials have a marsupium, the abdominal pouch
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for rearing young, supported with the marsupial epipubic
bones that are present in both sexes. The marsupial in-
trauterine development is very short and the embryo is at-
tached to the uterine endometrium by the choriovitelline
(yolk) placenta that lacks the villi penetrating deeper in the
wall of uterus (except in bandicoots). The marsupial new-
borns are very small and little developed, and birth is non-
traumatic. In contrast, the lactation period is much longer
than in eutherians (only bats and some primates have pro-
portionally long lactation periods). Nevertheless, the
mother’s total investment by the time of weaning young is
roughly equal in both clades, but its distribution is different.
The marsupial strategy is much less stressful for a mother
and allows an extensive variation in tactics of reproduction.
For instance, in the kangaroo, a mother can have three gen-
erations of young at one time: the young baby returning to
drink low-protein but high-fat milk, the embryo-like young
attached to a nipple nourished with high-protein but low-fat
milk, and an embryo in the uterus for which development is
delayed until the second-stage young is released.

A key agent of eutherian reproduction is the highly spe-
cialized organ supporting a prolonged embryonic develop-
ment—the chorioallantoic placenta. Eutherian newborns are
large and despite considerable variation over particular clades,
are potentially capable of an independent life soon after birth.
Large herbivores such as elephants, perissodactyls, and artio-
dactyls, as well as cetaceans, sirenians, hyraxes, and some pri-
mates, deliver single, fully developed newborns with open
eyes, ears, and even the ability to walk immediately after birth.
Such a newborn is called precocial in contrast to the altricial
newborns of insectivores, bats, rodents, or carnivores, which
are hairless, blind, and fully dependent on intensive mother’s
care. Both developmental strategies may, of course, appear
within one clade as in lagomorphs (large litters and altricial
young in a rabbit versus small litters and precocial young in
a hare). Variations in reproductive strategies are closely in-
terconnected with numerous behavioral adaptations and adap-
tations in social organization and population dynamics, all of
which contribute significantly to mammalian diversity.

Recent molecular data strongly support the essential role
of geographic factors in phylogenetic history and in taxo-
nomic diversity of mammals. Thus, there is very strong sup-
port for the African clade Afrotheria, which is composed of
the tenrecid and potamogalid insectivores, golden moles,
macroscelids, aardvark, hyraxes, proboscideans, and sirenia.
Also, the extensive covergences between Australian marsupi-
als and particular eutherian clades and/or the paleontological
data on mammalian evolution on particular continents sug-
gest that on each continent, the adaptive radiation produced
quite similar life forms: small to medium sized insectivores,
rodent-like herbivores, large herbivores, and their predators.
The niche of large herbivores seems to be particularly attrac-
tive (at least 18 different clades attained it) but at the same
time, it is perhaps the most dangerous (13 of them are extinct).

Nearly one fourth of all mammals fly. This is pertinent to
a number of species, the number of genera, and perhaps for
the number of individuals as well. Bats, with more than 1,000
species in 265 genera, are the most common mammals in
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The manatee (Trichechus manatus) is primarily herbivorous. Here a mother nurses her young. (Photo by Jeff Foott. Bruce Coleman, Inc. Repro-
duced by permission.)

many tropical and subtropical habitats. Mostly active at night,
bats hunt for various kinds of aerial prey (a basic strategy of
the clade) or feed on fruit, nectar, or pollen. Some bats feed
on frogs, reptiles, or other bats, and in the tropics of South
America, the total biomass of bats exceeds that of all other
mammals. Several Old World bats, such as false vampires,
feed on small vertebrates, while others feed on fish plucked
from the water surface. Frugivorous and nectarivorous bats
are the essential agents for pollination and seed dispersal of
many tropical plants, including banana and mango. Bats are
often very social and form large colonies, including the largest
assemblies known in mammals, such as the maternity colony
of about 36 million Mexican free-tailed bats in Bracken Cave
in Texas.

However, most of the extant mammals (nearly a half of
all genera) maintain the basic mammalian niche. They are
terrestrial, mostly nocturnal or crepuscular, and forage for
different food resources that are available on the ground. In
a tropical forest this may be seeds and fruits falling down
from the canopy and the invertebrate or vertebrate animals
feeding on them. In the subtropics and temperate regions,
the significance of this habitat increases as the soil surface
becomes the most significant crossroads of ecosystem me-
tabolism. In a temperate ecosystem, the soil is the major con-
veyer of the energetic flow and an important source of free
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energy that is available in a variety of food resources. It is no
wonder that in the temperate regions terrestrial mammals
form more than half of the local mammalian taxa (while it is
one third or less in the tropics) and that their densities ex-
ceed those of all remaining mammalian species. Among them
we find the groups that are the most progressive and most
rapidly diversifying clades of the extant mammals (such as
shrews or muroid rodents). Terrestrial mammals are, as a
rule, quite small animals, and are often the r-strategists. They
have short life spans, large litter sizes, several litters per year,
and rapidly attain sexual maturity, sometimes even a few
weeks after birth. Most of the small ground mammals dig un-
derground burrows for resting. This reduces not only the risk
of predation, but due to stable microclimatic conditions of
the underground habitat, it also reduces metabolic stress by
ambient temperature or by daytime changes in other weather
conditions. Many mammals also tend to spend a consider-
able part of their active life underground, including food
gathering. Those that combine it with terrestrial foraging are
called semifossorial—most of the 57 genera of semifossorial
mammals are rodents. Those that are entirely adapted to an
underground way of life and often do not come above ground
at all are called fossorial. The fossorial adaptations, which
make them all quite similar in general appearance, are seen
in 35 genera of 13 different clades and evolved convergently
in all major geographic regions (Australian marsupial mole,
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Holoarctic true moles, the African golden moles, and 10
groups of rodents in Holoarctic, Ethiopian, and Neotropical
regions). Compared to their relatives, the fossorial mammals
are all the K-strategists, some with pronounced tendencies
to complex organization (mole rats).

The mammals also evolved another way to inhabit terres-
trial habitats. It is called scansorial adaptation and is typical
of large herbivores with an enormous locomotory capacity,
enabling them to exploit distant patches of optimal resources
and react actively to seasonal changes in them. In many in-
stances these are social animals living in large nomadic herds.
Kangaroos, the large macropodid marsupials of Australia, ex-
hibit this scansorial adaptation. They move rapidly around
their terrestrial habitat by hopping bipedally on their long,
powerful hind legs, using their long tails for balance.

Locomotory modes are entirely different in the 156 gen-
era of mammals that forage in arboreal habitats. Essentially
arboricolous are primates, dermopterans, and tree shrews, as
well as many marsupials, rodents, bats, and some edentates and
carnivores. Typical for most of them are long forelimbs and a
long tail, often prehensile. Other arboricolous mammals have
a haired membrane between their legs, enabling them to glide
between tree trunks. The mammals equipped for such gliding
flight include flying lemurs (Dermoptera), several groups of
rodents (flying squirels, African anomalurids), and three gen-
era of marsupials.

Roughly 107 genera and 170 species are aquatic or semi-
aquatic and mostly fish-eating. Three grades can be distin-
guished here: (1) terrestrial animals that enter aquatic habitats
only temporarily for feeding only (African otter shrews, Old
World water shrews, desmans, water opossum, more clades
of rodents, including large rodents such as beaver and capy-
bara, and several clades of carnivores, particularly otters); (2)
marine mammals that spend most of their life in aquatic habi-
tats but come to shore for breeding (all pinnipedian carni-
vores, such as seals, sea lions and walruses, and sea otters);
and (3) the exclusively aquatic mammals incapable of surviv-
ing outside of the aquatic environment—sirenians and
cetaceans. The latter group is quite diversified, and includes
78 species in 41 genera that can be subdivided into two ma-
jor clades: Mysticeti, whales that filter marine plankton with
baleen plates hanging from roof of the mouth cavity, and
Odontoceti, dolphins and toothed whales, which echolocate
and feed on fish or squid (including the giant deep-sea ar-
chiteuthids as in the sperm whale). Cetaceans evolved various
sophisticated adapatations for prolonged diving into deep
oceanic waters, such very economic ways of gas exchange that
include a reduced heart rate during diving and more oxygen-
binding hemoglobin and myoglobin in blood than in other
mammals. Cetaceans, though closely related to non-ruminant
artiodactyls and recently included together with them in a
common order, Cetartiodactyla, diverge from the common
picture of “what is a mammal?” perhaps most of all.

The extreme diversity in feeding adaptations is among the
most prominent characteristics of mammals. Feeding special-
izations such as grazing grass or herbal foliage, palynovory
(eating pollen of plants), myrmecophagy (specialized feeding
on ants and termites), and sanguivory (feeding on blood of
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birds and mammals, in five species of true vampires) are not
known from any other vertebrates. At the same time, all the
feeding adaptations occurring in other vertebrate clades oc-
cur also among mammals.

In all mammals, the efficiency of a feeding specialization
depends upon the appropriate morphological, physiological,
and behavioral adaptations. First, it concerns the design of the
teeth and dentition. The generalized heterodont dentition and
the tribosphenic molar teeth designed for an insectivorous diet
(as retained in various marsupials, insectivores, tree shrews,
prosimian primates, and bats) can be easily modified to the
carnivorous diet. A carnivorous diet further demands enlarg-
ing the size of the canines and arrangements that increase the
shearing effect of cheek teeth. A lower position of the jaw joint
increases the powered action of temporal muscles at the ante-
rior part of dentition, and in extremely specialized carnivores
such as cats, the dentition is then considerably shortened and
reduced except for canines and the carnasial cheek teeth (the
last upper premolar and the first lower molar, generally the
largest teeth of carnivores). There is no problem with digest-
ing the tissues of vertebrates and thus no special arrangements
of the alimentary tract are needed.

In contrast, herbivores, especially those specialized in feed-
ing on green plant mass, require a modified jaw design. This
kind of food is everywhere and easily accessible as a rule, but
it is extremely difficult to digest for several reasons. One is
that this diet is very poor in nutritive content and must be
consumed in very large volumes; it must also be broken down
mechanically into small particles. Hence, the dentition is
overburdened by wear of occluding teeth and their abrasion
with hard plant tissue. Efficiency of feeding depends directly
on the design of the tooth crown, on the size of total area for
effective occlusion, and the efficiency of masticatory action.
Large teeth with flat surfaces and high crowns resistant to in-
tensive wear are particularly required.

The major problem with a diet of plants is that mammals
(as well as other animals) do not produce enzymes that break
down cellulose. They must rely on symbiotic microorganisms
residing in their alimentary tract, evolve an appropriate hous-
ing for them, and ensure a sufficient time for proper food fer-
mentation. The mammals evolved several ways to fulfill these
requirements. One is the foregut fermentation (digastric di-
gestion system) characteristic of ruminant artiodactyls (bovids,
cervids), kangaroos, and colobus monkeys. The fermentation
chambers are situated in spacious folds of the stomach; from
these fermentation chambers the partially fermented food can
be regurgitated and chewed during a rest period, which also
prolongs the movement of food through the gut. The mi-
croorganisms detoxify alkaloids by which growing plants de-
fend against herbivores prior to digestion, but are very sensitive
to tanins contained in the dry plant tissues. The foregut fer-
menters avoid dry plants but feed on growing parts of plants,
selectively cut with the tongue and lips (ruminants even lack
the upper incisors).

Perissodactyls, rodents, lagomorphs, hyraxes, and elephants
evolved hindgut fermentation (monogastric digestion system),
where fermenting microorganisms are housed in the caecum
and large intestine. Food is not regurgitated and all mechan-
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ical disintegration of food must be performed at one mastica-
tion event. Except for caeca, the passage of food through the
gut is almost twice as fast as in the foregut fermenters. Hindgut
fermenters can survive on a very low-quality food, if it is avail-
able in large quantity. They can effectively separate the tanins
and dry plant mass, both of which decrease the efficiency of
the foregut fermenting. Correspondingly, the foregut and
hindgut fermenters prefer different parts of plants and can
both forage in the same habitats without any actual competi-
tion. The latter are, of course, under more intense pressure to
evolve further adaptations to compensate for the energetic dis-
advantages of their digestion. One of them is extreme en-
largement of caeca (as in rodents); another is considerable
increase in the height of cheek teeth (maximized in several
clades of lagomorphs and rodents, in which cheek teeth are
hypselodont, or permanently growing). The third way is an
increase in body size. This enlarges the length of the alimen-
tary tract and prolongs the passage of food through it, while
at the same time it reduces the rate of metabolism. The be-
havioral reduction of metabolic rate by a general decrease of
activity level as in foliovore (leaf-eating) sloths or the koala
produces the same results.

The gradual increase in body size is a feature of mam-
malian evolutionary dynamics, as it was repeatedly demon-
strated by the fossil record of many clades. This is seen in
most eutherians (not only in the herbivorous clades), but is
much less apparent in marsupials. It seems that in addition
to the common factors promoting a larger body size (a re-
duced basal metabolic rate, smaller ratio of surface area to
body mass, and smaller heat transfer with ambient environ-
ment), something else comes into play, something which has
to do with the essential differences of both the clades. This
is the enormous stress of the eutherian way of reproduction.
While intrauterine development is short and a litter weight
is less than 1% of the mother body mass in a marsupial, the
eutherian female must endure a very long pregnancy and the
traumatic birth of a litter that in small eutherians such as in-
sectivores, rodents, or bats, may weigh 50% of the mother’s
body mass.

With enlarging body size, the stress of pregnancy and par-
turition is reduced as the size of a newborn is relatively
smaller (compared with 3-5% of a mother’s mass in large
mammals and 10-20% in smaller mammals). With a reduc-
tion of litter size, it further provides a chance to refine the
female investment and deliver fully developed precocial
young, as in ungulates or cetaceans. This aspect of mam-
malian adaptation and diversity should remind us that per-
haps the ways in which a female does manage the stress of
eutherian reproduction (the factor that magnified the
strength of selection pressure) became the most influential
source of viability of our clade.

Neighbors, competitors, and friends

Mammals and humans have been the closest relatives and
nearest neighbors throughout the entire history of hu-
mankind. Mammals contribute essentially to our diet and we
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keep billions of domesticated mammals solely for that pur-
pose. Hunting mammals for protein-rich meat became an es-
sential background factor in human evolution several million
years ago. More recently, the discovery of how to get such
animal protein in another way started the Neolithic revolu-
tion some 10,000 years ago. The symbiotic coexistence with
herds of large herbivores—which included taking part in
their reproduction and consuming their milk and offspring—
ensured the energetic base for a considerable increase in the
human population of that time and became one of the most
important developments in human history. Moreover, the
other essential component of the Neolithic revolution may
be related to mammals. Feeding on seeds of grass and stor-
ing them in the form of a seasonal food reserve could hardly
have been discovered without inspiration from the steppe
harvesting mouse (Mus spicilegus) and its huge corn stores or
kurgans, containing up to 110 Ib (50 kg) of corn. The the-
ory that humans borrowed the idea of grain storage from a
mouse is supported by the fact that the storage pits of Ne-
olithic people were exact copies of the mouse kurgans. Mam-
mals have even been engaged in the industrial and
technological revolutions. Prior to the steam engine and for
a long time in parallel with it, draft animals such as oxen,
donkeys, and horses were a predominant source of power not
only for agriculture, transport, and trade, but also for min-
ing and early industry. Indeed, our civilization arose on the
backs of an endless row of draft mammals.

At the same time, many wild mammals have been con-
sidered dangerous enemies of humans: predators, sources of
epizootic infections, or competitors for the prey monopo-
lized by humans. Many mammals were killed for these rea-
sons, while some were killed merely because we could kill
them. As a result, many species of wild mammal were dras-
tically reduced in numbers leading to their local or global
extinctions. The case of the giant sea cow (Hydrodamalis stel-
leri) is particularly illustrative here, but the situation with
many other large mammals, including whales, is not much
different. The introduction of cats, rats, rabbits, and other
commensal species to regions colonized by humans has badly
impacted the native fauna many times, and the industrial
pollution and other impacts of recent economic activity act
in a similar way on a global scale. About 20% of extant mam-
malian species may be endangered by extinction, mostly due
to the destruction of tropical forest.

However, since the Paleolithic, humans also have kept
mammals as pets and companions. Even now, the small car-
nivores or rodents that share our houses bring us a great deal
of pleasure from physical and mental contact with something
that, despite its apparent differences, can communicate with
us and provide what often is not available from our human
neighbors—spontaneous interest and heartfelt love. Contact
with a pet mammal may remind us of something that is al-
most forgotten in the modern age: that humans are not the
exclusive inhabitants of this planet, and that learning from the
animals may teach us something essential about the true na-
ture of the world and the deep nature of human beings as
well.
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Ice Age giants

During the latter half of the Ice Ages, the Pleistocene, in
response to the slow pulsation of continental glaciers, there
evolved unique large mammals—man included. In their biol-
ogy and appearance they diverged from anything seen earlier
in the long Tertiary, the Age of Mammals. They did not
merely adapt to the increasingly seasonal climates and greater
extremes in temperature and moisture. Rather, in the sheer
exuberance and breadth of their adaptations, they reflected
both the new ecological riches and soil fertility generated by
glacial actions as well as the long successions of biomes they
evolved in prior to life in the face of glaciers. Their novelty
resides in novel opportunities and seasonal resource abun-
dance in the environments shaped by these glaciers. It is this
which gave rise to their oddness in shape and biological ec-
centricity, which shaped many into giants, and which ushered

in the Age of Man.

The Pleistocene epoch is the latter half of the Ice Ages and
is characterized by major continental glaciations, which be-
gan about two million years ago. There have been about 20
of these. Minor glacial events building up to the major glacial
periods characterized the latter part of the Pliocene epoch.
The evolutionary journey of mammalian families that suc-
ceeded in adapting to the cold north began in moist tropical
forests. It proceeded stepwise into tropical savanna, dry grass-
lands at low latitudes, and then either into the deserts or into
temperate zones at higher latitudes and altitudes. From there
it continued into the cold, but fertile environments formed
through glacial action and on into the most inhospitable of
cold environments: the tundra, the alpine, and the polar
deserts. Such extreme environments developed with the great
continental glaciations that cycled at roughly 100,000 year in-
tervals between cold glacial and warm interglacial phases.
There was massive ice buildup in the Northern Hemisphere
during the former with a concomitant shrinkage of oceans
and severe drop in ocean shorelines. During inter-glacials
there was glacial melt-off, followed by a re-flooding of the
ocean to roughly the current level. We live today towards the
end of an interglacial period. The well-differentiated latitu-
dinal climatic zones we take for granted are a characteristic
of the Ice Ages we live in; during the preceding Tertiary pe-
riod there were tropical forests in what are today polar deserts.
Consequently, adaptations to the extreme environments of
the Ice Ages are relatively new.
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Species adapted to cold and glacial conditions are new be-
cause the environments generated by huge continental glac-
iers became extensive only in the Pleistocene. That was new.
Habitats formed by small mountain glacier are, of course, old,
but large glaciations allowed the spread of what once were
rare ecosystems. Also new is a sharp climatic gradient between
equator and poles, generating latitudinal successions of bio-
mes with increasing seasonality, terminating in landscapes of
glaciers and snow.

Glaciers are “rock-eaters” that grind rock into fine pow-
der. This ground rock is spewed out by the glacier with melt
water and flows away from glacial margins as silt. When the
seasonal glacial melting declines and the freshly deposited silt
dries under the sun’s rays, it turns to fine dust which the winds
blowing off the glaciers carry far, far away. Glacial times are
dusty times. In the ice cores from Greenland glaciers, the
glacial periods are characterized by their dust deposits. This
wind-born dust is called by the German term “loess.” The
ecological significance of glacial dust lies first and foremost
in its fertility. Loess has high pH levels. Where it falls day af-
ter day it forms into the fertile loess-steppe. Silt and loess are
deposited in lakes and deltas. After the lakes drain, there re-
main fertile deep-soils deposits. These Pleistocene loess and
silt deposits in Eurasia and North America, as well as the on-
going deposition of glacier-ground silt along major rivers such
as the Nile, Mekong, or Yellow River, are not merely today’s
grain baskets, but the very foundations of great civilizations.
The silt and loess deposits form rich virgin soils, unleached
and undepleted of their soluble mineral wealth. These young,
fertile soils foster rich plant growth wherever there is sun-
shine and moisture.

Glaciers generate their own climates. They foster kata-
batic, that is, warm winds blowing away from the glacier. On
the melt-off edges they foster clear skies and sunshine. We
still see such climates along the ice fronts of the large moun-
tain glaciations in the western Yukon and Alaska, along with
abundant, diverse, and productive flora and fauna. Glaciers
are not hostile to life.

Along these ice fronts we also see that when melt-water
retreats, lenses of alkali mineral salts form in the silt depres-
sions due to evaporation. These “saltlicks,” composed largely
of sulfate salts, are avidly visited by large herbivores and
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A skeletal comparison of a mastodon (left), modern elephant (center), and a woolly mammoth (right). (Photo by © David Worbel/Visuals Unlim-
ited, Inc. Reproduced by permission.)

carnivores. The inorganic sulfur is converted in the gut by
bacteria into sulfur bearing amino acids, cysteine and me-
thionine, the primary amino acids for the growth of connec-
tive tissues, body hair, hooves, claws, horns, and antlers. Salt
licks are avidly visited by lactating females and by all during
the shedding and re-growth of a new coat of hair. They are
essential for the growth of luxurious hair patterns and huge
horns and antlers. These “evaporite lenses” are covered by
more and more loess, becoming part of deep loess deposits.
When water cuts through such deposits forming steep loess
cliffs, these evaporates attract big game which gradually dig
deep holes into loess cliffs.

The Pleistocene loess steppe is a haven for large grazers
due to its fertility. It has been called the “mammoth steppe”
based on remains of woolly mammoth associated with it, as
well as an “Artemisia steppe” based on the fact that many
species of sage thrive here. This fertile steppe was also home
to wild horses, long-horned bison, camels, reindeer, saiga an-
telopes, giant deer, and wapiti, as well as wolves, hyenas, li-
ons, saber-toothed cats of two species, and several species of
bears. We may also call it the “periglacial” environment. It
was extensive during glaciations. During the interglacial warm
periods, without the fertilizing effect of glacial silt and loess,
the acid tundra, alpine, polar deserts, and boreal forest were
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prevalent. Thus the development of diverse cold environ-
ments, some greatly affected by glacial actions and seasonally
quite productive, invited the colonization by new types of
mammals able to cope with the biological riches and the cli-
matic hardships.

The evolutionary progression towards Ice Age giants be-
gins in the tropical forests with old, primitive parent species
that are, invariably, defenders of resource territories. They
are recognizable as such by their weapons, which are special-
ized for injurious combat: long, sharp canines or dagger-like,
short horns. Property defense is based on expelling intruders
by inflicting painful injuries that also expose the intruder to
greater risk of predation. Both males and females may be
armed and aggressive. They escape predators by taking ad-
vantage of the vegetation for hiding or climbing and are ex-
cellent jumpers that can cross high hurdles.

In the subsequent savanna species the “selfish herd” be-
comes prominent as a primary security adaptation against pre-
dation. This is associated with a dramatic switch in weapon
systems and mode of combat. That is, as individuals become
gregarious, they fight mainly via wrestling or head-butting,
and minimize cuts to the body that could attract predators.
They also evolve “sporting” modes of combat, sparring
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matches, in which there are no winners or losers. This is a
novelty permitted by the new mode of combat. Moreover, rel-
ative brain size increases, probably as a response to more com-
plex social life. With adaptation to greater seasonality the
species evolves the capacity to store surpluses from seasons of
abundance into seasons of scarcity. That is, individuals de-
velop the capacity to store significant amounts of body fat.
Their reproduction tracks the seasonal growth of plants,
whether triggered by rain falls or seasonal temperatures.
Their mode of locomotion changes to deal with the preda-
tors of the open plains. They may evolve fast running, with-
out giving up their ancestral ability to jump and hide in
thickets.

As evolution progresses to the wide-open, grassy steppe,
the plains-adapted species evolves capabilities to deal with low
temperatures. Seasonal hair coats evolve. Because of the rich
seasonal growth of forage, individuals experienced a “vaca-
tion” from want and from competition for food, evolving or-
nate hair coats and luxurious secondary sexual organs. This
tended to go along with an increase in body size. Conse-
quently, by the time species evolve in the cold environments
close to continental glaciers, they may be giants of their re-
spective families as well as their most ornate, brainy, and fat
members. We may call these new Ice Age species “grotesque
giants.” They are exemplified by woolly mammoth and woolly
rhino, the giant stag or Irish elk, the moose, caribou or rein-
deer, Przewalski’s horse, Bactrian camels, the extinct cave bear
and giant short-faced bear, and extant Kodiak and polar bear,
and, of course, our own species, Homo sapiens. Compared to
other species within our family or tribe, we are indeed a
grotesque Ice Age giant. Indeed, two human species adapted
to the glacial environments—the extinct Neanderthals and
ourselves. Note: every Ice Age giant is the product of suc-
cessful adaptations to a succession of climates and environ-
ments from tropical to arctic. Thus, they have a wide range
of abilities built into their genomes.

The progression of species from primitive tropical forms
to highly evolved arctic ones is well illustrated in the deer
family, as is the varied nature of gigantism. Moreover, in the
deer family both subfamilies of deer follow the very same evo-
lutionary pattern. In the Old World deer it begins with the
muntjacs, small tropical deer from southern Asia with one or
two pronged antlers and long upper combat canines. They
are largely solitary territory-defenders that escape predators
by rapid bounding (saltatorial running) followed by hiding in
dense cover. They are a very old group dating back to the
mid-Terdary.

The second step in the evolutionary progression is repre-
sented by species of tropical three-pronged deer. These are
adapted to savanna, open wetlands and dry forest. They in-
clude the highly gregarious axis deer, hog deer, rusa and sam-
bar, as well as the swamp-adapted Eld’s deer and barasingha.
These deer too are largely saltatorial runners and hiders, al-
though they favor some open spaces. All have gregarious
phases. All have antlers evolved for locking heads in wrestling
matches. The upper canines are reduced or absent in adults.
There is a split into more gregarious, showy meadow-species
and more solitary forest-edge species. Although these species
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A life-sized woolly mammoth (Mammuthus primigenius) model. (Photo
by Stephen J. Krasemann/Photo Researchers, Inc. Reproduced by per-
mission.)

differ in external appearance, nevertheless the identity of their
body plan is readily apparent. The most gregarious forms have
prominent visual and vocal rutting displays.

The third step in the progression is represented by the
four-pronged deer. These are adapted to temperate climates
with a short, mild winter. Only two species are alive today,
the fallow deer and the sika deer. Besides the increased com-
plexity of antlers, there is a stronger differentiation and showi-
ness of the rear pole. While the three-pronged deer have a
showy tail, the four-pronged deer have a rump patch in ad-
dition. That of the sika deer consists of erectable hair that
may be flared during alarm and flight. These are highly gre-
garious deer with very showy vocal and visual displays.

The fourth step is represented by the five-pronged deer,
all of which are primitive Asiatic subspecies of the red deer.
They are found in regions with a distinctly harsher, colder,
and more seasonal climate than the preceding four-pronged
deer, including in high mountain areas of central Asia. These
deer have progressed still further in the differentiation of the
antlers, body markings, and rump patch and tail configura-
tions. They are also much larger in body size. An evolu-
tionarily advanced branch of red deer of some antiquity is
the European red deer. These feature complex five-pronged
antlers, a neck mane, and larger and more colorful rump
patches.

The fifth step is represented by the six-pronged deer—the
advanced wapiti-like red deer of northeastern Asia and North
America. These are the ornate giants among Old World deer.
They are much more cold-adapted and extend on both con-
tinents beyond 60°N. They occupy periglacial and cold mon-
tane, sub-alpine habitats, are more adapted to grazing than
other red deer, and have a body structure similar to plains
runners. They have the largest rump patch and the shortest
tail, the greatest sexual body color dimorphism, and the most
complex rutting vocalizations.
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The Moreno glacier rises 197 ft (60 m) above Lago Argentino’s water level in the National Park of Los Glaciares in Patagonia, Argentina. (Photo

by Andre Jenny/Alamy Images. Reproduced by permission.)

Of the same evolutionary rank as the six-pronged wapiti
was the now extinct giant stag or Irish elk. It grew the largest
antlers ever and was also the most highly evolved runner
among the deer. Besides the enormous antlers, it had a hump
over the shoulders, a tiny tail, and probably had prominent
body markings judging from cave paintings. It was a resident
of the fertile glacial loess steppe and proglacial lakes. Of the
same evolutionary rank among the New World deer are the
moose and the reindeer, both found in extremely cold cli-
mates. In South America, in the cold southern pampas formed
from loess, cold and plains adapted deer also evolved enor-
mous reindeer-like antlers. They are now extinct.

Among the primates only the hominids leading to Nean-
derthals and modern humans have gone through a similar
mode of evolution. Humans are the only primate that has
been able to penetrate the severe ecological barriers posed by
the dry, treeless steppe. That is what allowed them to spread
into and adapt to northern landscapes. To conquer the tree-
less steppe humans had to be able to escape predation at night
on the ground. They had to provide continually high quality
food to gestating and lactating females irrespective of the sea-
son. Besides evolving the capacity to store very large quanti-
ties of body fat, which became a prerequisite of reproduction,
they developed means to access the subterranean vegetation
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food stores encased in hard soils during the dry season. They
successfully exploited the rich food resources of the inter-tidal
zones and estuaries. Through hunting, they tapped into the
rich protein and fat stores of the large mammals on the steppe.
As the capacity to kill large mammals evolved, weapons de-
veloped that could stun opponents rendering them unable to
retaliate, and cultural controls over killing augmented ancient
biological inhibitions. This is a profound adaptation, and is
thus biologically unique and not found among other mam-
mals. The distinction between doing what is right and wrong
must thus go back to the roots of tool and weapon use about
two million years ago.

Here there is the familiar, step-wise progression from a
tropical, forest-adapted, resource-defending ancestor similar
to a chimp; to the savanna-adapted australopithecines who
greatly reduced the canines—ancestral weapons of territor-
ial defense; to the steppe-adapted Homo erectus, our parent
species. Homo erectus appeared at the beginning of the ma-
jor glaciations almost two million years ago and spread into
cold-temperate zones in Eurasia. Unlike the deer family,
however, which skipped past deserts and went directly into
periglacial, arctic, and alpine environments, human evolu-
tion did not bypass deserts. It appears that with the massive
Penultimate Glaciation beginning about 225,000 years ago,
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Mountain goats (Oreamnos americanus) at a salt lick at Jasper Na-
tional Park, Alberta, Canada. (Photo by © Raymond Gehman/Corbis.
Reproduced by permission.)

which must have led to a maximum spread of deserts in
Africa, Homo sapiens arose out of Homo erectus by adapting to
deserts. Two branches survived to invade and thrive in the
periglacial zones of Eurasia, the enigmatic Neanderthals and
the modern Homo sapiens species. We can thus trace the rise
of a “grotesque giant” primate—ourselves. Man is large in
body, ornate in hair pattern and secondary sexual organs, and
evolved a very large brain. Our reproductive biology depends
on large stores of body fat, and we evolved highly sophisti-
cated displays based on vocal and visual mimicry. Finally, we
developed an insatiable urge to artistically modify everything
we were able to modify, which led to culture. We are thus
part and parcel of a greater evolutionary phenomenon, that
of the Ice Age giants.

However, the tropics too produce giants, represented
among primates by the larger of the great apes, foremost by
the gorilla and orangutan. Tropical giants built on primitive
body plans are, invariably, “coarse food” giants. Small-bod-
ied mammals have a high metabolic rate per unit of mass
compared to large-bodied mammals. This is related to the
fact that to keep a constant core-temperature of about 98.6°F
(37°C), which is essential for optimum enzyme functioning,
small mammals must burn more fuel per unit of mass than
do large mammals. Small mammals, because of the very large
surface to mass ratio, lose heat rapidly compared to large
mammals with their low surface to mass ratio. Consequently,
a mouse must metabolize per unit of mass much more food
than an elephant. In order to maintain the high metabolic
rate required the mouse needs to digest its food very rapidly,
compared to an elephant, and must consequently select only
rich, highly digestible food. Elephants, by comparison, can
teed on very coarse, fibrous food that may remain for some
time in their huge digestive tracts. The same principle ap-
plies to tiny and gigantic tropical primates. The former feed
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on buds, flowers, fruit, insects, etc., while the gorilla feeds
on fibrous, much more difficult to digest vegetation. The
chimpanzee, which stands so close to our ancestral origins,
is somewhere in between large and small, and its omnivorous
food habits reflect that fact.

Ice Age giants reflect totally different conditions. Their
size depends, in part, on the large seasonal surpluses of high
quality food during spring and summer. Large size, however,
is also an option in insuring minimum predation. That is, a
high diversity and density of predators, such as those that
characterized North America’s Pleistocene, generates gigan-
tic herbivores with highly specialized anti-predator adapta-
tions. Conversely, herbivores stranded on a predator-free
oceanic island decline rapidly in size and loose their security
adaptations. They become highly vulnerable “island dwarfs”.
Elephants for instance have shrunk to 3 ft (0.9 m) in shoul-
der height on islands. Oddly enough, large body size is not
related to ambient temperatures in winter, despite the fact
that the surface to mass ratio declines with body size, favor-
ing heat conservation. This is the principle behind the fa-
mous, but invalid Bergmann’s Rule. Contrary to its
predictions, body size in the same species does not increase
steadily with latitude. Rather, body size increases only to
about 60-63°N and then reverses rapidly. That is, individu-
als of a species beyond 63°N become rapidly smaller with lat-
itude, some, such as caribou and musk oxen reaching dwarf
proportions closest to the North Pole. Lowering the surface
to mass ratio as an adaptation to cold is so inefficient that the
absolute metabolic costs of maintaining ballooning bodies
outstrips whatever metabolic savings might be gained by the
reduction in surface relative to mass. Bergmann’s Rule has
thus neither empirical nor theoretical validity. That preda-
tion plays a role in driving up body size is not only indicated
by North America’s Pleistocene fauna of gigantic predators
and prey or the biology of island dwarfs, but also by the fact
that the largest deer, the Irish elk, was also the most highly
evolved runner among deer. For humans adapting to the dry
steppe, hunting must have played a role in increasing body
size, while periods of low food abundance favored a reduc-
tion in body size.

A woolly mammoth (Mammuthus primigenius) skeleton. (Photo by John
Cancalosi/OKAPIA/Photo Researchers, Inc. Reproduced by permission.)
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A man stands next to a life-sized woolly mammoth model in the Royal British Columbia Museum. (Photo by © Jonathan Blair/Corbis. Reproduced
by permission.)

However, by far the most striking attributes of the
grotesque Ice Age giants are their showy, luxurious hair coats,
secondary sexual organs and weapons, and their showy social
displays. The enormous tusks of mammoths and their long
hair coats; the huge antlers of Irish elk, moose, and caribou as
well as their striking hair coats; the enormous horn-curls of
giant sheep and bighorns; the beards, pantaloons, and hair-
mops of bison and mountain goats; and the sharply discon-
tinuous hair patterns and large fat-filled breast and buttocks
in our species all stand in sharp contrast to comparable organs
in tropical relatives. The great surpluses of food in summer
do permit the very costly storage of fat as well as horn, tusk,
and antler growth. However, seasonally abundant food is only
a necessary condition for “luxury organs” to evolve, but not a
sufficient one. The rise of animal behavior as a science has in-
formed us about these luxury organs. Their size, structure, and
distribution over the body, as well as the manner in which they
are displayed during social interactions indicate that they are
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signaling structures evolved under sexual selection. Predation
lurks in the background in some lineages, as illustrated by the
way in which the gigantic antlers, horns, and tusks of north-
ern plains-dwelling herbivores have evolved.

Envision a deer moving from tree and bush-studded sa-
vanna to open grasslands void of cover. The more open the
landscape, the more difficult it is to hide a newborn ade-
quately, particularly in already large-bodied species. Also, hid-
ing becomes increasingly more risky, as visits by the female
to suckle and clean her young are now quite readily observed
as they are out in the open. Predators can thus find newborns
in the open terrain. The way out of this dilemma is to bear
young that can quickly get to their legs and follow their moth-
ers at high speed. This must be followed by nursing the young
with milk exceptionally rich in fat and protein. Then the
young are able to grow rapidly to “survivable size,” at which
endurance as well as speed can match that of adults. This,
however, places a great burden on the female. In order to be
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A saber-toothed cat (Smilodon californicus) skeleton taken from the
Rancho La Brea tar pits. (Photo by Tom McHugh/Photo Researchers,
Inc. Reproduced by permission.)

well developed and quick to rise and run, a newborn needs to
be born large in body and advanced in development. That,
and the subsequent production of rich milk requires that the
female not only have a high food intake, but take risks feed-
ing in dangerous areas just to maintain a high food intake.
She must also spare nutrients and energy from her body
growth in favor of that of her child. What father must such
a female choose so that her daughters may have the highest
genetic potential to grow large babies and rich milk?

Since the fathers contribute only their genes to the wel-
fare of their children, they must—somehow—advertise their
success at foraging and escaping predators. In the case of deer,
any energy and nutrients ingested above the need of the body
for maintenance and growth are automatically diverted into
antler growth. Therefore, the better a male is at finding high
quality food, the better its antler growth and the larger its
antlers. However, high quality, uncontested food may be in
insecure areas favoring predators. Therefore, the larger the
antlers the more daring the male and the more able it is at
detecting and escaping predators. The symmetry of the antlers
is also a factor. Symmetry is a proxy for health. Therefore,
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the female should choose as a father for her daughters a male
with very large, symmetrical antlers. If so, then the larger the
antlers, the more males ought to advertise with their antlers
during courtship. Therefore, the larger the antlers of a
species, the larger and more advanced the newborn, the richer
the milk, the better the parents are at high-speed running,
and the more males flout their antlers in courtship. All of
these expected correlations are found.

What antlers do for deer, horns or tusks and elaborate hair
coats do for other species that are associated with wide-open,
cold, but productive Ice Age landscapes. These luxury organs
evolve in relation to the security of newborns. Therefore, se-
vere predation pressures ought to enhance the evolution of
these luxury organs in plains dwellers. It is not surprising,
therefore, that in Pleistocene North America, the large num-
ber of specialized predator species are associated not only with
very large-bodied prey, but also with body structures in prey
that enable speedy running, as well as immense tusks in mam-
moth, enormous horns in long-horned bison, and huge, com-
plex antlers in the stag-moose and caribou.

In the hominid line leading to our species, the highly de-
veloped luxury organs are also related to reproduction and
sexual selection. Not only need females have an exceptionally
high body fat content for mammals before conception and
pregnancy is possible, but the female’s “hour glass” distribu-

The grizzly bear (Ursus arctos), standing in a meadow at Strawberry
Valley, Utah, USA, evolved a thick coat to deal with its cold environ-
ment close to continental glaciers. (Photo by © Galen Rowell/Corbis.
Reproduced by permission.)
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A recreation of how Megantereon, a species of saber-toothed cat, may have looked. (Photo by Tom McHugh/Photo Researchers, Inc. Reproduced
by permission.)

tion of fat over her body signals her fertility and health. In
addition to breast and buttocks, which are shaped largely
through triglyceride (fat) deposits, the density and quality of
hair acts as sexual signals. Hair is formed from sulfur-bearing
amino acids such as cysteine and methionine, which are rare
and cannot be readily synthesized in our bodies in adequate
amounts. Luxurious hair growth, formed from rare amino
acids signals, therefore, biological success as it is based on the
intake of high quality food. Our notion of beauty and grace
rests in the first instance on symmetry of body features and
function. Symmetry is a function of good nutrition. Our brain
consists largely of fat. Its superior function depends on a rich
and balanced intake of essential fatty acids. Even mother’s
milk reflects this demand as, compared to other species, it is
exceptionally rich in brain-building omega-3 and omega-6
fatty acids. For superior growth and development, humans
thus require omnivorous food sources fairly rich in fats that
contain these essential fatty acids, such as the fat of wild game,
fish, and seafood. In the Upper Paleolithic of Europe humans
reach exceptional physical development and brain sizes; the
archeological record indicates that their food was primarily
reindeer and salmon. Neanderthal, the human super-predator,
reached earlier comparable brain sizes living off the largest of
periglacial herbivores, woolly mammoth, woolly rhino, giant
deer, horses, and steppe bison. The cerebral cortex is a tissue
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of low growth priority. That is, it grows to maximum size
only under exceptionally favorable food intake, provided of
course that it is also well stimulated daily through an active
social life and adventures.

There were many Ice Age giants in the periglacial envi-
ronment: huge beavers; enormous bears such as the carnivo-
rous short-faced bear of North America or the cave bear of
Europe or the current Kodiak brown bear and the polar bear.
Northern cave-lions and cave-hyenas reached body sizes twice
the mass of their African relatives, as did the American Pleis-
tocene cheetah compared to the African or Near East forms.
And, of course, humans reached maximum body and brain di-
mensions in the periglacial landscapes. Why then did these
large-bodied forms not grow larger still? We get a glimpse of
the answer for our own species by looking at what Nean-
derthals did.

Neanderthals, exceptionally robust and powerful, with huge
joints in arms and legs and massive bones, approached us
in height and were probably equal in body mass. As super-
carnivores they specialized in the largest and hairiest herbi-
vores, which were brought down apparently by one hunter
skillfully tackling and attaching himself to the hairy exterior
of his prey, while a second hunter jumped in to disable or kill
the distracted beast. The tackled beast, however, must have
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gone through some violent rodeo-like bucking and jumping
to dislodge the attached first hunter. Consequently, dislodged
hunters would have been catapulted through the air followed
by harsh landings, often on frozen ground. Not too surpris-
ingly, Neanderthal skeletons reveal frequent bone breaks and
the pattern of bone breaks resembles that of rodeo cowboys.
Neanderthal hunters did not enjoy a long life expectancy, un-
like the modern humans in the Upper Paleolithic that followed
them. A body size larger than that attained would have placed
the hunters at a disadvantage as it would have been more dif-
ficult to hold on, while falling off would have generated harder
impacts and generated even more bone breaks. That s, as body
size increases, it reduces mobility and acceleration, but in-
creases muscular strength and impact force during a fall. If
agility and acceleration are compromised at large body size,
then the ability of hunters to evade attacks by large prey they
antagonized or wounded is compromised. Furthermore,
should there be periods of food shortage that strike during the
growth and development of an individual, then the smaller-
bodied individual has a better chance of growing brain tissue
than a large individual. Small body size, while excelling at
agility and acceleration, suffers from lower strength, maximum
running speed, and endurance. Body mass is thus based on a
compromise of factors that allow optimum performance in the
tasks demanded by adaptation.

The evolutionary road to periglacial environments is vir-
tually a one-way road to herbivores and omnivores. There is
practically no return of Ice Age species to habitats at lower
elevation and in more benign climates, with a few exceptions.
Ice Age herbivores must be generalists that can deal with a
great diversity of seasonal temperatures and foraging condi-
tions. They cannot compete against the food-specialists at
lower elevations. These evolved to deal with the myriad of
chemical and structural defenses of plants against being eaten
by herbivores. Cold climate vegetation, by comparison, is
much less defended in large part because much of it may be

Ice Age giants

hidden under a long-lasting snow-blanket and unavailable for
grazing. Moreover, Ice Age species are exposed to fewer par-
asites and pathogens than are species in warmer climates.
Consequently, the diseases and parasites of more primitive
warm-climate species can be devastating to Ice Age mammals.
The tropics in particular are characterized by an abundance
of microorganisms and parasites against which northern
species have little or no immunity. Nevertheless, some species
have succeeded in re-invading warm climates, humans in par-
ticular. That humans from high latitudes do have significant
problems in the tropics is attested to by medical history.

With the rise of humans to ecological dominance their fel-
low Ice Age giants did not fare well. Most went extinct, and
though their passing is shrouded in controversy, the weight
of opinion points to humans as the cause of their extinction.
Human capabilities improved sharply between 60,000 to
40,000 years ago and the largest of the Ice Age giants began
to fade then. Massive extinctions of the megafauns followed
the last retreat of the glaciers. However, that was also a time
of great hardships for humans, followed by the rise of agri-
culture, which brought some relief. Most of the Ice Age gi-
ants must have become victims of very hungry and very able
human hunters.

The Ice Ages generated new, increasingly seasonal and cli-
matically harsh environments from the equator to the poles.
Each Ice Age giant is thus the product of successive adapta-
tions to ever more challenging landscapes. Each has the genome
of ancestors that were highly successful in the tropics, in the
savanna, in the steppe, in deserts, in cold-temperate zones as
well as in the climatically extreme periglacial, arctic, and alpine
habitats. They were thus constructed genetically with more and
more abilities to cope with more and more challenges. That
may be the reason why in the Pleistocene, and not earlier, there
evolved the most uniquely gifted Ice Age giant of all: the mod-
ern human.
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Contributions of molecular genetics
to phylogenetics

Introduction

Traditional studies of evolutionary relationships among
living organisms (phylogenetics) relied predominantly on
comparisons of morphological characters. However, phylo-
genetic studies have increasingly benefited from additional in-
puts from molecular genetics. Reconstruction of evolutionary
relationships among mammals provides a prime example of
such benefits, and the broad outlines of the phylogenetic tree
of mammals have now been convincingly established. For in-
stance, it has proved possible to identify four major clusters
(superorders) of placental mammals: (1) Afrotheria—ele-
phants, manatees, hyraxes, tenrecs, golden moles, elephant
shrews, and the aardvark; (2) Xenarthra—sloths, anteaters,
and armadillos; (3) Euarchontoglires—rodents, lagomorphs,
primates, dermopterans, and tree shrews; (4) Laurasiatheria—
artiodactyls (including cetaceans), perissodactyls, carnivores,
pangolins, bats, and most insectivores (“eulipotyphlans™
hedgehogs, shrews, and moles).

All phylogenetic reconstructions based on molecular data
depend on studies of the genetic material DNA or of pro-
teins, whose synthesis is governed by individual DNA se-
quences. The primary components of the double-stranded
DNA molecule are nucleotide bases, sugar groups, and phos-
phate groups. There are four nucleotide bases (adenine, cy-
tosine, guanine, and thymine), and specific chemical bonds
between pairs of these (adenine with thymine; cytosine with
guanine) provide the backbone for DNA’s double helix struc-
ture. These specific bonds between pairs of bases also ensure
that, if one strand is separated, the missing strand will be faith-
fully replicated. Because the basic unit in the double-stranded
DNA molecule is hence a bonded pair of bases (one base in
each strand), the length of a DNA sequence is measured in
base pairs (bp). The sequence of nucleotide bases in the DNA
molecule provides the basis for protein synthesis through the
genetic code, with a group of three bases (“triplet”) in the
DNA sequence corresponding to one amino acid in the pro-
tein sequence. Protein sequences hence depend directly upon
DNA sequences, and a score of different amino acids are com-
bined into chains of specific composition through translation
of sequences of nucleotide bases in DNA, assisted by two
kinds of RNA (messenger RNA and transfer RNAs). How-
ever, the original simple concept of “one gene, one protein”
has needed modification. One major reason for this is that a
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DNA sequence corresponding to a particular protein se-
quence often contains non-coding regions (introns) between
the coding regions (exons). Only the exons are ultimately re-
flected in the amino acid sequence of the corresponding pro-
tein. Furthermore, the products of individual DNA sequences
can be spliced together to produce a protein.

Both DNA sequences and protein sequences are particu-
larly suitable for phylogenetic reconstruction because they
consist of relatively simple components arranged in linear se-
ries (nucleotide bases and amino acids, respectively) that can
be easily compared between species. Initially, comparisons be-
tween species were based on laborious step-by-step determi-
nation of the amino acid sequences of proteins, as there was
no straightforward technique for studying DNA sequences
themselves. The first phylogenetic trees derived from mole-
cular genetics were therefore based on amino acid sequences
of proteins, and relatively few species were included in com-
parisons because of the time-consuming procedure involved
in protein sequencing. At first, it was also technically very dif-
ficult to determine DNA sequences. However, a major break-
through came with development of the capacity for generating
large quantities of individual DNA sequences through ampli-
fication using the polymerase chain reaction (PCR). This
opened the way to relatively straightforward and rapid direct
determination of DNA sequences, and heralded the transi-
tion from studies of gene products (proteins) to studies of the
genes themselves (DNA sequences). In fact, because it became
easier and faster to determine DNA sequences directly, a pro-
tein sequence is now commonly inferred from the DNA se-
quence of the corresponding gene rather than from sequencing
of the protein.

It is important to note that there are two different sets of
genetic material (genomes) in mammalian cells, as in animals
generally. The primary genome is contained in the chromo-
somes in the nucleus (nuclear DNA), but each mitochondrion
in the cell cytoplasm also contains a number of copies of a
separate small genome (mitochondrial DNA). As several mi-
tochondria are present in each cell, there are numerous copies
of the mitochondrial genome, whereas there is only one nu-
clear genome per cell. However, the basic structure of DNA
is the same for nuclear DNA (nDNA) and mitochondrial
DNA (mtDNA), with chains of nucleotide bases, although
mtDNA is organized in a ring whereas nDNA exists as lin-
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ear sequences within chromosomes. The mitochondrion is a
respiratory power plant found in all organisms with a cell nu-
cleus (eukaryotes). It is, in fact, derived from a free-living bac-
terium that took up residence in the cell cytoplasm in an
ancestral eukaryote more than a billion years ago, in an
arrangement that was of mutual benefit (symbiosis). Origi-
nally, the mitochondrial genome contained many more genes
than are now present in mammals, whose mitichondria retain
only a small number of protein-coding genes that are all con-
nected with respiration.

Reconstruction of phylogenetic trees

Regardless of whether morphological or molecular data are
analyzed, reconstruction of phylogenetic relationships be-
tween species depends on interpretation of shared similari-
ties. In principle, it is relatively easy to survey similarities
between species for individual characters. This task is partic-
ularly straightforward with molecular data because the indi-
vidual components at defined positions in sequences of DNA
(nucleotide bases) or proteins (amino acids) are relatively sim-
ple and directly comparable. Furthermore, because the pri-
mary process underlying evolutionary change is point
mutation (random replacement of one nucleotide base by an-
other in a DNA sequence), comparison of DINA sequences
directly reveals basic evolutionary steps. Most changes in
DNA sequences lead to changes in corresponding protein se-
quences, but there is some degree of redundancy in the ge-
netic code, because up to six different triplet sequences of
nucleotides can correspond to a single amino acid. For this
reason, about 25% of point mutations in DNA are “silent”
and do not lead to a change in protein sequences. Such re-
dundancy applies particularly to the third base position in
DNA triplets.

Analysis of similarities between species to construct phy-
logenetic trees is more difficult than it seems at first sight. In
the first place, similarities can arise independently through
convergent evolution at any time after the separation between
two lineages. For instance, rodent-like incisor teeth have de-
veloped several times independently during the evolution of
mammals. But reconstruction of the relationships between
species depends on exclusion of convergent similarities and
identification of homologous similarities that have been in-
herited through descent from a common ancestor. In the case
of morphological characters, it is often possible to identify
convergent similarities directly because development of sim-
ilar characters is typically driven by similar functional re-
quirements. For example, rodent-like incisors develop in
response to selection pressure for gnawing behavior. For com-
plex morphological characters, convergent similarity is typi-
cally only superficial because it merely needs to meet a
particular functional requirement. Hence, detailed examina-
tion of such characters commonly reveals fundamental dif-
ferences. With incisors, for instance, a rodent-like pattern can
develop without altering the structure of enamel that charac-
terizes a particular group of mammals. With molecular char-
acters, by contrast, each type of nucleotide base or amino acid
shows complete chemical identity, so it is impossible to de-
termine from direct examination whether convergent evolu-
tion has occurred. Instead, convergence in molecular
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Due to DNA evidence, cetaceans like the bottlenosed dolphin (Tur-
siops truncatus) have been linked to hippopotamuses (Hippopota-
mus amphibius). (Photo by © Tom Brakefield/Corbis. Reproduced by
permission.)

evolution is recognizable only from the phylogenetic tree af-
ter it has been generated on the assumption that the tree re-
quiring the smallest total amount of change (the most
parsimonious solution) is the correct one. Because there are
so few possibilities for evolutionary change at the molecular
level (4 nucleotide bases; 20 amino acids), convergent evolu-
tion is very common. As a rule, about half of the similarities
between species recorded in any tree that is generated must
have arisen independently through convergent evolution.
Convergence is therefore a major problem with any tree de-
rived from molecular data, particularly because functional as-
pects of changes in nucleotide bases and amino acids are rarely
considered (thus excluding any possibility of identifying func-
tional convergence). Moreover, precisely because there are so
few possibilities for change in DNA base sequences, repeated
point mutation at a given site will mask previous changes and
can easily lead to chance return to the original condition. Al-
though it is now standard practice to make a global correc-
tion for repeated mutation at a given site in molecular trees,
it is virtually impossible to reconstruct the mutational history
of individual sites if repeated change has occurred.

In fact, there is a further problem in interpreting similar-
ities for the reconstruction of phylogenetic trees. Even if it is
possible to exclude certain cases of convergent evolution, as
is often true with complex morphological similarities, an im-
portant distinction remains with respect to inherited homol-
ogous similarities. For any group of species considered, a
particular set of features will be present in the initial common
ancestor. If such a primitive feature is retained as a homolo-
gous similarity in any descendants, it reveals nothing about
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The red panda (Ailurus fulgens) is very hard to classify, but was placed with the other Ursidae species due to similar DNA. (Photo by Tim Davis/Photo
Researchers, Inc. Reproduced by permission.)

branching relationships within the tree. The only homolo-
gous features that provide information about branching
within a tree are novel features that arise at some point and
are subsequently retained by descendants as shared derived
similarities. This crucial distinction between primitive and de-
rived homologous similarities is particularly relevant if there
are marked differences between lineages in the rate of evolu-
tionary change. For instance, members of two slowly evolv-
ing lineages can retain many primitive similarities and would
thus be grouped together on grounds of overall homologous
similarity if no special attempt were made to identify derived
similarities. It was once believed that rates of change are rea-
sonably constant at the molecular level, thus reducing the
need to distinguish between primitive and derived homolo-
gous similarities, but the availability of large molecular data
sets has revealed that there can be major differences in rates
between lineages.

In conclusion, the increasing availability of molecular data
has provided a major benefit for the reconstruction of phylo-
genetic trees. The large numbers of directly comparable char-
acters included in molecular data sets provide a highly
informative basis for quantitative comparisons. On the other
hand, because the methods used do not explicitly tackle the
crucial distinction between convergent, primitive, and derived
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similarities, the results are subject to error. Accordingly, if
there is a conflict between a tree based on molecular data and
one based on morphological data, it should not be automat-
ically assumed that the latter is necessarily incorrect. After all,
there is quite often a similar conflict between trees based on
two different molecular data sets. The safest procedure is
therefore to take a balanced approach that gives due consid-
eration to both morphological and molecular evidence. Com-
bined studies that do precisely this with comprehensive data
sets are becoming increasingly common.

Mitochondrial DNA

The ring-shaped, double-stranded mtDNA molecule has
the same basic structure in all mammals. It is approximately
16,500 bp in length and contains coding sequences for 13
genes, 2 ribosomal RNNA molecules (125 and 16S), and 22
transfer RNA molecules, together with a non-coding con-
trol region (D-loop). In contrast to nuclear genes, there are
no introns in mtDNA. Furthermore, mtDNA differs from
nDNA in another crucial respect that simplifies analysis of
its evolution. In mammals, mtDNA is exclusively or almost
exclusively inherited maternally (i.e., from the mother), and
there is no recombination of genes when the mitochondrion
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The giant anteater (Myrmecophaga tridactyla) belongs to the Xenarthra
cluster of placental mammals. (Photo by © Tom Brakefield/Corbis. Re-
produced by permission.)

divides. Phylogenetic reconstructions may be based on part
of mtDNA (e.g. using an individual gene, such as cy-
tochrome &) or on the entire molecule, and many complete
mtDNA sequences are now available for analysis. Overall,
mtDNA tends to accumulate changes more rapidly than
nDNA (about five times faster overall), and for this reason
it is more suitable for analyses of relatively recent changes
in the evolutionary tree of mammals. Because rapidly evolv-
ing DNA sequences become saturated with changes at an
earlier stage, they are unsuitable for probing early parts of
the tree. However, there are differences in rate of evolution
between individual parts of the mtDNA molecule, so it is
possible to select regions that are suitable for particular
stages of mammalian evolution. Mitochondrial DNA se-
quences can be crudely divided into those that evolve rela-
tively rapidly, hence being useful for comparisons of quite
closely related species (e.g. control region, ATPase gene)
and those that evolve relatively slowly, thus being useful for
comparisons of more distantly related species (e.g. riboso-
mal genes, tRINA genes, cytochrome 4 gene). For example,
golden moles are of presumed African origin. This implies
that there was an extensive African radiation from a single
common ancestor that gave rise to ecologically divergent
adaptive types. DNA studies suggest that the base of this ra-
diation occurred during Africa’s isolation in the Cretaceous
period before land connections were developed with Europe
in the early Cenozoic era. In another study, scientists ex-
amined the mtDNA of 654 domestic dogs, looking for vari-
ations. They were trying to determine whether dogs were
domesticated in one or several places, and then attempting
to identify the place and time that such domestication oc-
curred. Their results show that our common domestic dog
population originated from at least five female wolf lines.
They went on to speculate that while the archaeological
record cannot define the number of geographical origins or
their locations, their own data indicate a single origin of do-
mestic dogs in East Asia some 15,000 to 40,000 years ago.
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Nuclear DNA

Surprisingly, only a small fraction of the nuclear DNA
(nDNA) contained in chromosomes consists of gene se-
quences that code for production of proteins. It is estimated
that less than 5% of human DNA consists of genes that code
for approximately 30,000 different proteins. Much of the rest
(95%) has no well-established function and is often labeled
“junk DNA”. A large part of this DNA consists of repetitive
sequences that in some cases are present as many thousands
of copies. Such DNA sequences that have been inserted into
the genome are known as “retroposons”, but their function
remains essentially unknown.

Reconstruction of phylogenetic relationships using DNA
sequences that code for protein sequences (or using the pro-
tein sequences themselves) hence involves only a small part
of the nuclear genome. Nevertheless, there are many differ-
ent nuclear genes available for analysis, and the sequence data
set for mammals is increasing rapidly. Certainly, the poten-
tial total sequence information that can be obtained from the
30,000 protein-coding genes in the nuclear genome is vastly
greater than that provided by the 13 protein-coding genes in
the mitochondrial genome. As a general rule, the reliability
of phylogenetic trees generated with molecular data increases
both with the number of species included in comparisons and
with the number of DNA sequences analyzed. However, there
are some unresolved problems with the methods currently
employed for reconstruction of trees using molecular data.
Furthermore, there are practical limits to the quantity of data
that can be effectively analyzed, so various short-cuts are nec-
essary.

In addition to protein-coding DNA sequences, some cat-
egories of retroposons (inserted sequences) are becoming in-
creasingly useful as tools for reconstructing phylogenetic
relationships. This is particularly true of inserted sequences
known as short interspersed nuclear elements (SINEs) and
long interspersed nuclear elements (LINEs), respectively.

The African elephant (Loxodonta africana) has been grouped into the
Afrotheria cluster of placental mammals. (Photo by © Craig Lovell/
Corbis. Reproduced by permission.)

29



Contributions of molecular genetics to phylogenetics

Four phylogenetic mammal trees have been established. The branch
Laurasiatheria includes carnivores such as the gray wolf (Canis Iu-
pus). (Photo by Tom Brakefield/Bruce Coleman, Inc. Reproduced by
permission.)

Because SINEs and LINEs apparently arise at random and
occur widely throughout the genome, they are almost ideal
derived characters. Given the vast array of DNA sequences
in the nuclear genome, the probability of convergent evolu-
tion in the insertion of a SINE or LINE is exceedingly small.
It is highly improbable that one of these sequences will be
inserted at exactly the same site in the genome in two sepa-
rate lineages. Secondly, because each insertion is a unique
event that is unlikely to be reversed, SINEs and LINEs pro-
vide excellent markers for the recognition of groups of re-
lated organisms descended from ancestors possessing specific
insertions. A very good example of the use of such evidence
comes from discussion of the relationships between cetaceans
(dolphins and whales) and artiodactyls (even-toed hoofed
mammals). It has been accepted for some time that cetaceans
are in some way related to artiodactyls. However, accumu-
lating evidence from DNA sequences (both mtDNA and
nDNA) indicated that cetaceans are, in fact, specifically re-
lated to hippopotamuses and thus nested within the artio-
dactyl group. This interpretation conflicts with the standard
interpretation of the morphological evidence, according to
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which cetaceans constitute the sister-group to all artiodactyls.
Certain fossil forms (mesonychians) that were regarded as
relatives of whales and dolphins lacked a characteristic dou-
ble-pulley adaptation of the ankle joint that is found in all
artiodactyls (and was most probably present in their common
ancestor). It had therefore been concluded that cetaceans
branched away before the emergence of ancestral artio-
dactyls. This conflict of evidence was convincingly resolved
by the discovery that cetaceans and hippopotamuses share a
number of SINEs that are not found in any other mammals.
Subsequently, early whale fossils possessing the typical ar-
tiodactyl ankle joint were discovered. Hence, it is now well
established that cetaceans and hippopotamuses are sister-
groups and that mesonychians are not direct relatives of the
cetaceans after all.

Gene duplication

Studies of the evolution of DNA and protein sequences
have generally concentrated on changes arising through point
mutations of individual nucleotide bases. Indeed, molecular
evolution has often been portrayed essentially as the pro-
gressive accumulation of point mutations in genes. However,
evolution of DNA can also take place in other ways. One of
the most important changes that can occur is tandem dupli-
cation of genes. This arises through slippage during the repli-
cation of DNA during cell division. Once a gene has been
duplicated, the way is open for divergent evolution of the orig-
inal and its copy. Indeed, over long periods of evolutionary
time, gene duplication can occur repeatedly, such that quite
large families of genes can result. A prime example is pro-
vided by globin genes, which are thought to have arisen from
an original single gene through repeated duplication. The he-
moglobin molecule, which plays a vital role in respiration,
consists of four globin chains. In the blood of adult humans,
the hemoglobin molecule contains two alpha-chains and two
beta-chains. Sequence comparisons indicate that the beta-
chain arose from the alpha-chain through an ancient dupli-
cation. There are also special hemoglobins that are
temporarily present during the embryonic and fetal stages.
Embryonic hemoglobin contains two epsilon-chains, while fe-
tal hemoglobin contains two gamma chains. Both the epsilon-
chains and the gamma chains also arose from the beta-chain
through relatively recent duplications that took place during
the evolutionary radiation of the placental mammals. This il-
lustrates how gene duplication can provide an alternative
route for the evolution of new functional properties of genes.

During the long history of evolution of living organisms
with a cell nucleus containing chromosomes (eukaryotes),
there have also been cases where the entire set of chromo-
somes has been multiplied (ploidy), for example through dou-
bling of their number. Once sex chromosomes became
established, as is the case with all living mammals (XX for fe-
males and XY for males), such doubling of the entire set of
chromosomes became virtually impossible. Doubling of a
male set of chromosomes (to XXYY) would result in the pres-
ence of two X chromosomes, thus disrupting the normal
process of sex determination in which males have only a sin-
gle X chromosome. However, at an earlier stage of evolution,
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A mounted specimen of the now-extinct thylacine, or Tasmanian wolf
(Thylacinus cynocephalus). (Photo by Tom McHugh/Photo Researchers,
Inc. Reproduced by permission.)

prior to the development of typical mammalian sex chromo-
somes, multiplication of chromosome sets would still have
been possible. Although the evidence is controversial, there
is a strong possibility that two successive duplications of the
entire chromosome set took place during vertebrate evolu-
tion leading up to the emergence of the mammals. For ex-
ample, two successive doublings of an original set of 12
chromosomes could have let to a set of 48 chromosomes,
which is the modal condition found in placental mammals.
Although duplications of an entire chromosome set can, of
course, be subsequently masked by secondary modifications
of individual chromosomes, quadrupling of the chromosomes
prior to the emergence of the ancestral placental mammals
should still be reflected in the presence of four copies of many
individual genes. This does, indeed, seem to be the case for
many sets of genes, such as the homeobox genes that play an
important part in development.

Duplication of individual genes or entire chromosomes in
fact poses an additional problem for reconstruction of phylo-
genetic trees using molecular data sets. When a tree is based
on nucleotide sequences for any individual gene, care must
be taken to ensure that it is really the same gene that is be-
ing compared between species. If there are multiple copies of
a particular gene in the genome, there is always the danger
that comparisons between species might involve different
copies. A striking example of this danger is provided by mi-
tochondrial genes. Although gene duplication has never been
recorded within the mitochondrial genome, individual mito-
chondrial genes have been repeatedly copied into the nuclear
genome, where they generally remain functionless. Inadver-
tent inclusion of such redundant nuclear copies in compar-
isons of mitochondrial genes between species has led to
serious errors in interpretation. For instance, a supposed mi-
tochondrial gene sequence reported for a dinosaur turned out
to be an aberrant nuclear copy of that sequence in human

DNA.
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The molecular clock

In addition to permitting reconstruction of relationships
among species to generate a phylogenetic tree, molecular ge-
netics can also yield valuable information with respect to the
timescale for that tree. With the very first reconstructions
conducted using molecular data, it was observed that the rate
of change in amino acid sequences of particular proteins (and
hence in the DNA sequences of the genes responsible) seemed
to be relatively constant along different lineages. This led on
to the notion of the “molecular clock”, according to which
the degree of difference between DNA sequences or amino
acid sequences in any two species can provide an indication
of the time elapsed since their separation. However, it should
be noted that accumulating evidence has indicated that the
rate of molecular change is in fact quite variable. In the first
place, it was obvious from the outset that some genes evolve
faster than others, and it was then shown that the overall rate
of change in mtDNA is considerably greater than that in
nDNA. Moreover, it also became clear that rates of change
differ markedly even within individual genes. Some of this
variation in rate of change within genes is to be expected. For

The Euarchontoglires grouping of placental mammals is represented by
mammals such as the woodchuck (Marmota monax). (Photo by © John
Conrad/Corbis. Reproduced by permission.)
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example, “silent mutations” (notably in third base positions)
and mutations within non-coding regions of genes (introns)
are inherently likely to accumulate faster because they do not
lead to changes in amino acid sequences and are hence not
subject to natural selection. In sum, it is now widely recog-
nized that the concept of the “molecular clock” must be used
with caution and that there may be quite marked differences
between lineages in the rates of molecular change. Methods
have therefore been developed to identify differences in rates
of change between lineages and to apply the notion of “local
clocks”.

It should be noted that molecular data cannot directly yield
information on elapsed time and that phylogenetic trees pro-
duced with such data always require calibration using infor-
mation from the fossil record. Once a tree that is characterized
by relatively uniform rates of change has been calibrated with
at least one date from the fossil record, it is possible to con-
vert genetic distances into time differences. However, con-
version of genetic distances into time differences requires that
genetic change should be linearly related to time. This gen-
erally seems to be the case once a global correction has been
made for repeated mutation at a given site. Unfortunately,
even if rates of molecular change along lineages are approx-
imately linear (as is required for reliable application of a clock
model), calibration dates derived from paleontological evi-
dence introduce an additional source of error. The problem
is that the fossil record can only yield a minimum date for the
time of emergence of a particular lineage, by taking the age
of the earliest known member of that lineage. The lineage
may have existed for some considerable period of time prior
to the earliest known fossil representative. Clearly, the size of
the gap between the actual date of emergence of a lineage and
the age of the earliest known representative of that lineage
will vary according to the quality of the fossil record. If the
fossil record is relatively well documented, as is probably the
case with large-bodied hoofed mammals, the earliest known
fossil representative may be quite close to the time of origin.
In other cases, however, use of the age of the earliest known
fossil to calibrate a phylogenetic tree may lead to consider-
able underestimation of dates of divergence. For instance, the
earliest known undoubted primates are about 55 million years
old, but statistical modeling indicates that we have so far dis-
covered less than 5% of extinct fossil primate species. Cor-
rection for the numerous gaps in the primate fossil record
indicates that the common ancestor of living primates existed
about 85 million years ago (mya), rather than 60-65 mya as
is commonly assumed. Molecular evolutionary phylogenetic
trees have also been accurately determined for the common
chimpanzee, pygmy chimpanzee, gorilla, and orangutan.

Overall molecular trees for mammals
Large-scale combined studies of nDNA and mtDNA have
yielded phylogenetic trees for mammals that generally fit the
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conclusions derived from traditional morphological compar-
isons, but also show some differences in detail. For instance,
molecular data have generally confirmed that the monotremes
branched away first in the mammalian tree and that there was
a subsequent division between marsupials and placentals. In-
terestingly, however, comparisons of complete mtDNA se-
quences have suggested that the monotremes and marsupials
form a group separate from the placentals (Marsupiontia). As
this aberrant result conflicts with other molecular evidence as
well as with a well-established body of morphological evi-
dence, it probably reflects an artifact of some kind. Indeed, it
is noteworthy that the main points of conflict between dif-
ferent molecular trees involve relatively deep branches in the
mammalian tree, which are precisely the branches that have
posed the greatest challenges in morphological studies. Nev-
ertheless, there is a gathering consensus from broad-based
molecular studies that there are four major groups of placen-
tal mammals (Afrotheria, Xenarthra, Euarchontoglires and
Laurasiatheria). As there are a number of consistent novel fea-
tures of these groups, some modifications of conclusions based
on morphological studies are undoubtedly required. For in-
stance, the existence of the assemblage “Afrotheria” had not
been identified from morphological comparisons and was first
revealed by molecular studies. Moreover, it would seem that
the order Insectivora is not only an artificial grouping of rel-
atively primitive mammals (as has long been expected) but in
fact includes widely separate lineages that belong either in
Afrotheria (tenrecs, golden moles) or in Laurasiatheria
(hedgehogs, shrews, and moles).

Opverall phylogenetic trees for mammals based on molec-
ular data have been calibrated in a variety of ways, and a fairly
consistent picture has emerged. This conflicts with the long-
accepted interpretation, according to which the evolutionary
radiation of modern mammals did not begin until the di-
nosaurs died out at the end of the Cretaceous, 65 mya. In-
stead, it would seem that the four major groups of placental
mammals began to diverge over 100 mya and that many (if
not all) modern orders of placental mammals had become es-
tablished by the end of the Cretaceous. For instance, numer-
ous lines of evidence indicate that primates diverged from
other placental mammals about 90 mya. This revised inter-
pretation of the timing of mammalian evolution is significant
not only because it indicates that dinosaurs and early relatives
of modern placental mammals were contemporaries, but also
because it suggests that continental drift may have played a
major part in the early evolution of mammals. Contrary to
the long-accepted interpretation that the evolutionary radia-
tion of modern mammals began after the end of the Creta-
ceous, the new interpretation based on molecular data
indicates that the early evolution of both placental mammals
and marsupials took place at a time when the southern su-
percontinent Gondwana was undergoing active subdivision.
As one outcome of this process, it seems that the endemic
group Afrotheria became isolated in Africa.
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Structure and function

Introduction

Mammalian evolutionary history goes back 230 million
years. The earliest mammals occupied a nocturnal niche and
developed a suite of traits that allowed them to adapt to the
cooler temperatures of the night. Mammals are endothermic
(able to produce their own heat) and most are homeothermic
(able to maintain their body temperature within a particular
range). Many mammalian structures and their functions are
involved with maintaining body temperature, which requires
efficient generation and conservation of heat.

Modern mammals evolved from early mammal-like rep-
tiles called therapsids, which had a mosaic of reptile and mam-
malian traits. In defining what a mammal is, we must utilize
characteristics that are preserved in the fossil record, which
are largely skeletal. When a transitional fossil species has a
mamimal trait it is usually accompanied by a reptile trait. Con-
sequently, there is controversy as to when the actual mam-
mal-reptile division occurred.

The key identifier in mammalian fossils is found in the
dentary-squamosal articulation because the mammalian lower
jaw (the mandible) is unique. It consists of two bones, the
dentaries, which articulate directly with the cranium. This is
the key criterion that defines mammals. And there is a rela-
tionship between the repitian jaw and the mammalian ear.
The reptilian jaw consists of two bones, the articular and the
quadrate. In mammals, these were modified to become the
malleus and the incus bones of the ear, which, along with the
stapes (called the columella in reptiles), form the auditory os-
sicles in the mammalian skull. Thus, mammals have three
bones in their middle ears (malleus, incus, and stapes), and
reptiles have only one (the columella).

Living mammals also have many soft anatomy traits that fur-
ther define them as mammals. For example, at some stage of
their lives, all mammals have hair. (However, it has been sug-
gested that the reptilian flying pterosaurs had fur, so we must
be cautious about saying that hair is exclusive to mammals). On
the other hand, mammary glands #7¢ unique to mammals among
the living vertebrates. Another structure unique to mammals is
the respiratory diaphragm that separates the thoracic and ab-
dominal cavities. Only mammals possess this structure as a mus-
cle, whereas other vertebrates have either a membranous
diaphragm or no diaphragm at all. The mature red blood cells
of mammals are enucleated (without a nucleus), whereas the red
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blood cells of other vertebrates contain a nucleus. The mam-
malian heart differs from other vertebrates in that only the left
aortic arch is developed in adult mammals. In mammal brains,
the neopallium (neocortex) is elaborated and expanded com-
pared to reptile brains. Each of these unique mammal structures
are discussed in context in the rest of this entry.

Integumentary form and function

The integumentary system is composed of the skin and its
accessory organs. The mammalian integument has many of
the characteristics that we consider mammalian. Generally
mammalian skin is thicker than the skin of other vertebrates
because of its function in retarding heat and water loss. The
integument consists of two major regions, the epidermis and
dermis. Squamous cells are produced by a basal (or germina-
tive) layer on the border of the epidermis and dermis. As cells
are produced at the basal layer they push the cells above them
toward the surface of the epidermis. As they move toward the
surface the squamous cells fill with the protein keratin and
produce the corneum, a tough waterproof layer of dead cells
on the outermost layer of the epidermis. Epidermal cells are
continuously shed and replaced as they serve as mechanical
protection against environmental insults.

The dermis is mainly a supportive layer for the epidermis
and binds it to underlying tissues. Blood vessels in the dermis
pass near the basal layer of the epidermis and provide the cells
of the avascular epidermis with nutrients. The dermis also con-
tains muscle fibers, associated with hair follicles, and nervous
tissue that provides assessment of the environment. A subcu-
taneous layer lies below the dermis and is a site of adipose (fat)
deposition, which serves as both insulation and energy storage.

Mammals have a number of skin glands that are found in no
other vertebrate. Mammals have two types of coiled, tubular
sweat glands, apocrine (or sudoriferous) and eccrine. Apocrine
sweat glands are usually associated with a hair follicle, and se-
crete the odorous component of sweat. Eccrine sweat glands se-
crete sweat onto the surface of the skin to remove heat through
evaporative cooling. Most mammals have both these glands in
the foot pads. They are more widely distributed on a few mam-
mals, including humans. Those species with a limited distribu-
tion often use a supplementary method for cooling such as
panting by dogs or immersion into cool mud or water by mem-
bers of the pig family. Some small mammals such as insectivores
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Mammals have different tooth shapes for different functions. Herbivores typically have large, flattened teeth for chewing plants. Rodents’ ever-
growing incisors are used for gnawing. Carnivores have teeth for holding and efficiently dismembering their prey. (lllustration by Jacqueline

Mahannah)

and small rodents, bats, and aquatic mammals, do not experi-
ence heat loading and therefore do not have sweat glands.

Most mammals also have sebaceous glands distributed
widely throughout the integument. Sebaceous glands consist of
specialized groups of epithelial cells that produce an oily sub-
stance, sebum, that keeps hair and skin pliable, waterproof, and
soft. These glands are usually associated with hair follicles. In
some marine mammals such as otters and sea lions sebum is es-
pecially important in waterproofing the pelage and keeping cold
water from contacting the skin, thereby preventing heat loss.

Scent glands are odoriferous glands used for social inter-
actions, territory marking, and defense. One type of secretion
is a pheromone, which elicits a behavioral or physiological ef-
fect on a conspecific (member of the same species). During
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the breeding season it may advertise the sexual receptivity of
the individual. Pheromones in the urine of some rodent
species is even believed to induce estrus. Scent glands are used
to delineate territory (i.e., marking). The distribution of scent
glands is highly variable; they may be located on the wrists
(carpal glands), throat region, muzzle, the chest (sternal
glands), on the head, or the back, but most commonly scent
glands are found in the urogenital area (anal glands). Among
the mustelids (weasel family including skunks and minks),
modified anal glands are able to squirt a smelly irritant sev-
eral feet (or meters) when the animal is threatened.

Ceruminous glands are the wax-producing glands located
in the skin of the ear canal. They help to prevent the tym-
panic membrane from drying out and losing its flexibility.
Ceruminous glands are modified apocrine sweat glands.
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Mammary glands (mammae) are also generally believed to
be modified apocrine sweat glands, although it has been sug-
gested that they could have been derived from sebaceous
glands. Mammae secrete milk that is used to feed the new-
born mammal. The mammary glands in most mammals con-
sist of a system of ducts that culminate in a nipple or teat.
The one exception is found in the monotremes (egg-laying
mammals). In monotremes, the mammary glands secrete milk
onto hair associated with the glands and the hatchlings suck
milk from these hairs. The number and location of mammae
is variable among mammal species and is related to the nor-
mal size of the litter. The fewest number of mammae is two,
but up to 27 are found in some marsupials. Mammae are usu-
ally on the ventral surface of placental mammals; in the mar-
supials they may be located in the pouch.

Hair is often described as a unique mammalian character-
istic that has no structural homologue in any other vertebrate.
Its distribution varies from heavy, thick pelages (fur coats) on
many mammals to just a few sensory bristles (e.g., on the snout
of whales or seacows). Mammalian hair originates in the epi-
dermis, although it grows out of a tubular follicle that pro-
trudes into the dermis. Growth occurs by rapid replication of
cells in the follicle. As the shaft pushes toward the surface the
cells fill with keratin and die. Each hair is composed of an
outer scaly layer called the cuticle, a middle layer of dense
cells called the cortex, and (in most hair shafts) an inner layer
of cuboidal cells called the medulla. Each hair is associated
with a sebaceous gland and a muscle (called the arrector pili)
that raises the hair. Raising hair serves as a threat signal in
social interactions but also increases insulation properties.
The evolution of hair is part of the suite of adaptations that
enabled mammals to be active at night. It served to retard
heat loss by insulating the body. There are two layers of hair
that form the pelage. The dense and soft underfur functions
primarily as insulation by trapping a layer of air. The coarse
and longer guard hair serves to shelter the underfur, keeping
it dry in aquatic mammals, and to provide coloration.

Although the primary purpose of hair is insulation it has
assumed other roles in living mammals. Color in hair comes
from the pigments melanin and phaedomelanin. The main
function of coloration appears to be camouflage, which helps
the animal blend in with its surroundings. Mammals tend to
have pelage colors that match their environment. One exam-
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ple of this is countershading. The pelage tends to be darker
on the top and sides of the animal and lighter below and un-
derneath, which under normal lighting conditions functions
to obscure the form of the animal. In addition, there are var-
ious patterns on the pelage. Patterns on predators such as a
tiger’s stripes (Panthera tigris) help to conceal the predator.
Stripes found on prey tend to confuse predators. Eye spots lo-
cated above the eyes (e.g., Masoala fork-marked lemurs
[Phaner furcifer] or four-eyed possums) may divert attention
from the eye, confusing predators. Such patterns are called dis-
ruptive coloration. Another functional pattern is the white
rump patch of the tail in mule deer (Odocioleus hemionus), which
may serve as a silent alarm signal to conspecifics. But, when
the tail is lowered, a predator whose eyes are fixed on the white
patch might lose sight of the deer. Coloration may also iden-
tify conspecifics in visually oriented species. Blue monkeys
(Cercopithecus mitis) and red-tailed monkeys (Cercopithecus asca-
nius) are sympatric (live in the same geographic location) and
closely related, but they normally do not mate. It is believed
that their distingushing facial patterns are the reason. Color
patterns may also differ within a species. Often sexual dimor-
phism is expressed in color differences between males and fe-
males. Infants and juveniles may have different pelage colors
or patterns from adults. In monkeys—one of the most visually
oriented species—pelage patterns on the face, rump, or tail are
used to communicate with one another. Another function of
pelage patterns is that of warning potential enemies, e.g., the
white stripe found on skunks might be a signal that it is well
armed and can defend itself. Color changes can occur over a
mammal’s lifetime because hair, like skin, is replaced over time.
Most mammals have two annual molts, usually correlated with
the seasons. Yet others, such as humans, have hairs that grow
to a particular length and then are shed. Some populations of
snowshoe hares undergo three seaonal molts: a brownish-gray
summer coat, a gray autumn coat, and a white winter coat.

Hair has undergone other modifications in addition to
color. The guard hairs of some species have been modified
for specific functions. For example, spines (or quills) are en-
larged stiff hairs that are used for defense. In North Ameri-
can porcupines these quills have barbs that work their way
into the flesh of an attacker. Vibrissae (or whiskers) are an-
other modification of hair. These are supplied with nerves to
provide tactile (touch) sensory information. These hairs are
commonly found on the muzzles of many mammals such as
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cats and mice, but they can be found in other body locations
as well. For example, tactile hairs may be located on the wrists,
above the eyes, or on the back of the neck. These hairs allow
mammals to sense objects around them when low-light con-
ditions do not allow them to see well.

Claws, nails, and hooves

The distal ends of mammal digits possess keratinized
sheaths or plates that are epidermal derivatives forming claws,
nails, or hooves. Only the members of the whale and sirenia
(seacows) families lack these structures. Claws are usually
sharp, curved, and pointed. In many cases mammal claws are
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very similar to the claws found in other vertebrates. A claw
consists of a dorsal plate called the unguis and a ventral plate
called the subunguis. The unguis is curved both in length and
width and encloses the subunguis, which is connected to the
digital pad at the distal end of the digit. In addition to pro-
tection, claws assist predator species, such as lions and tigers,
in holding their prey. They provide traction for some arbo-
real species (e.g., squirrels) when scampering on branches.
Sloths have long curved claws that serve as hooks for hang-
ing. Digging mammals, such as anteaters and moles, have long
claws that help them dig.

Nails are modified claws found on the first digit of some
arboreal mammals and on all the digits of some primates.
Nails cover only the dorsal part of digits. The unguis (called
a nail plate in human anatomy) is broad and flat, and the sub-
unguis is vestigial. It has been suggested that nails evolved in
primates to prevent rolling and provide flat support for the
large pad of tactile sensory tissue found on the underside of
the digit. Thus nails allow both increased tactile perception
and enhanced manipulative abilities. The Callitrichidae (small
monkeys found in South and Central America) have second-
arily evolved claws, which are not true claws because they are
derived from the laterally compressed nails of their ancestors.
Nails and claws may be found on the same mammal (e.g.,
hyraxes).
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Gas exchange between the air and bloodstream takes place in the capillaries of the lungs’ alveoli. (lllustration by Wendy Baker)

Hooves are constructed of a prominent unguis that curves
around the digit and encloses the subunguis. The well-devel-
oped unguis has lent its name to the group that have hooves:
the ungulates (although this is not a true taxonomic group).
For ungulates, the unguis is much harder than the subunguis
and does not wear away as quickly, thus developing a sharp

edge.

Horns and antlers

Horns and antlers are found in the order Artiodactyla (cat-
tle, sheep, deer, giraffes, and their relatives). Several other
types of mammals have similar head structures, but true horns,
originating from the frontal bone of the skull and found only
among the Bovidae (cattle, antelopes, buffalo), consist of a
bony core enclosed by a tough keratinized epidermal cover-
ing or sheath. True horns are not branched, although they
may be curved. Horns grow throughout the life of the animal
and are used for defense, display, and intraspecies combat (e.g.,
contests between males for mates). A variation of the true horn
is the pronghorn, found on the North American pronghorn
(Antilocapra americana) in the artiodactyl family Antilocapri-
dae. A pronghorn branches and its epidermal sheath is shed
on an annual basis; the sheath on a true horn is not shed.
Antlers are found among the Cervidae (deer, caribou, moose,
and their relatives). Mature antlers are entirely made of bone
and are branched. They develop from buds covered by in-
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tegument that is richly innervated and vascularized, called vel-
vet. As the antlers grow the velvet dies and the animal usually
rubs it off on tree trunks. Antlers are used for combat between
males for mates. After the breeding season they are shed and
replaced by a larger pair the next year; this continues until they
reach their full growth. The small bony horns of giraffes (Gi-
raffa camelopardalis) originate from the anterior portion of the
parietal bones. Because they do not arise from the frontal bones
they are not considered true horns. Giraffe horns are covered
by furred skin and persist throughout life. Another type of
horn is found on the rhinoceroses of the order Perissodactyla,
the only living mammals outside the artiodactyls with a horn.
The rhinoceros horn is centered over elongated nasal bones,
but it lacks a bony core. It is a solid mass composed of dermal
cells interspersed with tough epidermal cells.

Body design and skeletal system

As endotherms, mammals require more energy than ec-
tothermic animals. Consequently, many mammal traits
evolved to conserve energy. This is particularly true of the
mammal skeleton. Mammals differ as a group from other liv-
ing quadrupedal vertebrates in that their limbs are positioned
directly below the body, allowing more energy-efficient lo-
comotion. The lateral placement of the limbs on reptiles and
amphibians requires them to spend considerable energy

keeping their bodies lifted off of the ground while they un-
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Jaw and ear structure in mammals. Mammals have only one bone in the lower jaw, not several as reptiles do. However, the bones of the former
reptilian jaw are now part of the mammalian inner ear structure. (lllustration by Jacqueline Mahannah)

dulate laterally (rather than moving straight forward as mam-
mals do). The vertical limb placement in mammals also al-
lows removal of size constraints so that mammals may
become much larger than amphibians or reptiles. (The large
Mesozoic reptiles actually had limbs placed under the body
also.) Another difference in the mammal skeleton is that it
ceases growth in the adult, saving metabolic energy. Mam-
mal long bones grow from bands of cartilage positioned be-
tween the diaphysis (shaft) and epiphyses (the ends). This
allows permanent articulations between bones and forms
well-established joints. The mammal skeleton has been sim-
plified in that many bones have fused, decreasing the num-
ber of growth surfaces overall, and saving metabolic energy
that would be used for maintenance. An example is the mam-
mal skull, which is more ossified and simpler than those of
other vertebrates. Bones that are fused in mammal skulls are
separated by cartilage in reptiles. Ossification provides more
surface area on bones with larger sites available for muscle
attachments. Exceptions to many of these mammalian char-
acteristics are found among the living monotremes. Some
mammalogists actually believe that monotremes should be
classified as therapsid reptiles because they have laterally
placed forelimbs and their skeletons contain separated bones
that are fused in other mammals, and, like reptiles, they re-
tain cervical ribs. Ribs in most mammals are attached to the
vertebral column only in the thoracic region; reptiles have
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ribs attached to cervical, thoracic, and lumbar vertebrae. This
rib arrangement allows mammals to lie on their sides for rest-
ing or to suckle their young.

The bones that make up the limbs in mammals are part of
the appendicular skeleton. The forelimbs of mammals are at-
tached to the pectoral girdle, consisting of a scapula and a
clavicle (collar bone). The scapula is held in place by muscu-
lature, which provides the high mobility important in many
locomotor modifications. The pectoral girdle articulates with
the axial skeleton (skull, vertebral column, thoracic cage) only
through sternal bones, which allows a large range of motion
in the shoulder. The pelvic girdle supports the hind limbs and
consists of a coxal bone (the fusion of three different elements
from the reptile condition) that attaches to the axial skeleton
at the sacrum.

Locomotor adaptations

The musculoskeletal design of the mammalian body has
accomodated many diverse means of locomotion, not only in
terrestrial environments but also in aquatic and aerial niches.
Many mammal species are capable of using several different
means of locomotion, but much of the body configuration is
determined by the dominant mode of locomotion used by a
particular species.
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Mammal tail diversity reflects different functions. 1. A jerboa’s tail is used as a counterweight and balance; 2. A spider monkey’s tail is pre-
hensile and used in locomotion; 3. A narwhal’s tail propels it through the water; 4. A mule deer’s tail can communicate an alarm; 5. A red kan-
garoo uses its tail as a support while upright; 6. A northern flying squirrel uses its tail as a rudder. (lllustration by Gillian Harris)

Most mammals that are ambulatory (walking) do so on all
four limbs, i.e., they are quadrupedal. Most ambulators are
pentadactyl (possessing five digits) and plantigrade (walking
on the soles, or plantar surface, of their feet). Pentadactyly is
the primitive condition in mammals, although many lineages
have reduced this number. Ambulators include bears and ba-
boons. Some ambulators are large. As they approach a ton
(0.9 tonne) in weight, adaptations for their large size are a ne-
cessity. Such animals are said to be graviportal. They have a
rigid backbone and their limbs take on the appearance of a
column with each element directly above the one below it.
They retain all five digits in a pad that provides cushioning.
Elephants are an example of a graviportal mammal. Elephants
are not able to run, instead they trot, increasing their speed
by walking quickly.

Cursorial locomotion (running) is accomplished in diverse
ways. Among mammals there is a range of adaptations and
abilities for this way of moving. Many cursors are digitigrade,
i.e., their metacarpals and metatarsals are permanently raised
above the substrate with only the phalanges in contact with
the ground. Often the metacarpals and metatarsals are elon-
gated and the number of digits reduced. For example, in
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equids (horses), the leg is supported on a single central digit
of their mesaxonic foot. Other mammals, such as deer and
hyenas, have legs with a paraxonic foot with two toes con-
tacting the ground. Some mammals have one set of limbs that
are paraxonic and another set that are mesaxonic.

A number of characteristics allow the generation of high
speed in cursory locomotion. Reduction or loss of the clavi-
cle that would impede forelimb movement is one adaptation.
In addition, most of the musculature has shifted to the upper
limb, and the lower limb has become thinner and elongated.
In many cases it is the metacarpals and metatarsals that are
the most elongated. In hoofed mammals the number of dig-
its is reduced. The horse is the most extreme example with
only a single digit. The elongation of the leg relative to body
length produces a longer stride, thereby increasing the speed,
which is equal to the length of the stride multiplied by stride
rate. Another trait that increases speed is a pliant vertebral
column that enables the mammal to place the hind feet in
front of the fore feet when running at full clip. At very high
speed, all four feet may be simultaneously off the ground. This
is seen in horses, greyhounds, gazelles, and cheetahs. Chee-
tahs can cover a fixed distance faster than any other mammal.
They are able to sprint at over 60 mph (97 kph).
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A. Cross section of a hair. B. Hairs may provide insulation and waterproofing. Specialized hair includes quills, whiskers (C), and horns (D). (lllus-

tration by Patricia Ferrer)

Saltatory mammals use hopping as a means of locomotion.
Some are quadrupedal, such as hares, using all four limbs to
make their leaps. Others use another form of hopping called
ricochet saltation. This is a bipedal locomotion in which only
the two hind legs are involved in propulsion. Ricochet salta-
tors have a long tail (often tufted at the end) that is used for
counterbalance. In the case of the macropods (kangaroos) it
is also used as a support during rest. Other ricochet saltators
include kangaroo rats, jerboas, springhares, and tarsiers. In
most cases ricochet saltators have reduced forelegs, long hind
legs, and elongated feet. Generally it is the metatarsals have
that been the most elongated. One exception is the tarsier, a
small primate that retains longer forelimbs. It is the tarsal
bones in the hind foot that are elongated, rather than the
metatarsals. This leaves the tarsier with grasping ability in its
hind paws. It is a ricochet saltator on a horizontal substrate,
but in the shrub layer it employs vertical clinging and leap-
ing, i.e., it pushes off vertical supports with its powerful hind
legs and grasps a branch with its forelimbs and the upper part
of its hind legs.

Arboreal mammals have many adaptations to life in the
trees. One is stereoscopic vision (depth perception) in leapers
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and gliders. Grasping paws and opposable thumbs are often
found, but they are not required. Squirrels scamper about on
branches using sharp claws that provide traction. Sloths have
elongated curved claws from which they hang under branches.
Gibbons (small apes) have long fingers that serve as hooks, a
reduced thumb, and a more dorsal scapula that allow them to
swing underneath branches in the manner that children do
on “monkey bars” at playgrounds. Prehensile tails are found
in many arboreal mammals ranging from marsupials to pri-
mates. These tails are capable of wrapping around branches
and serving as a “fifth limb.” An arboreal adaptation among
gliders (e.g., flying squirrels and colugos) is a ventral mem-
brane, called the patagium, that can be spread out to gener-
ate lift for gliding. Except in the colugo, the tail is free of the
patagium and is used for maneuvering. Gliders cannot ascend
in flight, so they must climb before they launch. Despite that
limitation, gliding can be very efficient. Colugos are able to
cover over 400 ft (122 m) with a loss of only 40 ft (12 m) in
altitude.

Among mammals, powered flight has evolved only in the
bats, which are nocturnal fliers. In the order Chiroptera (lit-
erally “handwing”) the mammalian forelimb has been modi-
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A. Mammary glands are commonly on the ventral surface of the abdomen; B. Cross section through a typical mammary gland. Numbers and lo-
cation of teats may be due to litter size and life style of the mammal, as shown by C. Killer whales; D. Domestic cat; E. Orangutan. (lllustration

by Jacqueline Mahannah)

fied to form a wing with the main portion composed of the
elongated bones of the hand. Bat hind limbs have been mod-
ified to help control the rear portion of the flight membrane.
In addition, the feet have curved claws that enable these an-
imals to hang in an upside down position. Flight requires a
whole suite of characteristics including circulatory and ther-
moregulatory adaptations, and echolocation for flight in a
dark environment. Most of the Old World fruit bats do not
have echolocation and do not fly in complete darkness.

Some mammals have successfully adapted to aquatic envi-
ronments. Semiaquatic mammals spend some time on land

(e.g., yapoks [or water opossums], beavers, otters, and duck-
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billed platypuses). Their locomotor adaptations include a body
approaching a fusiform (torpedo) shape, webbed feet (at least
on the hind leg), and valvular openings to the nose and ear
that can be closed to keep out water. Seals, sea lions, and wal-
ruses are more aquatic and have evolved flippers that provide
efficient propulsion in water, although they still retain some
locomotive ability on land. Seals propel themselves mainly by
undulation of the flexible vertebral column assisted by the hind
limbs. Completely aquatic mammals include the Cetacea
(whales, dolphins, and porpoises) and the seacows (dugongs
and manatees). The body is more fusiform than other marine
mammals. The skeletal elements of the hind limbs have been
lost, having been replaced by soft tissue forming a fluke that
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A. The horse has a stiffer spine, making it better suited for endurance. B. The cheetah is the fastest land mammal; flexibility in its spine allows
for longer strides. C. The kangaroo has more upward movement with each leap, and does not move forward as quickly as the horse or cheetah.

(Ilustration by Patricia Ferrer)

propels the animal in concert with undulation of the posterior
vertebral column. The forelimbs are flippers used for maneu-
vering. The cervical vertebrae of completely aquatic mammals
are short, and they have completely lost their pinnae.

Cardiovascular and respiratory systems

In order to distribute nutrients and oxygen needed for me-
tabolism, mammals need a highly efficient circulatory system.
The main differences in circulatory structure between mam-
mals and most other vertebrates are in the heart and in the
red blood cells. The mammalian heart has four chambers (as
do birds and crocodilian reptiles) compared to the three
chambers found in the reptiles (except the crocodilians). The
additional chamber is the result of a muscular wall (or sep-
tum) that divides the ventricle (lower half of the heart) into
two chambers. In reptiles there is a single ventricle in which
deoxygenated blood from the right atrium mixes with oxy-
genated blood from the left atrium. In mammals deoxy-
genated blood enters the right ventricle only and is then
pumped to the lungs. Oxygenated blood returns from the
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lungs to the left atrium and then enters the left ventricle from
which it is sent to the systemic circuit and the rest of the body.
Thus, mammals have separated the pulmonary and systemic
circuits with the result that mammalian blood is more fully
oxygenated than the blood of terrestrial vertebrates with
three-chambered hearts. Additionally, mature mammalian red
blood cells (erythrocytes) are enucleated, i.e., they lack a nu-
cleus, and are concave in shape. Space saved by the lack of a
nucleus leaves room for additional hemoglobin molecules, the
oxygen-binding molecule. The concave shape also increases
surface area and places the membrane surface closer to the
hemoglobin molecules facilitating gas diffusion. Thus, mam-
malian blood is capable of carrying more oxygen than reptil-
ian blood.

The mammal heart is large, as are the lungs, and together
these organs occupy most of the thoracic cavity. In certain taxa,
these organs may be even bigger. Bats, for example, have a heart
that is three times larger than the average terrestrial mammal
of the same size. The mammal lung is sponge-like and consists
of branched airways that terminate in microscopic sacs called
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The mammalian heart is four-chambered, and separates oxygenated and deoxygenated blood. Oxygenated blood flows from the lungs, through
the heart, to the body. Deoxygenated blood flows from the body, through the heart, to the lungs, where it is reoxygenated. The smaller heart on

the left belongs to a cat. (lllustration by Wendy Baker)

alveoli. The alveoli walls consist of epithelial tissue through
which gas exchange occurs. This structural arrangement of
smaller and smaller tubes and saccules increases the surface area
available for respiration. For example, the respiratory mem-
brane of human lungs is between 750 and 860 ft* (70-80 m?),
which is about 40 times the surface area of the skin.

Mammals have a layer of muscle that separates the tho-
racic cavity from the abdominal cavity. This is called the res-
piratory (or muscular) diaphragm. When this muscle is
relaxed its domed shape forms the floor of the thoracic cav-
ity. When it contracts it moves towards the abdominal cav-
ity, increasing the volume of the thoracic cavity, which draws
air in from the external environment.

Digestive system

To fuel endothermy, mammals require more calories per
ounce (or gram) of tissue than do ectothermic vertebrates such
as reptiles. This is accomplished by more efficient digestion of
food stuffs and more efficient absorption of nutrients. This ef-
ficiency begins with specialization of the teeth. Mammals have
four different kinds of teeth (heterodonty) that are ideally
shaped to cut, slice, grind, and crush food. An exception is the
toothed whales in which all the teeth are similar (homodonty).
The four types of teeth are incisors for slicing, canines for pierc-
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ing, premolars for crushing or slicing, and molars for crushing.
They are commonly represented by a notation called a dental
formula, e.g., 12/2 C1/1 P3/3 M2/3, the dental formula for the
Egyptian fruit bat (Rousettus aegyptiacus). The first in each group
of two numbers represents the teeth in the upper jaw and the
second is the number of teeth in the lower jaw. Multiplying
the dental formula by 2 gives the total number of teeth, 34.
The Egyptian fruit bat’s dental formula indicates that the full
set of teeth for the upper jaw is four upper incisors, two upper
canines, six upper premolars, and four molars. There is a great
deal of variation in the number and type of teeth present. For
example, the prosimian primate, the aye-aye (Daubentonia
madagascariensis), has a dental formula of 11/1 C0/0 P1/0 M3/3,
which illustrates a reduction in number of some teeth and the
complete loss of others. In the case of some herbivorous mam-
mals the upper incisors are either reduced in number or com-
pletely replaced by a hard dental or gummy pad that functions
as a cutting board for the lower incisors. In some gnawing mam-
mals, such as rodents and rabbits, the upper and lower incisors
grow throughout the entire life span and the canines have been
lost. Modification of teeth may be extreme, such as complete
loss in most anteaters, or the formation of large tusks, derived
from the second upper incisors in elephants, or from the ca-
nines in walruses (Odobenus rosmarus).

The relationship between dental structure and function is
so precise that the diets of long-extinct mammals can be de-
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A longtail weasel (Mustela frenata) in winter coat. (Photo by Bob and
Clara Calhoun. Bruce Coleman, Inc. Reproduced by permission.)

duced from their teeth. The teeth are often the only fossil re-
mains recovered from paleontological sites. Teeth perform
mechanical (or physical) digestion by breaking down a food
morsel into smaller pieces, providing additional surface area
for action by digestive enzymes. Premolars in herbivorous
mammals usually have ridges for grinding. In some carnivores
such as wolves, the last upper premolar has a blade that shears
against the first lower molar. Fruit-eating mammals such as
flying foxes often have flattened premolars and molars.

Other modifications for efficient digestion occur in the
stomach, a portion of the gastrointestinal tract. The stomach
serves as a storage receptacle in most mammals and as a site
of protein breakdown. A simple stomach is found in most
mammal species, including some that consume fibrous plant
material. In other mammals that consume a high fiber diet
the stomach has become enlarged and modified to handle
more difficult digestion. These modifications comprise a
foregut digestive strategy, for which the stomach contains
compartments where symbiotic microbes break down cellu-
lose and produce volatile fatty acids (VFA) that can be uti-
lized by the mammal. Foregut fermentation has been
developed to the greatest degree among the mammal order
Artiodactyla, which includes pigs, peccaries, camels, llamas,
giraffes, deer, cattle, goats, and sheep. Rumination, repro-
cessing of partially digested food, is accomplished by the four-
compartment stomachs of giraffes, deer, cattle, and sheep.
Less complex tubular and sacculated stomachs are found in
kangaroos, colobus monkeys, and sloths. Stomachs in foregut
fermenting species are neutral or only slightly acidic, around
pH 6.7, to provide a favorable environment for symbionts.

Food moves from the stomach to the intestines; which con-
sist of the small intestine, where most digestion and absorp-
tion occurs, and the large intestine. The wall of the small
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A longtail weasel (Mustela frenata) in its summer coat. (Photo by Tom
Brakefield. Bruce Coleman, Inc. Reproduced by permission.)

intestine contains epithelial tissue with small finger-like pro-
jections called villi. In turn, each villus has smaller extensions
called microvilli. The villi secrete enzymes for further carbo-
hydrate and protein digestion. The microvilli absorb the di-
gested nutrients. The presence of the villi and microvilli in
the mammal small intestine increases the absorptive surface
area by at least 600 times that of a straight smooth tube. The
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Black rhinoceros (Diceros bicornis) profile showing its horns used for
protection and fighting for supremacy and social heirarchy. (Photo by
Leonard Lee Rue lll. Bruce Coleman, Inc. Reproduced by permission.)
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An elephant can reach a long way up for a meal using its trunk. (Photo
by K & K Ammann. Bruce Coleman, Inc. Reproduced by permission.)

villi of the human small intestine, for example, provide 3,230
f? (300 m?) of surface area whereas the surface area of a
smooth tube of the same size as the small intestine is about
5.4 ft* (0.5 m?). Nutrient absorption occurs through the mem-
branes of the microvilli of each intestinal epithelial cell. Also
distributed throughout the small intestine are glands that se-
crete special enzymes for further digestion of proteins, car-
bohydrates, and lipids.

For mammals, diet and the length of the small intestine
are closely correlated. Mammals that consume a diet that is
either digested in the stomach (such as animal protein con-
sumed by faunivores) or easily absorbed (such as nectar con-
sumed by nectarivores) have a shorter small intestine than

A free-ranging yak (Bos grunniens) exhibits the rare golden color phase.
(Photo by Harald Schiitz. Reproduced by permission.)
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An aardvark (Orycteropus afer) unearths the subterrranean nests of
ants and termites through active digging using powerful and well-
adapted claws. (Photo by Rudi van Aarde. Reproduced by permission.)

other mammals. Herbivores that eat very fibrous plant mat-
ter tend to have the longest small intestine. The small in-
testines of fruit-eaters tend to be intermediate in length.

The foregut fermentation strategy of herbivores requires a
medium or large body size to accommodate the necessarily
large stomach. A strategy generally used by smaller herbivores
is hindgut fermentation (although there are large hindgut fer-
menters such as horses, elephants, and howler monkeys). The
hindgut, also called the large intestine, consists of the cecum
and the colon. The cecum is a blind pouch that serves as the
principal fermentation chamber in the hindgut strategy. As in
the stomach of foregut herbivores, colonies of symbionts in
the cecum of hindgut fermenters break down cellulose and ex-
crete products advantageous to the mammal. Nutrients appear
to be absorbed through the wall of both the cecum and colon,
especially in the larger mammals.

Small hindgut fermenters, such as many rodents and rab-
bits, have the problem that food can only be retained in the
gut for a short time. As it leaves the hindgut, digestion is in-
complete and many valuable nutrients may be left unabsorbed.
"This problem is solved by a behavioral adaptation: a soft pel-
let is produced in the cecum, defecated, and immediately
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A barbary ape (Macaca sylvanus) juvenile in a female’s arms. (Photo
by Animals Animals ©J. & P. Wegner. Reproduced by permission.)

picked up by the animal and reingested. This reingestation of
feces is called coprophagy. The soft pellet then goes through
the digestive process a second time and the end product is a
hard fecal pellet devoid of nutrients. Many owners of pet rab-
bits are familiar with the hard pellet, often called a “raisin.”
The softer pellet is usually consumed at night (when co-
prophagy goes unobserved by the pet owner) and is called the
“midnight pellet.” Coprophagy is efficient; voles are able to
extract 67-75% of the energy contained in their food.

Nervous system and sensory organs

Mammals have relatively larger brains than other verte-
brates. From monotremes to marsupials to eutherians, the
mammal brain increases in size and complexity, primarily by
the expansion of the neopallium. The neopallium (or neo-
cortex) is a mantle of gray matter that first appeared as a small
region between the olfactory bulb and the larger archipallium.
The neopallium in mammals has expanded over the primitive
parts of the vertebrate brain, dominating it as the cerebral
cortex. The cerebral cortex is a thin laminar structure con-
sisting of six sheets of neurons. In order to increase the num-
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ber of neurons in the neocortex it must be folded to fit within
the skull of a mammal. For example, the surface area of the
human neocortex is about 1.5 ft* (0.14 m?). With this area, it
could not be simply laid over the deeper parts of the brain;
folding produces gyri and sulci (folds and grooves, respec-
tively), which gives the eutherian brain a convoluted appear-
ance. Small mammals do not usually have convolutions, but
they are almost always found once a species has reached a par-
ticular body size. Some researchers believe that the convolu-
tions simply serve to increase the number of neurons in the
neocortex, while others propose that the primary purpose of
the convolutions is to increase surface area for heat dissipa-
tion. The brain produces a large amount of metabolic heat
and must be cooled. Increasing the surface area provides more
area for heat transfer (radiation) to occur; i.e., the convolu-
tions produce a “radiator” for the brain.

The neocortex may be more developed or less developed
depending on the mammalian species. In echolocating bats,
for example, it comprises less than 50% of the brain surface
because most of the bat brain is devoted to the auditory cen-
ters. Specific regions of the neocortex are specialized for par-

A Bengal tiger’'s (Panthera tigris) stripes make it stand out on a beach,
but keep the tiger well camouflaged as it hunts from thickets, long
grasses, or shrubs along riverbanks. (Photo by Jeff Lepore/Photo Re-
searchers, Inc. Reproduced by permission.)

49



Structure and function

The bison’s heavy coat helps it to survive winter blizzards in Wyoming,
USA. (Photo by © Jeff Vanuga/Corbis. Reproduced by permission.)

ticular functions. For example, the occipital region is a visual
center, the temporal region is involved with hearing, and the
parietal lobe interprets touch. A structure found only in the
eutherian brain is the corpus callosum, a concentration of
nerve fibers that connect the two cerebral hemispheres and
serve as a communication conduit between them.

Brain structure accounts for mammals’ great ability to learn
from their experiences. Their brain structure, combined with
other neural characteristics, also accounts for mammals’ acute
sensory abilities. For example, mammalian smell is very acute.
In some mammals, it is the most developed sense. Mammals
have an elongated palate and, consequently, the nasal cavity is
elongated as well. A structure in the palate of many mammals,
the vomeronasal organ, detects smells from food. The devel-
opment of turbinal bones covered by sensory mucosa in the
nasal cavities has allowed more efficient detection of odors.
Even so, some mammals have a poorer sense of smell than oth-
ers, e.g., insectivorous bats, higher primates, and whales. In fact,
dolphins and porpoises completely lack the olfactory appara-
tus. The receptors for taste are located on the tongue. Taste,
interpreted in the brain in conjunction with olfactory stimuli,
helps mammals identify whether food is safe to eat or not.
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Mammal hearing is highly developed. In mammals, the ar-
ticular and quadrate bones of the reptilian jaw were modified
to become the malleus and incus bones, which, along with the
stapes, form the auditory ossicles in the mammal skull. The
auditory ossicles conduct vibrations to the inner ear. Another
mammal modification is the evolution of a pinna, an external
flap that directs sound waves into the ear canal (external
acoustic meatus). Many mammal species have mobil pinnae
that enable them to pinpoint the location of the sound source.
Pinnae are most elaborate in the insectivorous bats, but com-
pletely lacking in most marine and subterranean species.

The mammal eye is based on the reptilian eye. Many mam-
mals are able to see very well in low-light conditions because
of a reflective mirror-like layer (tapetum lucidum) in the
choroid coat beneath the retina. The tapetum lucidum pro-
duces “eyeshine,” such as seen in the eyes of deer staring into
automobile headlights. Vision is improved as light is reflected
back across the retina so that photoreceptors can interact with
the light multiple times. Some mammals have an abundance
of cones in the retina providing for color vision. This is es-
pecially true of the anthropoid primates, but this is also found
in other mammals, e.g., Old World fruit bats. Aquatic species
usually have a nictitating membrane that covers the eye, pro-
viding protection in the underwater environment.

Thermoregulation

Mammals produce their own body heat (endothermy) as
opposed to absorbing energy from the outside environment.
This metabolic heat is produced mainly in their mitochon-
dria. Internal organs such as the heart, kidney, and brain are
larger in mammals than reptiles and the corresponding in-
crease in mitochondrial membrane surface area adds to their

An agile bobcat (Lynx rufus) leaps across rocks. (Photo by Hans Rein-
hard. Bruce Coleman, Inc. Reproduced by permission.)
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heat production. Mammals also regulate their body tempera-
ture within a stable range, generally between 87 and 103°F
(30-39° C). This is called homeothermy. Having a constant
temperature allows mammals to maintain warm muscles,
which gives them the ability to react quickly, either to secure
food or to escape predation. They can also maintain the op-
timum operating temperature for many enzymes, providing a
more effective physiology. Some mammals are heterothermic
(able to alter their body temperature voluntarily). Many in-
sectivorous bats are heterothermic. When in torpor they lower
their body temperature to the ambient temperature, conserv-
ing calories that would otherwise be used for heat production.

To regulate body temperature, mammals must also have
the means to retain a certain amount of the heat they pro-
duce. Small mammals lose heat more rapidly than larger mam-
mals because they have a greater proportion of surface area
to volume (or, equivalently, to their body mass). Heat is lost
through surface area. The higher the surface area—to-mass ra-
tio, the greater the rate of heat loss. Fur helps to insulate a
small mammal to some degree, but often it is not enough to
prevent the high rate of heat loss. Small mammals often com-
pensate by obtaining more calories per unit of time by con-
tinuously eating foods that are quickly digested and absorbed.
Larger mammals’ surface area—to-mass ratio decreases as their
mass increases, and they lose heat at a lower rate.

Reproductive system

There are three different modes of reproduction used by
mammals. The monotremes, whose extant members are the
echidnas and duck-billed platypuses, lay eggs. The therians (mar-
supial and placental mammals) give birth to live young. Marsu-
pial newborns are undeveloped (some mammalogists call them
embryos). After only a short gestation period they must make
their way to a teat outside the mother’s body (a teat that may be
in a pouch in species that have pouches) to finish development.
The embryos of placental mammals remain in the uterus dur-
ing development, and they have a nutritive connection with the
mother through the placenta. The young of placental mammals
are born more mature than the young of the other two groups.

Structure and function

The female reproductive tract in monotremes is very much
like a reptile’s. A cloaca (also found in amphibians, reptiles,
and birds) is a common chamber for the digestive, urinary,
and reproductive system. The eggs are conveyed from the
ovaries through the oviducts where fertilization occurs. After
fertilization the eggs are covered with albumen and a leath-
ery shell produced by the shell gland. In therian females the
reproductive organs are separate from the urinary and diges-
tive systems. The marsupial female has two uteri, each with
its own vagina. Eutherian females may have either a single
uterus or paired uteri, but always a single vagina. The pla-
cental embryo implants and develops in the uterine wall.

In all therians, the male urinary and reproductive systems
share a common tract, the urethra. A problem for endother-
mic mammals is that their body temperature may be too high
to sustain viable sperm. This is not a problem for monotreme
males because their body temperature is lower than that of
therians, and their testes are contained in the abdominal cav-
ity. The testes of therian males are typically contained in a
scrotum, a sac-like structure that lies outside the body cavity.
The testes may descend into the scrotum from the abdomi-
nal cavity only during breeding season or they may be per-
manently descended. The penis differs in the three main
groups of mammals. The monotreme penis is attached to the
ventral wall of the cloaca. The marsupial penis is directed pos-
teriorly, contained in a sheath, and the glan penis (tip) is bi-
fid, which accommodates the two vaginas in the marsupial
females. The eutherian penis is directed forward. It may hang
freely or be contained in an external sheath. In many species,
including most primates, a bone called the baculum supports
the penis.

Mammary glands (see also the discussion under integu-
ment) provide nourishment for the young mammal. While
milk requires energy to produce, it also conserves energy for
the mother: Mammals do not have to make numerous trips
to find food and return with it to feed their offspring. Ob-
servations of bird parents making trip after trip in order to
feed insatiable hungry mouths at the nest illustrate this point.
A mammal mother obtains her food, returns to the nest or
den, and can feed her young in comparative safety.
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Adaptations for flight

Adaptation for flight in bats

Bats, and an uneasy creeping in one’s scalp As the bats
swoop overhead! Flying madly. Pipistrello! Black piper on
an infinitesimal pipe. Little lumps that fly in air and have
voices indefinite, wildly vindictive; Wings like bits of um-
brella. Bats!

The poet, D. H. Lawrence, seemed to find bats disgust-
ing, but these creatures of the night are the only mammals to
have evolved powered flight. Occupying the nocturnal flier
niche has been extremely successful—so successful that one
out of every four mammal species is a bat.

Three vertebrate taxa have evolved lineages capable of
powered flight: the pterosaurs (Reptilia), birds (Aves), and
bats (Mammalia). In all three cases, the forelimbs of these
vertebrates were modified over time to form wings. This is
an example of convergence, the independent evolution of a
common structure that performs a similar function among
unrelated species. The pterosaurs, the only reptiles to evolve
true flight, were the first vertebrates to develop powered
flight. Pterosaurs (order Pterosauria) appeared about 225
million years ago and lasted about 130 million years until
they became extinct at the end of the Mesozoic era. The most
diverse lineage of flying vertebrates is the birds (class Aves),
which underwent extremely rapid evolution during the Cre-
taceous period, approximately 150 million years ago (mya).
Bats (order Chiroptera) appear to be the most recent flying
lineage among vertebrates, although precisely how recent is
uncertain because only a few examples are represented in the
fossil record. The oldest unquestioned fossil bat dates back
to the early Eocene (about 50 mya) and is already a well-de-
veloped bat. Fossils from the early Paleocene (65-60 mya)
attributable to bats consist mainly of teeth and jaws. They
are often disputed as belonging to the order Primates.

Advantages to flight

Flight in a vertebrate provides several advantages. First,
the flying animal has access to food sources unavailable to
terrestrial species. This includes insects flying above the
ground level that cannot be reached by earthbound animals
as well as fruits and flowers on the terminal ends of thin
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branches. Second, the flier has a ready means of escape from
non-flying (or non-volant) predators and can rest in places
that are not accessible to earthbound predators. Third, flight
gives a species great mobility and the ability to cover large
expanses rapidly and cheaply. Although the amount of en-
ergy required to initiate flight is great, once the animal is
airborne, flying is the most economical form of locomotion
per distance traveled in a terrestrial environment. In addi-
tion to daily foraging advantages, flight provides the means
to compensate for seasonal changes in climate and food avail-
ability. A fourth advantage is at the evolutionary level. Fliers
can overcome geographic barriers such as large bodies of wa-
ter and, consequently, can disperse to locations not easily
traversed by non-volant terrestrial animals. For example, bats
are the only mammals native to New Zealand, to many re-
mote Pacific Islands, and to the Azores in the Atlantic. Be-
fore humans arrived on Australia with dogs, bats and a few
rodents (apparently arriving from New Guinea) were the
only eutherian mammals among all the terrestrial fauna on
the continent.

Nocturnal flight adaptations

The focus of this entry will be the adaptation for flight
among bats, the only mammals to evolve structures for pow-
ered flight. Bats are not just fliers, they are mammalian, noc-
turnal fliers. Consequently, their adaptation to flight involves
more than just the evolution of wings, but also requires solu-
tions to nocturnal navigation, thermoregulatory problems,
and energy considerations.

Over a span of 65 million years of evolutionary history,
natural selection acted to balance several physical considera-
tions to accommodate demands of flight: body mass and
shape, wing morphology, flying style (i.e., control of wing
shape, orientation, and motion), and physiology (to meet the
energy requirements for flight). To understand flight adapta-
tion, it is useful to gain an understanding of the forces ex-
erted on the animal in powered flight. Adaptation for flight
of bats is guided by the need to generate and withstand, or
minimize, these forces during flight. However, before look-
ing at flight it is imperative to look at a prerequisite for noc-
turnal flight: some way to navigate in darkened space. Before
flight could evolve in bats, a bat ancestor must have devel-
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Adaptations for flight

The bulldog bat (Noctilio albiventris) uses its claws to swoop in and grab prey while in flight. (Photo by T. E. Lee Jr./Mammal Images Library of
the American Society of Mammalogists.)

oped echolocation. There is more to being a flying bat than
just having wings.

Echolocation

Before there could be nighttime fliers, there had to a way
to navigate in the dark. Bats are active at night and they of-
ten inhabit darkened areas such as caves or the inside of hol-
low trees.

Echolocation is an adaptation for navigating in visually
limited environments. There are other mammals that employ
echolocation, including various marine mammals and possi-
bly members of the order Insectivora such as shrews. There
is also some suggestive evidence that the colugo, a nocturnal
glider, has some form of echolocation. Marine mammals such
as whales and dolphins move through a medium that trans-
mits light very poorly. The water they swim in is often ob-
scured by murkiness from plankton and other suspended
particles. At depths greater than 656 ft (200 m), a routine div-
ing depth for marine mammals, the surroundings become
completely dark. The shrew is a terrestrial mammal with tiny
eyes and presumably poor vision. They are active at night.
Shrews are fossorial, i.e., they burrow, dig, and forage in the
leaf litter of wooded areas. Consequently, they also occupy a
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visually limited environment. It should also be pointed out
that only two bird species are known to echolocate. Oilbirds
are nocturnal and inhabit caves. The other, the Asiatic cave
swiftlets, frequently fly in dark caves.

Birds have been part of the terrestrial fauna for at least 150
million years. They fill the available diurnal (daytime) flying
niches. By the time bats appeared in the Eocene, birds were
completely developed and no latecomer mammal would have
been able to out-compete them in the daytime. Bats most
likely descended from small nocturnal insectivorous mam-
mals. Therefore, protobats were already in the nocturnal
niche when there was an opening for a nocturnal flier. How-
ever, flying in the dark can be dangerous. In addition to the
open nighttime environment, most bats roost in caves or in-
side hollow trees, which are darker environments than out-
side. There is also the danger of mid-air collisions with other
bats. Consequently, before nocturnal flying could be feasible,
some way of avoiding obstacles had to evolve. Of course, there
is no way to know when echolocation actually evolved in bats.
However, it had to be very early in their development. As
mentioned previously, shrews have a crude form of echolo-
cation, and shrews and other insectivores are often cited as a
mammalian rootstock. If so, it is not unreasonable to suggest
that echolocation developed sometime before flight.
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The flying fox (Pteropus sp.) can have a wingspan of up to 6.6 ft (2 m). (Photo by © W. Perry Conway/Corbis. Reproduced by permission.)

It was the Italian physiologist Lazzaro Spallanzani who first
experimented with obstacle avoidance in bats and owls in the
eighteenth century. He discovered that owls would not fly in
complete darkness, but this did not deter bats. He hung wires
from his ceiling with small bells attached. Bats could fly
throughout his study and never jingle the bells. When he
blinded the bats, again they did not touch the wires. He fi-
nally inserted brass tubes into their ear canals. This was ob-
served to impair the bats ability to avoid the wires. Spallanzani
was still baffled. No sound came from the wires while they
were simply hanging. Nevertheless, he attributed the bats’
ability to avoid the wires to keen hearing. Of course, he was
not able to hear the high-pitched sounds that the bats were
actually emitting.

In the 1930s, the first microphone capable of detecting ul-
trasound (beyond the hearing of humans) was produced.
American zoology and comparative psychology student, Don-
ald Griffin, prominent in the 1980s for his work on animal
cognition, found that placing one of these microphones in the
middle of a group of quiet bats suddenly changed these rela-
tively quiet animals into loud chatterboxes. At about the same
time, the Dutch zoologist, Sven Dijkgraf, who had very keen
hearing, discovered that he could hear sounds coming from
Geoffroy’s bat. When he placed muzzles over their jaws, pre-
venting the emission of the sounds, these bats became dis-
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oriented and crashed into objects. From these discoveries,
early researchers were able to gain some understanding of the
mechanisms of echolocation. However, to date, the details of
detection and interpretation of these signals by the bat are
still a very active area of research (e.g., the bat project at the
Auditory Neuroethology Lab at the University of Maryland,
College Park).

Echolocation in bats results from the production of a high-
pitched sound by the larynx and emitted through either the
mouth or the nostrils. Often, the nose has been modified into
a nose leaf, a fleshy process on the upper snout, which helps
direct these sounds. Sound waves travel until hitting an ob-
ject and bouncing back. The pinnae (external ears) of bats are
large, highly modified structures designed to receive the re-
turning signal of the bounced sound. The tragus is a small
flap located in front of the ear canal. It acts as an antenna and
allows the bat to discern the direction from which the sound
is coming. Different species of bats utilize different frequen-
cies. Individuals of the same species will alter their frequen-
cies slightly to prevent confusion of signals that could lead to
mid-air collisions.

Echolocation is also used for foraging. In fact, echoloca-
tion may have originally developed in a bat ancestor that was
foraging in the forest litter. Bats can catch insects “on the fly,”
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Bats have adapted to flight by developing extremely light and slender
bones. (Photo by Barbara Strnadova/Photo Researchers, Inc. Repro-
duced by permission.)

part of what makes them successful as nocturnal fliers. How-
ever, an evolutionary arms race exists because some moths
have developed a defense against bat echolocation. They pos-
sess sound sensors on their thorax that enable them to detect
the ultrasonic pulses being aimed at them by the bats. They
then engage in erratic flight patterns in an attempt to evade
the foraging bats. Some moths have even developed counter-
measures. They produce sounds directed at the bats that seem
to deter them. It is possible that these sounds are jamming
the bats’ echolocation in the way that aluminum foil was used
to jam radar signals during World War II.

One group of bats is notable for not having echolocation.
These are the large flying foxes and fruit bats (Megachi-
roptera). These bats depend on vision during activity under
low-light conditions at dusk and dawn, a cycle referred to as
a crepuscular activity cycle. They are also active during all
moon phases, except the new moon when there is no moon-
light. Megachiroptera lack the large pinnae and elaborate nose
leafs found on the echolocating insectivorous bats (Microchi-
roptera). There is one exception: rousette bats that roost in
dark caves (which is unusual for a megachiropteran) use a form
of echolocation in which they produce sounds by slowly click-
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ing their tongue. This is different from microchiropteran
echolocation. Although echolocation is not necessary for
flight in itself, it is a required adaptation for fliers who travel
in pitch-black darkness.

The physics of powered flight

Once a means for detecting and avoiding obstacles was de-
veloped in a bat ancestor, the lineage was free to expand into
the nocturnal flier niche. Powered flight allows access to fly-
ing insects. Because gliders do not have the maneuverability
to pursue flying insects, this feeding niche was wide open dur-
ing early bat evolution. The difference between powered
flight and other modes of traveling through the air is ma-
neuverability. Gliders such as the colugo have extra skin at
the body’s sides, which can both stretch out and change an-
gle during flight to control both the rate and the angle of de-
scent. Therefore, gliding has both a downward and a
horizontal component of motion. However, the starting point
is always higher than the final position of the animal. This is
because gravitational potential (the energy determined by a
body’s position in a gravity field) is the only source of kinetic
energy (energy of motion) in this mode of traveling through
the air. To obtain a greater height above the starting posi-
tion, gliders must utilize other means (e.g., tree climbing).
Power flyers can oppose the force of gravity and increase their
height above the ground by using wings and the power gen-
erated by their own muscles. They are also capable of con-
trolling the magnitude and direction of their forward speed
without depending on gravity or air currents.

The southern flying squirrel (Glaucomys volans) uses a thin membrane
that extends from its hands to its feet to glide up to 80 yd (73 m).
(Photo by © Joe McDonald/Corbis. Reproduced by permission.)
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These little red flying foxes (Pteropus scapulatus) hang upside down
and as soon as they drop, they are in flight. (Photo by B. G. Thom-
son/Photo Researchers, Inc. Reproduced by permission.)

Powered flight is possible because air is a fluid. In every-
day usage, the word “fluid” brings to mind a liquid such as
water or gasoline. But technically, a fluid obeys the law that
the faster an object moves through it, the greater the force
exerted on the object. In the terminology of fluid mechanics,
the force exerted on an object in a direction perpendicular to
the direction in which the object moves through a fluid is
called dynamic lift, which is generated when an object mov-
ing through a fluid changes the direction of the fluid flow.

Another fluid force exerted on an object is dependent on
the shape of the object. This is called Bernoulli lift, which
may be involved in natural selection pressure for the wing and
body shape of the bat. The Bernoulli principle in fluid me-
chanics states that the faster a fluid flows over a surface, the
lower the pressure on that surface perpendicular to the fluid
flow. Therefore, the pressure is lower on the top than it is on
the bottom. This pressure difference results in Bernoulli lift
upward. Experimentally it has been determined that Bernoulli
lift alone is not sufficient for power flying, but most likely
provides a selection pressure favoring a particular wing shape,
body streamlining, and flight style.

In summary, the forces that must be overcome in powered
flight are inertia (the resistance to change in motion that is a
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property of all masses), weight (the force exerted on the mass
by gravity), and drag (the fluid force exerted by air on any ob-
ject moving through it). To change the height from the ground
and the speed and direction of forward motion, the bat has to
use its wings to manipulate the airflow to generate the forces
of lift and thrust. The wing structures themselves must also
be able to withstand the stresses of moving through the air.

Bat wing morphology and its role in powered
flight

Chief among the many adaptations of the bat for powered
flight is the bat wing, and the flapping flight style that uses
muscle power to generate lift and thrust. The bat wing evolved
from the forelimbs of a terrestrial mammalian ancestor. The
mammalian forelimb is exceedingly mobile because the shoul-
der joint between the scapula (shoulder bone) and the
humerus (upper forelimb bone) is loosely held together with
muscles. This allows for actual rotation of the arm around the
shoulder joint in many species. Primates have this mobility,
and so do bats.

The taxonomic name of the bats, order Chiroptera (mean-
ing, “hand-wing”), perfectly describes the morphology of the
bat wing. The skeletal structure of the bat wing consists of
the humerus, a well-developed radius, and a much-reduced
ulna. In humans, the ulna is a major bone of the forearm and
forms a hinge joint in the elbow region with the humerus.
The highly elongated hand (metacarpal) and finger (pha-
langes) bones form the rest of the bat wing skeleton. Only
the pollex (or thumb) retains the claw of the mammal ances-
tor, although on fruit bats and flying foxes the second digit
also retains a claw. The bones of the wing provide a segmented
skeletal frame for support and control of the flight membrane.

The flight membrane (called a patagium) is a flexible dou-
ble-layered structure consisting of skin, muscle, and connec-
tive tissue. It is richly supplied with blood vessels. The region
of the patagium that stretches from the sides of the body and
the hind limbs to the arm and the fifth digit is called the pla-
giopatagium. Other portions of membrane extend from the
shoulder to the pollex (first digit) along the anterior portion
of the wing (propatagium), between the fingers (the chi-
ropatagium), and from the hind limbs to the tail (the
uropatagium, also called the interfemoral membrane). The
wing operates on an airfoil design, with the flexible membrane
segments changing shape to produce variable pressure gradi-
ents along the wing surface that results in variable amounts
of lift and thrust. The bats’ fine control of the shape of the
patagium gives them a maneuverability that cannot be
matched by birds.

Bat flight is controlled by seventeen different pairs of mus-
cles. Three different muscles provide power for the down-
stroke. Another three muscles execute the upstroke. This is
very unlike birds, where two pairs of muscles provide the
power for the depression and elevation of the wings. The ster-
num (breastbone) in bats is not particularly well developed,
while in birds it is very prominent with a well-developed keel.
The pectoralis muscle that originates from the sternum is the
largest bat flight muscle and it has the richest supply of blood
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vessels known for any mammal. Other muscles that originate
from along the vertebral column (backbone) and the scapula
help to provide tension to the membrane and adjust the po-
sition of the wing. Muscles fibers embedded in the membrane
assist in regulation of the tension of the patagium. Many mus-
cles that exist in terrestrial mammals have been slightly repo-
sitioned, while others unique to bats assist in keeping the
patagium taut. The wing operates on an airfoil design, with
the flexible patagium segments changing shape to provide
variable amounts of lift and thrust.

The hind limb possesses a bony spur unique to bats called
a calcar that projects inwardly from the tibia. This bone at-
taches to the uropatagium and functions to keeps the tail por-
tion from flapping during flight. The legs can also form a
pouch out of the uropatagium used for catching insects. In
most bats, the hind limbs have rotated 90° outwardly and as-
sumed a reptilian-like position. The legs are used to control
the uropatagium during flight. Another important adaptation
of the hind legs is as a hook, an adaptation for hanging upside
down. Bats are able to hook the claws of their hind paws onto
horizontal supports or rough edges on walls or on ceilings of
caves. The claws have developed a locking mechanism that al-
lows them to hold without any muscular involvement. Hang-
ing upside down allows bats to occupy areas unavailable to
birds and allows a bat to use gravity to initiate flight by drop-
ping. It is often believed that bats are completely helpless on
the ground because of the arrangement of their legs; this is
not true. Some species hop while others move quadrupedally.
If a bat falls in water, it can swim to land. However, they do
not use these forms of locomotion habitually. The arrange-
ment of the bat hind limbs has probably constrained the bat
lineage to being flyers. There are no flightless bats nor are
there swimming bats comparable to those found among the
birds (e.g., ostriches and penguins, respectively).

Bat flight

The superior aerobatic ability of the bat in flight is due to
the wing segmentation provided by the skeletal frame, the
flexibility of the membrane segments, and the very fine con-
trols provided by the wing musculature. To date, the best an-
alytical theory of animal flight is the vortex theory first
introduced by Ellington in 1978 and further developed by
Rayner in 1979. According to vortex theory, bats fly by gen-
erating volumes of circulating air (called vortices, singular
vortex) that create pressure differences on different parts of
the bat’s wing. The resulting fluid forces push the animal in
the direction it wants to go, at the speed it wants to go. The
bats’ flight motions are similar to the motions of a human
swimmer doing the butterfly stroke. During the downstroke,
the wing is fully extended. It envelops the maximum possible
volume of air and pushes it down, generating a region of high
pressure beneath the wing and low pressure above the wing.
The pressure differences add up to a resultant force that has
two components: a thrust component that opposes the drag
exerted on the animal by its motion through the air, and a lift
component perpendicular to the drag that opposes the action
of gravity on the mass of the animal (the animal’s weight).
The numerical value of each component depends on the an-
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gle of attack. The steeper the angle, the higher the lift and
lower the thrust. During steep-angle ascent, the bat increases
the curvature of the propatagium to prevent stalling. T'o max-
imize lift, the uropatagium is curved downward. During the
upstroke, the bat flexes the wing and extends the legs to de-
crease drag by decreasing the surface area perpendicular to
the airflow. Each wing segment contributes different relative
amounts of lift and thrust. The wing segments closest to the
sides of the body, the plagiopatagium, generate mostly lift,
and the distal wing segments (the chiropatagium) provide
most of the thrust. The exact pattern of airflow over differ-
ent wing segments is not yet known, however, computer sim-
ulations of the aerodynamics of the bat in flight are an area
of very vigorous research. For example, a project to simulate
the airflow around the changing geometry of the bat wing in
flight is under way at Brown University. Preliminary results
were published by Watts in 2001.

Wing form and flying strategies

The wing forms of bats are highly variable from species to
species. A particular form (e.g., either long and narrow or
short and broad) may reveal a relationship between flight style
and foraging habits because it is likely that selection pressure
favors the evolution of the best wing form for a particular
feeding style. The two primary quantities used for compar-
ing wing morphology to flight style are wing loading (WL)
and aspect ratio (AR). WL is the ratio of body weight to the
surface area of the wing, which demonstrates the size of the
wing relative to the size of the bat. In general, the higher the
WL, the faster the bat has to fly to generate sufficient lift with
relatively small wings. One calculates AR by squaring the
wingspan and dividing that number by the wing’s surface area.
AR measures the broadness of the wing. The higher the AR,

the narrower and more aerodynamically efficient (lower drag)
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Multi-image of bat (Pipistrellus pipistrellus) in flight. (Photo by Kim Taylor. Bruce Coleman, Inc. Reproduced by permission.)

is the wing. Bats with high-AR wing morphology are faster
flyers, but lack the agility of bats with low AR. The surface
areas of the uropatagium and the plagiopatagium are large in
slow, agile flyers because these areas provide most of the lift
during flight. The propatagium alters the leading edge cur-
vature of the wing, and prevents stalling during steep-angle
flying. If the surface areas of these regions are large compared
to the wingspan, giving a low AR, the agility of the bat is very
high. Examining the wing form can provide clues about the
bat’s specialization in foraging. There are no exact correla-
tions because bats are very adaptable and highly flexible in
their foraging habits. Also, the wing form suitable for a cer-
tain foraging style may be a disadvantage in other aspects of
bat behavior. Generalizations must be made with caution.
With that in mind, observers have noted that some tenden-
cies do emerge. In general, bats with wings having high WL
and high AR are bats that fly fast and forage in open air above
vegetation. These bats regularly fly long distances in a short
amount of time, feeding on insects while in flight. Bats with
wings having low WL and low AR are able to fly slowly with-
out stalling and can make tight maneuvers. They are glean-
ers and hoverers, able to navigate in heavy vegetation and to
take off from the ground while carrying heavy prey. Fruit-
eating bats that forage among vegetation and carnivorous bats
that catch prey from the ground both fit in this category.
High-WL and low-AR wings tend to belong to bats that fly
fast, but have short, broad wings and are capable of maneu-
vering in cluttered spaces. They tend to be expert hoverers,
and their flight speed allows them to visit among separated
patches of vegetation in a minimum amount of time. They
also tend to specialize in nectar or pollen feeding. Low-WL
and high-AR wings are found among fishing bats that fly
slowly over open water with very little tight maneuvering re-
quired. The low body weight allow these fishers to carry off
the day’s catch for later consumption.
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Body design

To understand bat body adaptations for flight, it may be
instructive to examine bird bodies. Bird bodies are designed
for mass reduction. They do this in a number of ways. They
have lost teeth and the accompanying heavy jaws and jaw mus-
culature over evolutionary time. They have thin, hollow, and
strong bones. Many bones are fused or reduced in size. The
long bony tail of their ancestors has been greatly reduced to
the small vestigial pygostyle. Birds have a series of air sacs in
the body that serve to reduce weight. They do not have a uri-
nary bladder to store urine nor do they have a urethra. The
kidneys excrete uric acid into the cloaca where it is mixed with
intestinal contents to produce the white guano associated with
birds. Birds have lost one ovary, and lay eggs so they do not
have to carry a fetus. The most distinctive feature of birds is
their feathers, which provide lift, insulate them against heat
or cold, streamline the body, and reduce mass.

Bats, as mammals, must address these weight reduction is-
sues differently. In general, bats are much smaller in size than
birds. Most bats belong to the suborder Microchiroptera (the
insectivorous bats or microbats, also called the “true bats”) and
range from 0.07 oz (2 g) (Kitti’s hog-nosed bat, perhaps the
smallest mammal) to 8.1 oz (230 g), but fewer than 50 species
weigh more than 1.8 oz (50 g). The larger flying foxes
(Megachiroptera) may reach 56.4 oz (1,600 g) with wingspans
of 6.5 ft (2 m), but they are never as large as the largest birds.
Bat bones are thinner and lighter than those of most mam-
mals, but not as light as bird bones. Bat bones have marrow
in the shafts, whereas bird bones are hollow. Several bones in
the bat skeleton (ulna, caudal [or tail] vertebrae) have been re-
duced, while several have been lost altogether (fibula, caudal
vertebrae in fruit bats). The distal phalanges have less miner-
alization and a flatter cross-section than normally found in
mammal bones, which provides more flexibility in the wing
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frame. Birds, on the other hand, have more mineralized bones
that are somewhat more brittle. If present in the bat wing,
these could actually break under the stresses on the wing frame
during flight. Bats have not lost any organs as birds have. Bats
still retain teeth. To compensate for the extra skull mass, they
have a short neck that helps to keep the center of gravity in
the middle of the torso. The bat body as a whole has been
shortened and some of the vertebrae have fused, making for a
stiff backbone. The diets of bats are high-energy foods, such
as insects, fruit, or nectar, that pass through the gut quickly
so as not to load the animal down with bulky fiber. This high-
energy diet also meets the energy requirements for flight. Bats,
because they are mammals, have fur instead of feathers. Fur
has some limited lifting properties, produces rough surfaces
that change airflow, and has some malleability for streamlin-
ing, but it is inferior in those properties to feathers. Fur does
insulate, but not as efficiently as feathers.

The most important difference between bats and birds is
that birds are daytime flyers and bats are nighttime flyers.
As nocturnal flyers, bats face problems not faced by birds.
The first problem they had to solve is navigation in a visu-
ally limited environment. Other problems bats must solve
are getting sufficient oxygen and nutrients to tissues and
thermoregulation. Bats have dealt with these problems very
successfully.

Energy

Powered flight has enormous energy costs. Flight is ener-
getically cheaper than walking or running once the bat is up
in the air. However, it takes a considerable amount of calories
to get airborne. Flying is very demanding on bat physiology.
In some species, the heart rate may rise to approximately 1,000
beats per minute in order to supply oxygen to the tissues dur-
ing flight. Because of these demands, the heart and lungs are
larger in bats than in comparably sized mammals.

Bats do not consume fibrous plant material. Such a diet
simply would not supply enough calories. Also, the gut pas-
sage time and the gut modifications needed to digest high-
fiber material would increase the weight of the animal. Bats
consume easily digestible, high-calorie items such as insects,
fruit, or nectar. Some species also eat small vertebrates like
fish, frogs, mice, or even other smaller bats.

Thermoregulation

Associated with the metabolic costs of flight is ther-
moregulation. Bats have unusual problems to solve in this re-
gard. Bats probably have the most complex thermoregulatory
problems to solve of any mammal. Most bats are small. Small
mammals must overcome heat loss problems because they
have a greater proportion of surface area in relation to their
volume (or equivalently, their body mass). Heat is lost through
surface area. The higher the surface area—to-mass ratio, the
greater is the rate of heat loss. For this reason, small mam-
mals have higher rates of heat loss than larger mammals. Fur
helps to insulate a small mammal to some degree, but often
it is not enough to prevent the high rate of heat loss. Small
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Gould’s wattled bat (Chalinolobus gouldii) echolocating from a branch
on Mt. Isa, Queensland, Australia. (Photo by B. G. Thomson/Photo Re-
searchers, Inc. Reproduced by permission.)

mammals need to obtain more calories per unit time to pro-
duce heat (via muscles) by continuously eating foods that are
quickly digested and absorbed. This is quite the opposite of
larger mammals. As mammals get larger, their surface area—
to-mass ratio decreases as the mass increases. Elephants have
a heat load problem, not a heat conservation problem. Be-
sides being a small mammal, bats also have additional surface
area from their wing membranes. Therefore, this flight adap-
tation results in about six times greater surface area than that
present in non-volant mammals of comparable size, which in-
creases the heat loss rate many fold.

Bats solve these extreme heat loss problems through het-
erothermy, a temporary reduction in body temperature to con-
serve calories. Mammals are endothermic (“warm-blooded”),
i.e., they generate internal heat. Most mammals are also
homeothermic, which means that they regulate their body
temperature within a particular range (generally, 95-102°F
[35-39°C]). Bats, however, can reduce their body temperature
to conserve energy. This strategy is called heterothermy and
results in torpor. Bats can lower their body temperature to the
environmental (or ambient) temperature and therefore do not
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have to devote calories to produce heat, much of which would
be lost to the environment. Additionally, bats are able to re-
duce blood flow to the extremities and to the wing membrane
that reduces heat loss through these surface areas.

During flight, the bat’s thermoregulatory problems are re-
versed. The problem becomes how to dissipate the heat gen-
erated from the flight muscles. Bat wings have a rich supply
of blood vessels. Heat is transferred from the blood to the
wing membrane and is radiated off the surface. Bats do not
have sweat glands, but a small amount of water vapor passes
through the skin onto the membrane surface. As water evap-
orates off the surface of the wing, it also carries away some
heat. Another area where the echolocating bats lose heat is
from the blood vessels of the large external ear. Breathing
also helps remove heat. Water vapor is one of the byprod-
ucts of respiration and, when the animal exhales, more heat
is dissipated.

Some species can build up a heat load while they are rest-
ing during the day. This is more likely to occur among the
larger bats, but some smaller bats that roost in sunny loca-
tions face this problem as well. In these situations, tempera-
ture can be regulated through behavior by moving to a shadier
location. Some bats will also use their wings to fan themselves.
Sometimes, they also lick themselves to promote evaporative
cooling from the saliva.

Cardiovascular and respiratory adaptations

Like birds, bats have hearts that are about three times big-
ger than those of comparably sized mammals. The heart mus-
cle fibers (or cells) in bats possess higher concentrations of
ATP (the molecule that is utilized for energy by cells) than
observed in any other mammal. These adaptations enables
bats to pump more blood during a flight, a period of peak de-
mand for oxygen. Resting bats may have heart rates as low as
20 beats per minute. Within minutes of initiating flight, the
heart rate may rise to between 400 and 1,000 beats per minute.
Bats also have relatively larger lungs than most mammals, pro-
viding a larger respiratory membrane for gas exchange. This
is in response to the demands for oxygen required for mus-
cle metabolism during flying.

Bats have highly vascularized wings (i.e., rich in blood ves-
sels) that supply the wing membrane with oxygen and other
nutrients. Because of this circulation, damage to the wing
membrane can heal very quickly. An unusual feature of the
bat wing circulation is sphincters (muscular valves) that can
close off blood flow to the capillaries and shunt blood directly
from the arteries to the veins. It is not exactly known when
and why this is done. Some biologists believe that the sphinc-
ters are closed and blood flows through the shunts during
flight. The sphincters may open during rest to allow blood to
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flow into the capillaries and nourish the wing membrane. A
problem that exists for wing circulation is that the flapping
of the wings creates a centrifugal force that impedes the flow
of blood back to the heart, causing pooling in the extreme
ends of the wings. To compensate for this, the veins of the
wings have regions in between venous valves that contract
rhythmically. These have been referred to as “venous hearts.”
When venous hearts contract, the vein is constricted and
pushes venous blood back towards the heart. The valves in
mammalian veins prevent back flow, ensuring that blood will
only travel in one direction. Bat blood is capable of carrying
more oxygen per fl oz (ml) than other mammals. In fact, it
carries more oxygen than bird blood. It appears that this is
accomplished by increasing the concentration of red blood
cells (RBC), which contain the iron pigment heme that binds
to oxygen. Bat blood has smaller individual RBCs than nor-
mally found in mammals and a larger number of RBCs within
the same circulating blood volume. These smaller cells also
provide a relatively larger surface area for gas exchange to oc-
cur. The actual mechanism of bat circulation is still not com-
pletely understood. For budding bat biologists, the bat
circulatory system offers many research possibilities because
little experimentation has been done on many aspects of this
system.

Bat lungs are larger than the lungs of terrestrial mammals,
but they do not contain the respiratory volume found in birds.
The alveoli, the tiny sacs that help form the respiratory mem-
brane, are smaller in the bat lungs than in the lungs of other
mammals. The smaller the alveoli are, the greater the func-
tional surface area for gas exchange. In addition, the alveoli
are richly endowed with capillaries that bring a rich flow of
blood for gas exchange. Bats are superior to other mammals
at extracting oxygen from the environment, approaching the
capability of birds. Bats do not have the lung volume of birds,
but they have high respiratory rates that facilitate aeration.
The high respiratory rates are also believed to be associated
with heat removal via water vapor.

Bats own the night sky

Bats are extremely successful nocturnal mammal fliers.
Their anatomy, physiology, and ecology are a finely tuned in-
tegration of many different body organs and organ systems
that enable these animals to dominate the night sky. Bat adap-
tations for flight include more than just wings. The diet con-
sists of high-calorie food that is easy to digest, assimilate, and
pass quickly through the gut. They have solved thermoregu-
latory problems ranging from the heat loss due to small size
to the heat load of flight metabolism. The cardiovascular and
respiratory systems are highly adapted for efficient distribu-
tion. All of these adaptations work together efficiently to make
the bat a well-integrated nighttime flying machine.
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Life in water

In the beginning, all life on Earth was aquatic. Although
water covers over two-thirds of our planet, precisely how life
in the oceans came to be is one of our unanswered questions.
Many of these animals have been around for millions of years.
Over time, they have adapted in such a way that allows them
to live and reproduce in water. One unusual example of long-

term ocean survival is that of the coelacanth. Fossils of this
armored fish dating back more than 75 million years have
been discovered, and it was thought to have been extinct. In
1938, however, one was caught off the coast of South Africa.
Since then, more than 100 of these prehistoric, deep-dwelling
fish have been examined. They have no scales or eyelids, as
do “modern” fish, and have quietly kept to themselves in the
deepest areas of the ocean.

The hippopotamus (Hippopotamus amphibius) has its nostrils on the top of its snout allowing it to spend most of its time in the water. (Photo
by Alan Root/Okapia/Photo Researchers, Inc. Reproduced by permission.)
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The Pacific white-sided dolphin’s (Lagenorhynchus obliquidens) coloring helps to act as camouflage underwater. (Photo by Phillip Colla/OceanLight.com.
Reproduced by permission.)

For the most part, aquatic creatures spend their entire lives
submerged. However, a few aquatic animals—those that are
descended from land animals—come all or part of the way
out of the water for one reason or another: sea turtles, pin-
nipeds, and penguins come ashore to breed, for example.
Mammals, such as whales and dolphins, have also acquired
some handy adaptive techniques for life in the water, coming
to the surface only to breathe.

The smallest of the marine mammals is the sea otter (En-
bydra lutris), at 5 ft (1.5 m) long, including the tail, and up to
70 Ib (32 kg). The largest is the blue whale (Balaenoptera mus-
culus)—the largest animal alive—which can be 110 ft (33.5 m)
long and weigh 300,000 Ib (136,000 kg). To varying degrees,
these mammals that have returned to the water have retained
vestiges of their terrestrial forms, including hair, which only
mammals have. Sea otters, seals, and sea lions are thickly
furred; manatees and dugongs have a sparse pelage, but they
have many whiskers around their mouths. Dolphins and whales
are hairless, but in some species hairs are present at birth (they
are soon lost). Sea otters have hand-like paws on their front
legs, but their hind feet have become webbed, so that they’re
almost flippers. The four legs of pinnipeds have become flip-
pers, and the sirenians have front flippers (some of them have
fingernails), but no hind legs, and a flattened tail for propul-
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sion. Whales and dolphins have no hind legs, flippers instead
of forelegs, and a horizontal tail (fluke) for propulsion.

Evolution of aquatic animals

Marine fossils paint an idyllic scene of aquatic animal life
in its infancy some 670 million years ago (mya): soft coral
fronds arch from the ocean floor, jellyfishes undulate in the
currents, and marine worms plow through the ooze. But a ge-
ologically brief 100 million years later, at the dawn of the
Cambrian period, the picture suddenly changes. Animals
abruptly appear cloaked in scales and spines, tubes and shells.
Seemingly out of nowhere, and in bewildering abundance and
variety, the animal skeleton emerges.

For more than a century, paleontologists have tried to ex-
plain why life turned hard. Hypotheses abound, some linking
the skeletal genesis to changing chemistries of the seas and
skies. Yet a recent analysis of old fossil quarries in Canada
and new ones in Greenland is providing evidence supporting
the notion that the skeletal revolution was more than a chem-
ical reaction—it was an arms race.

High in Canadian Rockies of British Columbia, in an ex-
traordinary 540-million-year-old fossil deposit called the
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The Galapagos sea lion (Zalophus californianus wollebaecki) has well
developed flippers to provide locomotion both in the water and on land.
(Photo by Tui De Roy/Bruce Coleman, Inc. Reproduced by permission.)

Burgess shale, a mid-Cambrian marine community comes to
life. Like many less exceptional deposits, the Burgess harbors
mollusks, trilobites (the ubiquitous, armored “cockroaches”
of the Cambrian seas), and clam-like brachiopods. But other
imprints in the smooth black shale dispel any image of a peace-
ful prehistoric aquarium. In these waters lurked a lethal cast
of predators, eyeing little shells with bad intent: Sidneyia, a
flattened, ram-headed arthropod with a penchant for munch-
ing on trilobites, brachiopods, and cone-shelled hyolithids;
Ottoia, a chunky burrowing worm that preferred its hyolithids
whole, reaching out and swallowing them with a muscular,
toothed proboscis; and even some trilobites with predatory
tastes. These findings have helped resurrect the arms race hy-
pothesis: the 80-year-old idea that skeletons evolved primar-
ily as fortresses against an incoming wave of predators.

Take Wiwawxia, a small, slug-like beast sheathed in a chain-
mail-like armor. With two rows of spikes running along its
back, Wiwaxia was the mid-Cambrian analogue to a marine
porcupine. The chinks in its armor are telling. Some of Wi-
waxia’s spines appear to have broken and healed. The healed
wounds of trilobite and Wiwaxia specimens suggest that
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predators strongly influenced the elaborate new skeletal de-
signs of the mid-Cambrian.

What sort of creature could gouge such wounds in a tough
trilobite? One likely culprit is Anomalocaris, the largest of Cam-
brian predators. This half-meter-long creature glided through
the seas with ray-like fins and chomped with a ring of spiked
plates that dispatched trilobite shells like a nutcracker.

From the treacherous maw of Anomalocaris to the healed
wounds of Wiwaxia, much of the support for the arms race
argument hinges on the Burgess shale collection. But what
about the small shelly fauna that emerged 30 million years
earlier? For an arms race hypothesis to be complete, preda-
tors must have roamed then, too.

New finds strengthen the case for an early Cambrian arms
race. From an extraordinary fossil bed discovered in 1984 in
north Greenland, predating the Burgess shale by perhaps as
much as 15 million years, comes a jigsaw puzzle already as-
sembled: a suspiciously familiar, slug-like beast sheathed in
chain-mail armor, proposed to be the long-sought ancestor
of the armored slug Wiwaxia.

The creature sports a disproportionately large, saucer-like
shell at each end of its elongated body. From another fossil
discovery ata quarry in south China, which appears even older
than the Greenland site, emerges the bizarre Microdictyon. Un-
veiled in 1989 by Chinese paleontologists, Microdictyon is a
wormish creature with a row of pointed appendages and a
body studded with oval phosphate plates. About 30 quarries

The sea otter’s (Enhydra lutris) extremely dense fur enables it to trap
air bubbles which help to keep the otter afloat while sleeping. (Photo
by Richard R. Hansen/Photo Researchers, Inc. Reproduced by per-
mission.)
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A Galapagos sea lion (Zalophus californianus wollebaecki) showing its
streamlined shape enabling dives to catch fish. Photo by Animals An-
imals ©T. De Roi, OSF. Reproduced by permission.)

worldwide are beginning to yield Burgess-quality fossils, with
perhaps many more waiting to be discovered.

Since that explosion of new forms some 530 mya, however,
few new marine animals have evolved. Analysis of the evolu-
tion of marine animals suggests that a sufficient variety of life
forms in an environment suppresses further innovation. About
530 mya, during the Cambrian period, after a long period in
which animals were essentially jellyfishes or worms, marine
animal life exploded into a variety of fundamentally new body
types. Arthropods turned up inside external skeletons, mol-
lusks put on their calcareous shells, and seven other new and
different body plans appeared; an additional one showed up
shortly thereafter. But since then, there’s been nothing new
in terms of basic body types, which form the basis of the top-
level classification of the animal kingdom called phyla.

Research presented at a 1994 meeting of the Geological
Society of America lends support to the idea that once evo-
lution fills the world with sufficient variety, further innova-
tion may be for naught. There are only so many ways marine
animals can feed themselves—preying on others or scaveng-
ing debris, for example. And there are only so many places to

Grzimek’s Animal Life Encyclopedia

Adaptations for aquatic life

The bowhead whale (Balaena mysticetus) has developed baleen plates
to filter the tiny organisms on which it feeds. (Photo by Glenn
Williams/Ursus. Reproduced by permission.)

do it: on the sea floor, beneath it, or some distance above it.
When all the nooks and crannies of this “ecospace” are filled,
latecomers never get a foot in the door.

Challenges

Because water is so dense (up to 800 times denser than air),
it can easily support an animal’s body, eliminating the need
for weight-bearing skeletons like terrestrial animals. Water is
also more viscous than air, and this coupled with the high
density has resulted in aquatic animals adapting a very stream-
lined shape, particularly the carnivores. This makes them very
fast and powerful swimmers, enabling them to catch their

prey.

Many of the adaptations of aquatic organisms have to do
with maintaining suitable conditions inside their bodies. The
living “machinery” inside most organisms is rather sensitive
and can only operate within a narrow range of conditions.
Therefore, aquatic organisms have devised ways to keep their
internal environments within this range no matter what ex-
ternal conditions are like.

Thermoregulation

Most aquatic animals are ectotherms, or poikilotherms, or
what is often referred to as “cold-blooded.” As the tempera-
ture of the surrounding water rises and falls, so does their
body temperature and, consequently, their metabolic rate.
Many become quite sluggish in unusually cold water. This
“slowing down” caused by cold water is a disadvantage for ac-
tive swimmers. Some large fish, such as certain tunas and
sharks, can maintain body temperatures that are considerably
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The fluke of the humpback whale (Megaptera novaeangliae) has evolved to be wide with scalloped edges, which enables the mammal to reach
great heights when breaching. (Photo by John K. B. Ford/Ursus. Reproduced by permission.)

The Antarctic fur seal (Arctocephalus gazella) and her pup have a thick
layer of blubber to keep them warm. (Photo by Animals Animals
©Johnny Johnson. Reproduced by permission.)
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warmer than the surrounding water. They do this by retain-
ing the heat produced in their large and active muscles. This
allows them to remain active even in cold water.

Aquatic mammals are able to keep their body temperatures
more or less constant regardless of water temperature. Ma-
rine mammals deposit most of their body fat into a thick layer
of blubber that lies just underneath the skin. This blubber
layer not only insulates them but also streamlines the body
and functions as an energy reserve. The fusiform body shape
and reduced limb size of many marine mammals and organ-
isms decreases the amount of surface area exposed to the ex-
ternal environment. This helps conserve body heat. An
interesting example of this body form adaptation can be seen
in dolphins: those adapted to cooler, deeper water generally
have larger bodies and smaller flippers than coastal dolphins,
further reducing the surface area of their skin.

Arteries in the flippers, flukes, and dorsal fins of marine
mammals are surrounded by veins. Thus, some heat from the
blood traveling through the arteries is transferred to the ve-
nous blood rather than the outside environment. This coun-
tercurrent heat exchange also helps to conserve body heat.
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The bottlenosed dolphin (Tursiops truncatus), with its streamlined shape
and powerful tail, can swim at speeds of up to 33.5 mph (54 kph).
(Photo by Francois Gohier/Photo Researchers, Inc. Reproduced by per-
mission.)

The air-breathers

Some water birds, such as cormorants and pelicans, sim-
ply hold their breath until completely out of the water. How-
ever, it is not appropriate for all air breathers to leave the
water to breathe, especially if only a small portion of them
can do it. This also has two evolutionary advantages: it re-
duces the amount of time at the surface of the water so they
can spend more time feeding, and it reduces the amount of
wave drag they encounter. The external nares of aquatic mam-
mals, such as beavers, hippopotamuses, and dolphins, are al-
ways dorsal in position, and the owner seems always to know
when they are barely out of water. A ridge deflects water from
the blowhole of many whales. When underwater, the nares
are automatically tightly closed. Sphincter muscles usually ac-
complish this, but baleen whales use a large valve-like plug,
and toothed whales add an intricate system of pneumatic sacs
so that great pressure can be resisted in each direction.

To avoid inhaling water, aquatic mammals take very quick
breaths. Fin whales can empty and refill their lungs in less
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than two seconds, half the time humans take, even though the
whale breathes in 3,000 times more air. Exhaling and inhal-
ing takes about 0.3 seconds in bottlenosed dolphins (Tursiops
truncatus). When swimming quickly, many pinnipeds and dol-
phins jump clear out of the water to take a breath. Cetaceans
have the advantage of having a blowhole on top of the head.
This allows them to breathe even though most of the body is
underwater. It also means that cetaceans can eat and swallow
without drowning.

The long, deep dives of aquatic mammals require several
crucial adaptations. For one thing, they must be able to go a
long time without breathing. This involves more than just
holding their breath, for they must keep their vital organs sup-
plied with oxygen. To get as much oxygen as possible before
dives, pinnipeds and cetaceans hold their breath for 15 to 30
seconds, then rapidly exhale and take a new breath. As much
as 90% of the oxygen contained in the lungs is exchanged dur-
ing each breath, in contrast to 20% in humans. Not only do
diving mammals breathe more air faster than other mammals,
they are also better at absorbing and storing the oxygen in the
air. They have relatively more blood than nondiving mam-
mals. Their blood also contains a higher concentration of red
blood cells, and these cells carry more hemoglobin. Further-
more, their muscles are extra rich in myoglobin, which means
the muscles themselves can store a lot of oxygen. To aid in
diving, marine mammals also increase buoyancy through bone
reduction and the presence of a layer of lipids (fats or oils).

Aquatic mammals have adaptations that reduce oxygen
consumption in addition to increasing supply. When they
dive, their heart rate slows dramatically. In the northern ele-
phant seal, for example, the heart rate decreases from about
85 beats per minute to about 12. A bottlenose dolphin’s av-
erage respiratory rate is about two to three breaths per minute.

A manatee’s (Trichechus manatus) heartbeat slows while diving, en-
abling it to stay underwater for a longer period of time. (Photo by Phillip
Colla/Bruce Coleman, Inc. Reproduced by permission.)
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Blood flow to nonessential parts of the body, like the ex-
tremities and the gut, is reduced, but it is maintained to vital
organs like the brain and heart. In other words, oxygen is
made available where it is needed most.

Another potential problem faced by divers results from the
presence of large amounts of nitrogen in the air. Nitrogen
dissolves much better at high pressures, such as those expe-
rienced at great depths. When nitrogen bubbles form in the
blood after diving, they can lodge in the joints or block the
flow of blood to the brain and other organs. Aquatic mam-
mals have adaptations that prevent nitrogen from dissolving
in the blood, whereas human lungs basically work the same
underwater as on land. When aquatic mammals dive, their
lungs actually collapse. They have a flexible rib cage that is
pushed in by the pressure of the water. This squeezes the air
in the lungs out of the places where it can dissolve into the
blood. Air is moved instead into central places, where little
nitrogen is absorbed. Some pinnipeds actually exhale before
they dive, further reducing the amount of air, and therefore
nitrogen, in the lungs.

Buoyancy
Unlike fishes, secondary swimmers (terrestrial animals that
returned to an aquatic environment) have no such specific
adaptations to the buoyancy problem. They all rely on sim-
ple density adaptations to help them. For example, the bones
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of diving birds are less pneumatic, and their air sacs are re-
duced (loons, penguins). Mammals that dive deep may hy-
perventilate before submerging, but they do not fill their
lungs. Indeed, they may exhale before diving. Deep-diving
whales have relatively small lungs. Sirenians, which may feed
while resting on the bottom or standing on their tails, have
unusually heavy skeletons; their ribs are swollen and solid.
Likewise, the skeleton of the hippopotamus is also unusually
heavy. The presence of blubber in marine mammals also con-
tributes to their overall density, and walruses (Odobenidae)
have two large air pouches extending from the pharynx, which
can be inflated to act like a life preserver to keep the animals’
head above water while sleeping.

Convergence

The largest group of marine mammals, the cetaceans, is
also the group that has made the most complete transition to
aquatic life. While most other marine mammals return to land
at least part of the time, cetaceans spend their entire lives in
the water. Their bodies are streamlined and look remarkably
fish-like. Interestingly, even though all marine mammals have
evolved from very different evolutionary groups, there are
certain similarities in lifestyle and morphology, and they are
considered good examples of the principle of convergence.
Convergent evolution is the process by which creatures un-
related by evolution develop similar or even identical solu-
tions to a particular problem; in this case, life in water.
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Subterranean mammals

Across the globe, some 300 (7%) of the extant species of
mammals belonging to 54 (5%) genera and representing 10
(7.5%) families of four mammalian orders spend most of their
lives in moist and dark, climatically stable, oxygen-poor and
carbon dioxide-rich, self-constructed underground burrows,
deprived of most sensory cues available above ground. The sub-
terranean ecotope is safe from predators, but relatively unpro-
ductive and foraging is rather inefficient. These mammals are
fully specialized for their unique way of life in which all the
foraging, mating, and breeding takes place underground. These
animals are called “subterranean” (“sub” means under, and
“terra” means earth or soil), whereas animals that construct ex-
tensive burrow systems for shelter but search for their food
(also) above ground are denoted “fossorial” (“fossor” means
digger). Of course, there is a continuum from fossorial through
facultative subterranean to strictly subterranean lifestyles.

The subterranean niche opened to mammals in the upper
Eocene (45-35 million years ago [mya]) and then extended
into upper Tertiary (Oligocene and Miocene, i.e., 33.7-5.3
mya) and Quaternary (some two mya) when in the course of
global cooling and aridization, steppes, savannas, semi-
deserts, and deserts expanded. In seasonally dry habitats, nu-
merous plants (the so-called geophytes) produce underground
storage organs (bulbs and tubers) that can be a substantial
source of food for herbivorous animals. (Underground stor-
age organs of some plants such as potatoes, sweet potatoes,
yams, cassava, etc. are among the most important human sta-
ple foods.) There have been several waves of adaptive radia-
tion when, independently in space and time, mammals in
different phylogenetic lineages occupied the underground
niche either to feed on geophytes (in the case of rodents) or
to feed on invertebrates, which themselves find food and shel-
ter underground (in the cases of insectivores, armadillos, and
marsupial moles). Thus, two morphological and ecological
subtypes of subterranean mammals have evolved. Neverthe-
less, they all have been subjected to similar environmental
stresses and, as a consequence, have much in common. Al-
though the subterranean ecotope is relatively simple, monot-
onous, stable, and predictable in many aspects, it is very
specialized and stressful in others. Consequently, the adap-
tive evolution of subterranean mammals involves structural
and functional changes, which are both regressive (degener-
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ative) and progressive (compensatory) in nature. The mosaic
convergent global evolution of subterranean mammals due to
similar constraints and stresses is a superb example of evi-
dence for evolution through natural selection, evidence ob-
tained through comparative methods.

Who cares about subterranean mammals?

Although at least some of the underground dwellers have
been known for many years, their biology has remained un-
studied. This may be explained by the cryptic way of life of sub-
terranean animals, and technical problems related with keeping,
breeding, and observing them. The fact is, scientists were al-
ways more fascinated by animals coping with complicated en-
vironments and solving seemingly difficult and complex
problems than by those encountered by mammals underground
(sensitive vision versus blindness; echolocation in a high-
frequency range versus hearing in a human auditory range;
navigating across hundreds or thousands of miles versus maze
orientation across tens of feet; thermoregulation in cold envi-
ronments versus life in a thermally buffered burrow, etc.). In-
terestingly, although many preserved specimens of moles (i.e.,
insectivorous subterranean mammals) and mole-rats (subter-
ranean rodents) have been collected and deposited in museums,
not even the study of morphological digging specializations has
received the attention it has deserved. Textbooks of biology in
general and evolutionary biology in particular have brought di-
verse examples for convergent evolution, yet one of the most
remarkable examples—convergent evolution of subterranean
mammals—has rarely been mentioned.

It may be of interest to examine the literature dealing with
ecology, evolution, morphological, physiological, and behav-
ioral adaptations of subterranean mammals. Although there
are some relevant scientific papers published as early as at the
beginning of the nineteenth century, the real exponential
growth of the research and publishing activity referring to sub-
terranean mammals started in the 1940s. Since then, the num-
ber of publications has doubled about every 10 years. Thus,
56% of about 1,300 scientific papers addressing at least partly
adaptations of subterranean mammals and published to date
(March 2003) appeared after 1990, a further 25% are dated
1981 to 1990, and another 11% appeared between 1971 and
1980. The interest in adaptations of subterranean mammals
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The common mole-rat (Cryptomys hottentotus) has a oval-shaped body
with short legs to enable it to move through small tunnels. (Photo by
© Peter Johnson/Corbis. Reproduced by permission.)

has been triggered particularly by two seminal papers on the
blind mole-rat, Spalax, published in 1969, both authored or
co-authored by Eviatar Nevo of the University of Haifa. In
1979, a review article (which has since become a citation clas-
sic) by Nevo stimulated considerable research into the phys-
iology, sensory biology, communication, temporal and spatial
orientation, ecology, taxonomy, and phylogeny of burrowing
rodents. A second stimulus triggering the interest in subter-
ranean mole-rats, particularly in their social behavior, came
in 1981 with the pioneering studies of Jennifer U. M. Jarvis,
when she reported on eusociality in the naked mole-rat, and
in 1991, when a book was published on the evolution and be-
havioral ecology of naked mole-rats and related bathyergids.
Since then, several international symposia on subterranean
mammals have been convened and four books in English were
published by renowned publishing houses within just two
years (1999-2001).

Biased knowledge

Still, general knowledge on the subject is rather incom-
plete and heavily biased in several aspects. Most of the arti-
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cles have been authored and co-authored by very few persons
or research teams. Thus, 31% (410 out of 1,300) of the sci-
entific papers bear a signature of one or more of just five au-
thors (Bennett, Burda, Heth, Jarvis, and Nevo), while the most
influential of them, Eviatar Nevo, has authored or co-
authored 225 of them. As a consequence—since every scien-
tist observes the world through her/his own eyes and is
constrained by her/his own research possibilities (professional
training, knowledge and experience, interests, affiliation, ge-
ography, available funding, etc.)—the research has many bi-
ases. Although the validity of the published data and findings
is not questioned, their interpretation may be influenced by
science’s limited knowledge and/or ideology molded by the
philosophy of the author and the world she/he lives in. How-
ever, this is a general problem of scientific research.

The taxonomic treatment is uneven in that almost 85% of
all the papers on subterranean mammals and their adaptations
deal with just a few species belonging to 10 (out of 54) genera
(Arvicola, Cryptomys, Ctenomys, Geomys, Heterocephalus, Spalaco-
pus, Spalax, Geomys bursarius, Talpa, and Tachyoryctes). Some of
the species, like the mole (Tulpa europaea), the northern water

The star-nosed mole (Condylura cristata) uses its snout and tentacles
as touch receptors. (Photo by Dwight Kuhn/Bruce Coleman, Inc. Re-
produced by permission.)
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The Columbian ground squirrel (Spermophilus columbianus) spends
the majority of its time hibernating in underground burrows. (Photo by
Francois Gohier/Photo Researchers, Inc. Reproduced by permission.)

vole (Arvicola terrestris), and pocket gophers (Geomyidae), have
been studied to a much greater extent than considered here;
yet most of the earlier studies on these animals have not specif-
ically addressed subterranean adaptations. Usually, few species
within (mostly) speciose genera have been studied in only a
few localities within a broader geographic and ecological range
of distribution. Studies are biased also as to which aspect of bi-
ology (and from which point of view) has been investigated.
Thus, the (about 150) articles on the naked mole-rat (Hetero-
cephalus glaber) primarily concentrate on the spectacular social
behavior of this species, and some authors are prone to think
of the naked mole-rats as if they were the only subterranean
mammals. In spite of the fact that the naked mole-rat has at-
tracted such intense interest by sociobiologists, only some 7%
of all studies published on this species involved field ecologi-
cal research and/or investigation of wild-captured animals.
Most information on (social) behavior of the naked mole-rat
has been based on the study of captive colonies. Yet, as S.
Braude has demonstrated recently, long-term intensive and ex-
tensive field research may lead, at least in some aspects, to dif-
ferent results than the short-term study of captive animals.
Interestingly, the problem of why the naked mole-rat is hair-
less (on both proximate and ultimate levels) has received very
little attention from scientists. Similarly, although the question
of whether subterranean mammals are blind or not (and if so,
why do they still have miniscule eyes?) has been pertinent since
Aristotle, the answer for most species is not yet known.

How to get through?
The most significant challenge is a mechanical one: soil is
a dense, more or less hard and compact medium that cannot
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be penetrated easily. Movement through soil is energetically
very costly. Vleck (1979) has estimated that a 5.3-0z (150-g)
pocket gopher burrowing 3.3 ft (I m) may expend 300-3,400
times more energy than moving the same distance on the sur-
face. To keep the energy costs of burrowing at the minimum,
the tunnel should have a diameter as small as possible. To
achieve this, subterranean mammals have a cylindrical body
with short limbs and no protruding appendages. Even testes
of most underground dwellers are seasonally or permanently
abdominal. Subterranean mammals are mostly small-sized an-
imals weighing 3.5-7 oz (100-200 g), but ranging from 1 oz
(30 g) Namib golden mole, naked mole-rat, and mole-vole)
to 8.8 Ib (4 kg) (bamboo rat). In order to penetrate the me-
chanically resistant medium, subterranean mammals need ef-
ficient digging machinery. Subterranean rodents dig (loosen
soil) primarily with their procumbent, ever-growing incisors,
or use teeth and claws, whereas subterranean insectivores, ar-
madillos, and the marsupial mole use only robust, heavily
muscled and large-clawed forelimbs. In teeth-diggers, the
whole skull is subservient to incisors and well-developed
chewing muscles. Interestingly, subterranean rodents belong-
ing to the suborder Hystricognathi (Bathyergidae, Octodon-
tidae) transport loosened soil backwards by pushing or kicking
the soil with hind limbs, whereas representatives of the sub-
order Sciurognatha (Muridae, Geomyidae) turn in the bur-
row and push out the loosened soil with the head. Desert
golden moles as well as the marsupial mole do not dig per-
manent tunnels (except for their nest burrow), but “swim”
through the sand. Although sand-swimming requires less than
a tenth of the energy required by mammals that dig perma-
nent tunnels through compact soil, it is still much more ex-
pensive than running on the surface. Sand-swimming at a
mean velocity of 25-97 ft/h (7.6—29.6 m/h) (as recently es-
timated for the Australian marsupial mole [Notoryctes typhlops]

The eastern mole (Scalopus aquaticus) has no external ears and a
thin layer of skin protects its eyes. (Photo by Kenneth H. Thomas/Photo
Researchers, Inc. Reproduced by permission.)
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The naked mole-rat (Heterocephalus glaber) has hair between its toes that sweeps the dirt out of the pathways in its burrow. (Photo by J.
Visser/Mammal Images Library of the American Society of Mammalogists.)

and Namib desert golden mole [Eremitalpa granti], respec-
tively) is also substantially slower than walking or running
above ground (about 1,476 ft/h [450 m/h]). It would appar-
ently be energetically impossible for these mammals to ob-
tain enough food by foraging only underground. Indeed, in
one study of free-living Namib desert golden moles, the mean
daily track length was 0.87 mi (1.4 km), but only 52.5 ft (16
m) of it was below the surface.

Subterranean mammals can move backwards with the same
ease as forwards. The skin is usually somewhat slack, and the
fur tends to be short and upright, brushing in either direction.
These all may be burrowing adaptations to match frictional
resistance, to facilitate moving and turning in tunnels. The ex-
tremes such as the total alopecia (hairlessness) of the naked
mole-rat or the long hairs and thick pelage of the silvery mole-
rat (Heliophobius argenteocinereus) are exceptions to the rule and
should not be considered burrowing adaptations per se. Re-
duction or even absence of auricles (pinnae) may be beneficial
for digging and moving in tunnels because of the reduced fric-
tion. The popular assumption that auricles are reduced or
missing because, otherwise, they would have to act as shovels
collecting all the dirt cannot withstand critical comparative
analysis. Many burrowing rodents have rather prominent au-
ricles and are apparently not handicapped. Probably more im-
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portant than whether auricles are an advantage or disadvan-
tage for burrowing is whether they are required for sound lo-
calization. If not needed for hearing, only then would they be
reduced. The tail tends to be shortened in subterranean and
fossorial mammals, yet there is no clear explanation as to the
adaptive value of this feature. For instance, African mole-rats
of two related genera, Heterocephalus and Crypromys, differ in
this trait markedly. Similarly, fossorial-subterranean octodon-
tids have medium-sized tails, whereas related surface dwelling
cavies have reduced tails. Vibrissae in subterranean mammals
are also shorter and less protruding than in many surface
dwellers. In sand-swimming golden and marsupial moles, they
are inconspicuous, sometimes even missing.

How to acquire oxygen

Subterranean mammals also have to cope with problems
from the burrow atmosphere. The oxygen concentration may
be as low as 6%, compared to 21% prevailing in the ambient
atmosphere at sea level altitude. This means that the oxygen
concentration even a few inches underground may be lower
than that on Mount Everest. The carbon dioxide concentra-
tion in burrows ranges between 0.5-13.5% (compared to
0.03% in the above ground atmosphere). Surprisingly, some
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recent measurements in foraging tunnels of three species of
African mole-rats have revealed, however, that concentrations
of oxygen and carbon dioxide did not differ greatly from
ambient values above ground. Nevertheless, gas concentra-
tions may change rapidly after rains, they may differ in dif-
ferent soil types and depths, and, above all, they must change
dramatically in the immediate vicinity of the nose of a bur-
rowing animal. Normally, there are no air currents in under-
ground burrows. One can imagine that an animal moving
through the narrow tunnel acts like a piston securing the ven-
tilation of burrows, much like a train in a subway tunnel. As
suggested by Arieli, who significantly contributed to knowl-
edge of respiratory physiology of mole-rats, enhanced bur-
rowing activity following rains may serve as a means of
replenishing the burrow atmosphere when the hypoxic-hy-
percapnic situation becomes aggravated. Of course, working
under such conditions becomes even more difficult.

Whereas adaptations to extreme atmospheric conditions
have been extensively studied in diving mammals and in mam-
mals living at high altitudes, much less is known in this regard
about subterranean mammals. The combination of extreme
hypercapnia and hypoxia normally encountered and tolerated
by subterranean animals is unique. Interestingly, whereas sur-
face dwellers respond to hypercapnic conditions by increasing
breathing frequency, subterranean mammals display lower
ventilation rates than would be expected. In fact, ventilation
is not effective for releasing carbon dioxide from blood when
there is a high concentration of it in the inspired gas. The
lungs of subterranean mammals do not show any specific mor-
phological specializations—on the contrary they seem (at least
in the few species studied so far) to be rather simplified and
juvenile-like. Although the oxygen transport properties of
blood vary markedly among subterranean mammals, and no
generalizations can be made, relatively high hemoglobin affin-
ity for oxygen has been reported consistently for several species
of subterranean rodents. Because of the higher amount of car-
bon dioxide inhaled, a higher concentration of this gas in the
blood and, thus, also higher blood acidity can be expected. It
has been shown in the blind mole-rat that urine contains high
values of bicarbonates and may serve as a pathway to bind and
void carbon dioxide. Further adaptations to the extreme bur-
row atmosphere may involve higher capillary density in mus-
cles (including the heart), higher volume of muscle
mitochondria (found in the blind mole-rat), and, particularly,
low metabolic rates and relaxed thermoregulation.

How to regulate temperature

The microclimate of the subterranean ecotope is rather
stable. Particularly in the nest chamber, which in giant Zam-
bian mole-rats (Cryptomys mechowi) is usually 23.6 in (60 cm)
(in some cases, even 6.6 ft [2 m]) below ground, there are
minimal daily or seasonal fluctuations in temperature and hu-
midity. This constant temperature enables a lower basal rate
of metabolism. In the thermally buffered environment of the
underground “incubator,” it is possible to abandon complex
and complicated morphological and physiological mecha-
nisms of thermoregulation. Indeed, subterranean mammals
tend to hypothermia (lowering the body temperature—on av-
erage 89.6-96.8°F [32-36°C]). Body temperature is partly de-
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The European mole (Talpa europaea) uses its long claws to dig its bur-
rows. (Photo by Hans Reinhard/OKAPIA/Photo Researchers, Inc. Re-
produced by permission.)

pendent upon the ambient temperature. This relaxed ther-
moregulation (heterothermia) is most pronounced in the
smallest (and the only hairless representative) among the sub-
terranean mammals, the naked mole-rat. High relative hu-
midity (about 93%) in underground burrows results in a
relatively low vapor pressure gradient and low rate of water
loss through exhalation or through the skin. This is benefi-
cial for water balance as these animals do not drink free wa-
ter, but instead obtain water from the food they consume.

However, high humidity and relatively high temperatures,
which can occur on sunny days in shallow foraging burrows,
may result in thermoregulatory problems. In the absence of
evaporative and convective cooling, overheating and thermal
stress would seem to be inevitable, since burrowing is ener-
getically demanding and most mammals can tolerate dry,
warm climate better than humid, warm climate. Subterranean
mammals living in warmer environments have high thermal
conductance, which means that the animals may exchange
heat (cool or warm themselves) relatively easily through di-
rect physical contact between themselves and the soil. As in
poikilothermic reptiles, behavioral thermoregulation is of par-
ticular importance in heterothermic mammals. Thus, the an-
imals can adapt timing and duration of their working activity
to ambient temperatures in shallow burrows. Comparative
and experimental physiological research of thermoregulation
and energetics has a long tradition since McNab in 1966 first
compared the metabolic rate of five subterranean rodent
species and emphasized their shared adaptive convergence
syndrome: low resting metabolic rate (involving also lower
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The lips of the valley pocket gopher (Thomomys bottae) close behind
its teeth to keep dirt out. (Photo by Tom McHugh/Photo Researchers,
Inc. Reproduced by permission.)

ventilation and heart rates than would be expected on the ba-
sis of body size), low body temperature, and high thermal con-
ductance. Since then, additional physiological data have been
obtained on diverse species of subterranean mammals sup-
porting the earlier conclusions by McNab.

How to avoid rickets

The underground ecotope is dark. Apart from the conse-
quences for sensory orientation and communication, absence
of light also influences some physiological functions. One of
them is mineral metabolism. On the one hand, subterranean
rodents have an especially high requirement for calcium be-
cause their large teeth are constantly worn down during dig-
ging. In the African mole-rat, Crypromys, the visible part of
the incisors regenerates completely every week. Also, calcium
may be excreted in high concentrations as calcium carbonate
through urine, a mechanism to deplete tissues of carbon diox-
ide. On the other hand, it is common knowledge that vita-
min D (and principally D;, cholecalciferol), which is needed
for effective absorption of calcium from the gut (its deficiency
causes rickets), is synthesized in the skin by the action of sun-
light. Rochelle Buffenstein and colleagues have demonstrated
that several species of African mole-rats, although in the per-
petual state of vitamin Dj; deficiency due to their lightless en-
vironment, have evolved other physiological mechanisms to
absorb calcium effectively (indeed, up to 91% of minerals can
be extracted) from their diet.

How to tell time

Light-dark rhythm (photoperiod) is known to regulate
production of the hormone melatonin that, in turn, regulates
circadian (meaning around a day, as in a 24-hour period)
rhythms by a feedback mechanism. In surface-dwelling ver-
tebrates (including human), melatonin is produced during
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dark hours. It can therefore be expected that subterranean
mammals living in constant darkness would display high mela-
tonin levels. This does seem to be the case, yet the role of
melatonin in regulating activity rhythms in subterranean an-
imals remains obscure.

Permanent darkness in subterranean burrows makes sight
and eyes rather useless and, apart from the fact that it pre-
cludes visual orientation in space, it also makes orientation
in time problematic. Virtually all surface-dwelling mammals
exhibit more or less pronounced circadian cycles of activity
and diverse functions. These cycles are maintained by an en-
dogenous pacemaker synchronized (entrained) by the so-
called zeitgeber (time-giver). The most universal zeitgeber is
the light-dark cycle perceived by photosensors. Considering
the stability of the environment, constant availability of plant
food, darkness underground, and poor sight or even blind-
ness, one might expect that herbivorous subterranean rodents
would not exhibit distinct diurnal activity/sleeping patterns.
Field and laboratory studies on American pocket gophers
(Geomys bursarius and Thomomys bottae) and African mole-rats
(Heliophobius argenteocinereus and Cryptomys hottentotus) have
revealed dispersed activity occurring throughout the 24
hours, for instance, arhythmicity and lack of distinct sleep-
wake cycles. Interestingly, there are some other species of
subterranean rodents that exhibit endogenous circadian ac-
tivity rhythms that are free running in constant darkness and
synchronized by light-dark cycles. These animals have been
found to be either mostly diurnal such as the east Mediter-
ranean blind mole-rat (Spalax ebrenbergi species complex), the
East African mole rat (Tuachyoryctes splendens), and the Kala-
hari mole-rat (Cryptomys damarensis); or predominantly noc-
turnal such as the African mole-rats (Georychus capensis and
Heterocephalus glaber) and the Chilean coruro (Spalacopus
cyanus).

There is no apparent correlation between the circadian
activity pattern, on the one hand, and the degree of con-
finement to subterranean ecotope, development of eyes, sea-
sonality of breeding, or social and mating systems, on the
other. It should be noted, however, that findings in the same
species have frequently been inconsistent. Available data have
been obtained by different examination methods and may not
be fully comparable. Moreover, there may be differences be-
tween individuals, sexes, and populations, between seasons of
the year and habitats, as well as between the laboratory and
the field. The methodological problem can be demonstrated
in the example of the naked mole-rat, which had been con-
sidered to be arrhythmic by previous authors, yet was shown
to display clear circadian rhythms and ability to synchronize
them by the light-dark cycle if given an opportunity to work
on a running wheel in the laboratory. There is a similar find-
ing in Cryptomys anselli. Further studies of activity patterns
in other species of mammals are clearly needed. A possible
zeitgeber determining digging activity can be also tempera-
ture and humidity, which may fluctuate in shallow tunnels
(although certainly not in deep nest chambers), as well as
consequent changes in activity of invertebrates, which may
affect foraging activity of moles.

The blind mole-rat, which is visually blind and has de-
generated eyes, still has a hypertrophied retina and a large
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harderian gland in which the so-called circadian genes as well
as the recently discovered photopigment melanopsin are ex-
pressed in high concentrations, and these apparently con-
tribute to regulation of photoperiodicity. In other words, the
double function of any vertebrate eye changed: instead of sight
and circadian functions, only a circadian eye remains.

The ability to perceive and recognize the length of the
photoperiod is important for seasonal structuring of repro-
ductive behavior. It has also been suggested that melatonin
may suppress production of gonadotrophins, hormones
which, in turn, control activity of gonads and, thus, the sex-
ual behavior and reproductive biology. Nothing is known
about this aspect in subterranean mammals. Also unclear is
how circannual (approximately one year) cycles are synchro-
nized in subterranean mammals. These cycles are associated
particularly with seasonal breeding in solitary territorial ani-
mals. It is assumed that the length of the photoperiod may
play a role in seasonal breeders from temperate zones. Nev-
ertheless, factors triggering breeding in mammals with long
gestation from the tropics (where there is minimal variability
in the daylight throughout the year) remain unknown and
enigmatic in many cases. This is also the case for the eastern
African silvery mole-rat. Alternating rains and drought rep-
resent the main periodic environmental factor. However, as
shown recently, mating takes place at the end of the rainy and
beginning of the dry season so that there is a substantial lag
between the onset of rains (and subsequent softening of the
soil and change of vegetation that could provide a triggering
signal) and onset of breeding behavior.

How to find the way

Subterranean mammals construct, occupy, and maintain
very long and extensive burrow systems. An average subter-
ranean mammal (single, weighing 5.3 oz [150 g]) controls
about 203 ft (62 m) of burrows. Of course, there are species-
specific, habitat, and seasonal differences. This also implies
that an average mole-rat living in a group consisting of 10
family members has to be familiar with at least 2,034 ft (620
m) of burrows. The longest burrow systems were found in
Cryptomys mole-rats and coruros. Yet, the burrow system is a
complicated, complex, three-dimensional network. Although
there is evidence that subterranean mammals have an extra-
ordinary spatial memory based on well-developed kinesthetic
sense (controlled, in part, by sensitive vestibular organs), this
fact does not explain how subterranean mammals can steer
the course of their digging and what, in absence of visual land-
marks, is the nature of external reference cues for the kines-
thetic sense. In 1990, the first evidence that Zambian
mole-rats (Cryptomys anselli) show directional orientation
based upon the magnetic compass sense was published. In a
laboratory experiment, mole-rats collected nest materials and
built a nest in a circular arena. They showed a spontaneous
tendency to position their nests consistently in the southeast
sector of the arena. When magnetic north was shifted (by
means of Helmholtz coils), the animals shifted the position
of the nest accordingly. This laboratory experiment on mole-
rats has become the first unambiguous evidence for magnetic
compass orientation in a mammal and a paradigm for further
tests of magnetic compass orientation in small mammals.
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The black-tailed prairie dog (Cynomys ludovicianus) is well known for
its large burrows. (Photo by Tim Davis/Photo Researchers, Inc. Re-
produced by permission.)

Convergent spontaneous directional magnetic-based prefer-
ence for location of nests in the laboratory was demonstrated
also in taxonomically unrelated blind mole-rats from Israel.
In 2001, Nemec and associates observed, for the first time in
a mammal, structures in a brain (populations of neurons in
colliculus superior), which are involved in magnetoreception
in Cryptomys anselli.

The problem of orientation underground was addressed as
recently as 2003, when it was reported that blind mole-rats
could avoid obstacles by digging accurate and energy-con-
serving bypass tunnels. Apparently, the animals must possess
both the means to evaluate the size of the obstacle as well as
the ability to perceive its exact position relative to the origi-
nal tunnel that it will rejoin. At present, information about
potential sensory mechanisms can be only speculated.

How to find food

Subterranean mammals are animals that live and forage
underground. However, the underground ecotope is low in
productivity, burrowing is energetically demanding, and, in
addition to these costs, foraging seems to be inefficient. It is
widely assumed that subterranean rodents must forage blindly
without using sensory cues available to and employed by sur-
face dwellers. Indeed, vision is ineffective underground, there
are no air currents to transmit airborne odorants over longer
distances, high frequency sounds are damped by the soil, and
low frequencies cannot be localized easily; touch and taste are
only useful on contact. Carnivorous and/or insectivorous
subterranean mammals such as moles can dig a stable forag-
ing tunnel system into which prey may be trapped. Moles run-
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The thumb of the alpine marmot (Marmota marmota) has a nail in-
stead of a claw to aid in digging. (Photo by St. Meyers/Okapia/Photo
Researchers, Inc. Reproduced by permission.)

ning along existing burrows can locate prey by hearing their
movement in the tunnel system. Prey animals may also leave
scent trails that the insectivorous predator can follow. In most
cases, the food is detected at encounter or in the immediate
vicinity through touch. The most spectacular example for this
type of foraging is the star-nosed mole (Condylura), with its
Eimer-organ-invested rostral tentacles. Mason and Narins
have shown that the Namib golden mole may use low-fre-
quency vibrations produced by isolated hummocks of dune
grass and orient its movement toward the hummocks and the
invertebrate prey occurring there. However, in contrast to the
prey of moles, tubers, bulbs, and roots are stationary and
silent.

It has been demonstrated that subterranean rodents are
able to dig in relatively straight lines until they encounter a
food-rich area and then make branches to their tunnels to
harvest as much as possible from this area. Tunneling in rel-
atively straight burrows conserves energy because the animals
do not search in the same area twice. Because geophytes are
generally distributed in clumps and patches, extensive bur-
rowing around one geophyte upon encountering it increases
the chances of encountering another. Although this dual strat-
egy has been described and its functional meaning recognized
in different species of subterranean rodents, sensory mecha-
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nisms that may underlie the switch from linear to reticulate
digging have not been addressed until a recent study. It has
been shown that subterranean rodents can smell odorous sub-
stances leaking from growing plants and diffusing around the
plant through the soil. Thus, herbivorous mammals are able
to identify the presence of the plants and possibly even to
identify particular types of plants specifically. They may be
able to orient their digging toward areas that are more likely
to provide food sources.

How to find a partner

In order to reproduce, mammals have to find and recog-
nize an appropriate mate (belonging to the same species, op-
posite sex, adult, in breeding mood, sexually appealing).
Monogamous mammals undergo this search once in life; soli-
tary mammals have to seek mates each year. Subterranean
mammals do not differ in this respect from their surface-
dwelling counterparts. In 1987, two research teams reported,
simultaneously and independently, the discovery of a new, pre-
viously unconsidered, mode of communication in blind mole-
rats: vibrational (seismic) signaling. The animals can put
themselves into efficient contact through vibrational signals
produced by head drumming upon the ceiling of the tunnel.
Communicative drumming by hind feet was reported for soli-
tary African mole-rats (Georychus and Bathyergus). This be-
havior, however, could not be found in another solitary African
mole-rat, the silvery mole-rat (Heliophobius). It can be specu-
lated that seismic signaling evolved in those solitary species
that disperse and look for potential mates underground. Sub-
terranean mammals that usually occur at lower population
densities and whose burrow systems are far apart from each
other have to cover larger distances (which would be impos-
sible to do by digging) in order to find a partner. They dare
to carry out their courting above ground. These mammals such
as the silvery mole-rat, the naked mole-rat, or the European
mole have not invented seismic communication. Moles wan-
dering at the surface in hopes of finding a burrow of a female
probably are led by olfactory signals.

Seeing, or not seeing

Sensory perception plays a pivotal role not only in spatial
and temporal orientation, foraging, and recognition of food,
but also in communication with conspecifics. Like their sur-
face dwelling counterparts, subterranean animals also must
find and recognize a mate, recognize kin or intruders, and
be warned of danger. This all is very difficult in a monoto-
nous, dark world where transmission of most signals and cues
is very limited. Some senses such as sight are apparently use-
less, whereas others have to compensate for their loss. One
of the most prominent features of subterranean mammals is,
no doubt, reduction of eyes and apparent blindness. The
question of whether and what subterranean mammals see has
been studied by Aristotle, Buffon, Geoffroy, Cuvier, and Dar-
win, among others. Still, today, no general unambiguous re-
ply can be given. Thus, for instance, in comparing two of the
most specialized subterranean rodents, the east Mediter-
ranean blind mole-rat (Spalax) and the African mole-rat
(Cryptomys), both are strictly confined to the underground
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and are of similar appearance, externally. They both have
very small eyes and they both are behaviorally blind, yet
whereas the eyes of the blind mole-rat are structurally de-
generated and lie under the skin, the eyes of the African mole-
rat are prominent, only miniaturized but in no respect
degenerate; on the contrary, they are fully normally devel-
oped. As has been shown by several research groups, they
also use different kinds of cone-pigments. Whereas the de-
generated subcutaneous eye of the blind mole-rat has appar-
ently adapted to a function in circadian photoreception, the
function of a normally developed eye of the African mole-
rat remains enigmatic.

Interestingly, whereas spalacines and bathyergids in the
Old World lost their sight and have become completely sub-
terranean, their New World counterparts, geomyids and
octodontids, converged to similar habitats and habits retain-
ing their eyes and sight. Unfortunately, the eyes and the sight
of most subterranean mammals have not yet been studied.

As do blind people, blind subterranean mammals compen-
sate for loss of sight by well-developed somatosensory percep-
tion, which was shown in the blind mole-rat, in the star-nosed
mole, and in the naked mole. This somatosensory perception
is over-represented also in the brain cortex where it occupies
areas dominated in seeing mammals by visual projections.

How to hear underground

For communication and orientation in darkness, acoustic
signals seem to be predestined, as exemplified by bats and dol-
phins. However, high sound frequencies (characterized by
short wavelength), which can be well localized by small mam-
mals and which are employed in echolocation, are quickly
dampened underground. Low frequency sound, on the other
hand, is characterized by long waves and cannot be localized
easily. Indeed, it was demonstrated that, in a burrow of the
blind mole-rat, sounds with a frequency of about 500 Hz were
more efficiently transmitted than sounds of low and higher
frequencies. Although nothing is known so far about the ef-
fect of the tunnel diameter, soil characteristics, temperature,
and humidity, it is assumed that acoustic features of all bur-
rows are rather similar. Consistent with the results of these
measurements, the vocalization of all nine species (represent-
ing six genera) of subterranean rodents studied so far was also
tuned to a lower frequency range. Corresponding with
acoustics of the environment and with vocalization charac-
teristics, the hearing of five species (of five genera) of sub-
terranean mammals studied exhibited its highest sensitivity in
the lower frequency range (0.5-2 kHz). This is quite unusual
among small mammals, because hearing and vocalization in
related surface dwellers of a comparable body size are usually
much higher: about 8-16 kHz, or higher. The hearing range
of subterranean mammals is very narrow, and frequencies of
about 16 kHz and higher cannot be perceived (similar to hu-
mans). Frequency of 500 Hz is characterized by a wavelength
of 27 in (68.6 cm). To be able to localize this frequency (to
which hearing is tuned), an animal would need to have a head
of a corresponding width; this is not possible. However, the
transmission of airborne sounds in a tunnel is unidirectional,
anyway. Consequently, animals that are confined to their un-
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The European badger (Meles meles) builds onto underground tunnels,
or setts, inherited from previous generations which results in setts
that can be centuries old. (Photo by Roger Wilmshurst/Photo Re-
searchers, Inc. Reproduced by permission.)

derground burrows do not need auricles for directional hear-
ing. Some scholars would tend to label this restricted hear-
ing as degenerated. However, looking at the morphology of
the middle and inner ear, many progressive structural spe-
cializations enabling tuning of hearing to the given lower fre-
quency range are observed. Indeed, several papers have
described diverse morphological features of the middle and
inner ear, as well as the expansion of auditory brain centers,
which can be found consistently in non-related species of un-
derground mammals and provide an example of convergent
evolution. However, while the ear is clearly a low-frequency-
tuned receiver, apparently the evolution has not fully utilized
all the possibilities, as demonstrated in ears of desert animals,
to enhance the sensitivity. On the contrary, some features of
the external ear canal, eardrum, and middle ear ossicular chain
indicate that sensitivity has been secondarily and actively re-
duced. Too little is known about the acoustics of burrows,
and also the suggestion of Quilliam, 40 years ago, that sound
in burrows can be amplified as in an ear-trumpet, has not yet
been tested. Should there really be such a stethoscope effect,
reduction of sensitivity (in order to avoid deafening) would
have to be considered an adaptation in the same way as its in-
crease is in other species.

How to avoid tetanus

Humid, thermally stable soil swarms with many microor-
ganisms (bacteria, fungi, protozoans), eggs, and larval stages
of diverse helminths and arthropods, many of which are
pathogens. A renowned representative is Clostridium tetani, a
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bacterium that is particularly prevalent in soil contaminated
with animal droppings and that, after entering wounds, causes
a serious disease, tetanus. Subterranean mammals are para-
sitologically understudied, and the results are inconsistent and
do not allow any generalization. Many more factors probably
influence whether an animal will be infected or infested by
parasites. Higher lung infection by adiaspores of Emmonsia
parva was reported in burrowing voles, as compared to more
surface-dwelling mice. Yet, the preliminary examination of
Spalax and Crypromys provided variable, inconsistent results.
The ectoparasites in African mole-rats are, however, very rare,
and infestation with endoparasitic helminths is unusual.
Surely, the examination of the immune system of subter-
ranean mammals may be of great interest and importance for
human medicine. At least, the few existing studies of Spalax
do suggest the opening of new research horizons.

Living in a safe, predictable world

The underground ecotope is not only challenging, it is also
quite safe from predators. Certainly, naked mole-rats would
not be able to survive in any other ecotope than in the safe,
humid, and ultraviolet-light-protected underground burrows.
No wonder that convergent patterns can be seen also in life
histories of subterranean mammals. They all show tendencies
to K-strategy, breed rather slowly, have slow and long pre-
natal and postnatal development, slow rates of growth, and
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unusually long lifespans (an age of over 25 years has been
recorded in the naked mole-rat in captivity, and there is an
African mole-rat, Cryptomys anselli, that is at least 22 years old
and is still breeding). On the proximate level, slow growth is
surely correlated with low metabolic rates. However, the ef-
fect of phylogeny is very strong and phylogenetic relation-
ships can best explain the length of pregnancy and many other
parameters of life histories, such as mating behavior and mat-
ing system, as well as social systems.

In spite of all the similarities of the subterranean ecotope,
there are differences in many of its biotic and abiotic para-
meters in different geographic regions and different habitats,
which in turn also influence underground dwellers. Thus, sub-
terranean mammals may serve not only as an example for con-
vergent evolution but they provide cases to study adaptive
divergence as well.

Last, but not least

Last, but not least, it should be mentioned that 40 million
years of evolution underground, including hypoxia tolerance,
light absence, etc., may prove important to biomedical re-
search and human gene therapy. Subterranean mammals may
become unique laboratory and model animals of the next gen-
eration.
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Sensory systems

Introduction

Mammals, like other animals, can be expected to use what-
ever information is available to them when making decisions
about activities such as foraging, mating, navigating, select-
ing shelter, or locating habitats. The range of information ac-
tually used by any one species can be predicted from its
sensory apparatus—the stimuli they can perceive. Lifestyle
plays an important role here, so that moles and other fosso-
rial (also known as subterranean) mammals, including golden
moles, some rodents, and at least one species of marsupial,
can be expected to use vision less than species that are active
aboveground, including the lion (Panthera leo), vervet mon-
key (Cercopithecus aethiops), or moose (Alces alces). Everyone
who has walked a dog (Canis familiaris) or experienced the
spraying of a male housecat (Felis cartus) knows the impor-
tance of odor in the lives of these mammals. The important
role that sound plays in the lives of mammals becomes obvi-
ous when listening to the echolocation calls of a bat attack-
ing an insect or to the bugling of a male elk (Cervus elaphus)
during the rut.

The media
Vision

Most of the 5,000 or so living species of mammals have eyes
and, in many, the keenness of their vision (visual acuity) is at
least equivalent to that of humans. A few mammals have very
limited vision, such as river dolphins (Platanistidae, Lipotidae,
Pontoporiidae, and Iniidae) that live in extremely murky water
or moles (Talpidae) that live in total darkness; indeed, in some
moles, the optic nerve has actually degenerated. In mammals’
eyes, a lens focuses light on the retina, a layer of light-sensi-
tive cells in the back of the eye. Different chemicals (pho-
topigments) in the cells of the retina convert optical
information to electrical signals that are transmitted via the op-
tic nerve to the brain. The retina has two main types of pho-
tosensitive cells: rods (that respond to black and white) and
cones (that respond to color, which are different wavelengths
of light). Color vision in mammals is uncommon, being pre-
sent mainly in primates, some rodents, and some carnivores. In
nocturnal mammals such as any microchiropteran bats, rodents
(Muridae), and shrews (Soricidae), rods are often prevalent,
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while cones may be absent. To these mammals, the world is
black, white, or shades of gray. The eyes of some diurnal mam-
mals (for example, primates in the families Lorisidae and Leu-
muridae, or rodents in the Sciuridae) have both rods and cones,
and these mammals can see color. Other mammals such as some
cats (Felidae) have color vision, but only perceive a few colors.

Mammals show a range of overlap between the field of
view of left and right eyes—this is the degree of binocularity.
The position of eyes in the face and the size and shape of the
muzzle influence the degree of binocularity. Humans, with
eyes side-by-side and no muzzle to speak of, have a high de-
gree of binocular overlap, which means they have stereoscopic
vision. Stereoscopic vision allows mammals (and other ani-
mals) to locate objects in space with accuracy. This is the abil-
ity to perceive depth, which plays an important role in
hand-eye coordination. The distance between the eyes also
affects binocularity. For example, African elephants (Loxodonta
africana) or blue whales (Balaenoptera musculus), with eyes sit-
uated on the sides of huge faces, have almost no binocular
overlap. In animals such as California leaf-nosed bats (Macro-
tus californicus), the degree of binocularity depends upon the
direction in which the bat is looking. There is minimal binoc-
ular overlap when the bat looks down its muzzle, and a high
degree of overlap when it looks across the top of its muzzle.

Arboreal animals such as many species of primates
(lemurs, galagos, and lorises) tend to have higher degrees of
binocularity than more terrestrial species (horses, cows, and
pigs, in the orders Perrisodactyla and Artiodactyla, respec-
tively). Finally, in some cases, the significance of binocular-
ity in the animal’s life is not known (for example, in the case
of the wrinkle-faced bat, Centurio senex, of South and Cen-

tral America).

It is common for nocturnal mammals to have a tapetum
lucidum behind the retina. The tapetum lucidum is a layer of
cells on the back of the eye that reflects light back through
the retina, amplifying the stimulation of retinal cells by en-
suring one round of stimulation as the light goes through, and
another as it is reflected back. Tapeta lucida account for the
“eyeshine” when catching a house cat or raccoon (Procyon lo-
tor) in a car’s headlights or in the beam of a flashlight. Pin-
nipeds (Phocidae, Otariidae, and Odobenidae) and odontocetes
(toothed whales and dolphins) also have tapeta lucida for
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The mammalian eye. (lllustration by Michelle Meneghini)

helping gather available light at dark ocean depths, resulting
in keen underwater vision. Visual displays from the tapetum
lucidum are also common to the communication of diurnal
mammals, but require that the individuals be close in prox-
imity to each other.

Olfaction

Terrestrial mammals often have distinctive scents. In some
societies, humans go to great lengths (and expense) to mask
or alter olfactory information, as is reflected in the sales of
deodorants and perfumes, respectively. Zookeepers recognize
the importance of smell in mammals because, immediately af-
ter they have cleaned a cage, the animal often defecates, uri-
nates, or otherwise marks its area again. Individual olfactory
signatures may be less likely in mammals that spend most of
their lives in water, which would at the least dilute, if not wash
away body odors. Water does not allow permanent scent-
marking locations, whereas land provides many places to po-
sition a long-term scent mark. In fact, whales and dolphins
have completely lost the olfactory-sensing portions of their
brains.

Mammals use their noses to collect information about
odors. Specifically, olfactory epithelium (sensors on the mu-
cosal surfaces of mesethmoid bones nose) in the nostrils con-
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vert chemical signals to electrical ones that are conveyed to
the brain via the olfactory nerves. Many species of mammals
also use Jacobson’s organs (structures in the roof of the
mouth) to obtain additional olfactory data through the
“Flehman” response (the curling of its upper lip as a male
horse [Equus caballus] or an impala [Aepyceros melampus] smells
the urine of a female). One advantage of olfaction is that some
odors are persistent and may continue to produce signals for
long periods of time, unlike visual displays, which are imme-
diate. Distinctive aromas signal the locations of the perma-
nent dens of river otters (Lontra canadensis or Lutra lutra) or
the burrows of shrews (Soricidae). Other olfactory materials
such as mating pheromones in rodents are volatile and per-
sist for only a short period of time. Pheromones can be quite
potent, causing the “strange male (or “Bruce”) effect” in some
rodents (e.g., house mice, Mus musculus). With this effect, the
mere presence of another male’s urine can cause a female to
miscarry a litter.

An individual’s olfactory signature is often the product of
the interaction of odors from different sources. Familiar ex-
amples include the aromas of sweat and breath and, in some
situations, body products such as urine, feces, or oil from
glands. An animal’s scent can reveal a great deal about its con-
dition and status, while yet more detailed information can be
obtained from the aromas of its urine and/or feces. Bull elk
during the rut rub urine on their chests, providing a con-
spicuous signal to females and other males of their condition.
Male white-tailed deer (Odocoileus virginianus) leave urine and
feces in specific locations in the woods to announce their pres-
ence to other deer. Male pronghorn antelopes (Antilocapra
americana) mark the boundaries of territories with piles of fe-
ces, as do male white rhinos (Ceratotherium simum), which

Mammalian Taste receptors

Taste
Receptors

MLM ©2003

Mammals’ taste receptors, the taste buds, are concentrated on the
surface of the tongue. (lllustration by Michelle Meneghini)

Grzimek’s Animal Life Encyclopedia



Vol. 12: Mammals |

Mammalian Sense of Smell
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The sense of smell displayed by many mammals owes much to the in-
ternal structure of the nasal passages. These are most highly devel-
oped in predators such as dogs. (lllustration by Michelle Meneghini)

both spray urine and kick feces at specific locations (middens)
in their territories.

Many species of mammals also have glandular organs that
contribute to their olfactory signatures. These organs typi-
cally include sebaceous and/or sudoriferous glands that syn-
thesize odoriferous molecules. Behavior that transfers the
glandular product(s) to other surfaces, sometimes to other an-
imals, is called “scent marking.” An example is the chinning
behavior of male rabbits, which serves to place the products
of exocrine glands located on the chin on the surfaces being
marked. Scent glandular organs often are visually conspicu-
ous, enhancing their role in advertisement. The behavior of
mammals rubbing scent glands on surfaces makes the glands
even more conspicuous, as in male white-tailed deer marking
twigs with scent from their tear ducts during rut. In some
mammals, scent glandular organs are associated with special-
ized hairs called osmotrechia, which are typically quite dif-
ferent from body hairs, being larger in diameter, sometimes
longer, and often with a different scale structure; osmetrichia
hold and transfer odoriferous molecules.

Although the wing sacs of some sheath-tailed bats (family
Emballonuridae) have been referred to as glands, closer ex-
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amination reveals that they lack glandular tissue. Rather, the
wing sacs are fermentation chambers to which the bats (adult
males) add various ingredients to enhance their personal
scent. Greater sac-winged bats (Saccopteryx bilineata) put saliva,
urine, and products of glands located near the anus into the
mix in the sac, where fermentation produces the distinctive
odors. Using their wing sacs, males can mark objects ranging
from females in their group to their roosting sites.

Acoustics

The importance of sounds (acoustics) to mammals should
be obvious. As in vision, binaural cues are timing differences
between the arrival of sounds at one ear before the other, and
they assist in the localization of sources of sounds. Humans
use acoustical information to recognize the voices of family
and friends or to locate an accident from the wail of an emer-
gency vehicle’s siren. In odontocetes, the ability to use bin-
aural hearing is improved by an evolutionary shifting of the
bones of the skull so that the hearing anatomy of the skull is
asymmetrical. This makes odontocetes particularly sensitive
to the direction of an incoming sound.

The western tarsier (Tarsius bancanus) has a heightened sense of
hearing to help it avoid danger and capture prey. (Photo by Fletcher &
Baylis/Photo Researchers, Inc. Reproduced by permission.)
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The American bison (Bison bison) uses its vomero-nasal gland located
on the anterior palate in the roof of its mouth to sense females in es-
trus. (Photo by © Layne Kennedy/Corbis. Reproduced by permission.)

The auditory system of most mammals consists of the fol-
lowing five main components:

¢ the pinnae, an external structure that acts as a sound
collector

¢ the ear drum, or tympanum, that converts vibrations
in air (sounds) to mechanical vibrations

* an amplifying system, the auditory ossicles (malleus,
incus, and stapes) or bones of the middle ear

e a transducer (the oval window), where mechanical
vibrations are converted to vibrations in fluid in the
inner ear

* sites for converting vibrations in fluid to electrical
stimuli (hair cells attached to the basilar membrane
in the cochlea)

Through these components, electronic representations of
the sounds are generated and transmitted to the brain via the
auditory nerve.

Fossorial mammals, those that live most of their lives un-
derground, may lack pinnae (which would only collect dirt).
Many, but not all, aquatic mammals also lack pinnae (which
would collect water). In fact, as a mammal progresses from am-
phibious (otters, seals, walrus, and sea lions) to totally aquatic
(whales and dolphins), the pinnae go from small and valvular
to absent. In fossorial mammals, considerable fusion of the au-
ditory ossciles has reduced sensitivity to high-frequency sounds
and emphasized the importance of low-frequency ones. In
odontocetes, the lower jaw probably serves to conduct sounds
to the middle ear and into the rest of the auditory system. Be-
cause water is a denser medium than air, it transmits sound
more effectively (sound velocity in water is 4.5 times faster than
in air), meaning that the auditory systems of odontocetes, even
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without pinnae, are no less sensitive than those of humans. In
fact, the effective communication distance for all marine mam-
mals is much greater than for any terrestrial animal because of
the density of water. In contrast, the effective communication
distance for fossorial mammals would be very small, being lim-
ited by the reflective tunnel/burrow environment.

Sounds used by mammals can be of very different pitch or
frequency, depending upon the species and situation. African
elephants are sensitive to sounds at frequencies below 40 Hz;
blue whales produce sounds as low as 20 Hz. These are re-
ferred to as “infrasounds,” because they are below the range
of human hearing (arbitrarily, 40 Hz). Other mammals, no-
tably many bats, most carnivores (Felidae, Canidae, Mustel-
idae, Viverridae), and dolphins (Delphinidae), use sounds that
are well above the range of human hearing (these are ultra-
sounds, theoretically >20,000 Hz). Humans hear best at fre-
quencies from about 100-5,000 Hz, while some bats and
dolphins hear very well at more than 200,000 Hz. In general,
low-frequency sounds carry much farther (propogate) than
high-frequency ones, and sounds greater than 20,000 Hz are
rapidly eroded by the atmosphere (attenuated).

Touch

Mammals use their sense of touch in different ways. Tac-
tile interactions are important for intraspecific communica-
tion, well known to a human who has benefited from the
comfort of a hug. Often, touch plays an important role in fe-
male mammals recognizing their infants. Seal pups often re-
unite with their mothers by exchanges of vocalizations that

The giraffes’ 18-foot (5.5-meter) height and excellent vision make it
easy for them to spot predators from a distance. (Photo by David M.
Maylen, lll. Reproduced by permission.)

Grzimek’s Animal Life Encyclopedia



Vol. 12: Mammals |

-y

Sensory systems

The timber wolf (Canis lupus) uses its keen sense of smell to track its prey. (Photo by Wolfgang Baye. Bruce Coleman, Inc. Reproduced by per-

mission.)

terminate in nuzzling. Grooming often involves touching,
such as in two chimpanzees (Pan troglodytes) carefully stroking
and picking at each other’s fur. Primates have an especially
well-developed sense of touch, having friction ridges (finger
prints) on the tips of their digits used for careful investiga-
tion of objects. Although dolphins do not have limbs for
grasping, their sleek, hairless skin is especially sensitive to
touch at various locations on the body, specifically, the gape
of the mouth, the gum, and tongue, and the insertion point
of the flipper. Dolphins commonly swim close to each other,
touching and rubbing their bodies together. The spectacu-
lar nasal appendages of the star-nosed mole (Talpidae) are
extremely sensitive to touch and are used to locate and iden-

tify prey.
Vibration

Aye-ayes (Daubentonia madagascarensis) are among the
mammals most obviously specialized to use vibrations. These
Madagascar natives have long, slender third fingers. A forag-
ing aye-aye taps branches with its elongated fingers and lis-
tens for reverberations that it uses to find hollows. The
vibrations, combined with the noises made by insects moving
through tunnels in wood or chewing to excavate tunnels, help
aye-ayes find their prey.
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Vibrations can also serve in communication. Vibrations
tend to be low frequency, readily sensed by specialized hairs
(whiskers) or other body parts. Nearly furless naked mole-rats
(Heterocephalus glaber) live in a burrow system and announce
their presence to nearby conspecifics in other burrows by tap-
ping their heads against the roofs of tunnels. Elephants are
thought to use vibrations to sense danger or intruders over
long distances. Recent studies of captive elephants showed
that male elephants in mating condition (musth) moved their
foreheads in and out, movements coinciding with the pro-
duction of low-frequency sounds. Although African elephants
can detect acoustic signals of about 115 Hz at distances of 1.5
mi (2.5 km), they need to be closer (0.6-0.9 mi [1-1.5 km])
to extract individual-specific information about the sig-
naler(s). Researchers also believe that elephants sense very-
low-frequency vibrations with their large, flat feet, enabling
them to detect the movements and signals of other elephants
from great distances. Foot drumming is a common way to
generate vibrations that are used in communication by mam-
mals such as lagomorphs (rabbits and hares) as well as kan-
garoo rats and subterranean mammals.

Infrared

Around their nose leaves, vampire bats (Desmodus rotundus)
have sensors sensitive to infrared energy. The bat’s sensors
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Spectral bat (Vampyrum spectrum) locating prey. (Photo by Animals
Animals ©Stephen Dalton. Reproduced by permission.)

lack a lens, so they provide poor spatial resolution of infrared
sources. Vampire bats probably use infrared cues to locate
places on a mammal or bird’s body where blood flows close
to the skin, ideal places to bite and obtain a blood meal.
Among mammals, some felids have vision that extends into
the infrared spectrum. Elsewhere among vertebrates, some pit
vipers (rattlesnakes) use infrared sensors on the roofs of their
mouths to locate and track warm-blooded prey in cool desert
nights.

Chemoreception (taste)

Mammals detect a wide range of flavors as odors and tastes.
Bottlenosed dolphins (Tursiops truncatus) readily detected dif-
ferent concentrations of bitter, sweet, and sour liquids pre-
sented to them. Unlike some terrestrial mammals, bottlenosed
dolphins are not sensitive to subtle changes in salinity, sug-
gesting that an animal living in salt water would not be averse
to the taste of salt in its mouth.

Geomagnetic

The ability to orient to geomagnetic fields has been
demonstrated in several species of migrating birds and in some
rodents. In mammals, the geomagnetic sensing ability is cor-
related with the presence of magnetite in the brain. Some
classic studies on trained rodents showed that the animals,
when spun around 360°, could choose a particular orienta-
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tion. Since the time of Aristotle, people have recognized that
some odontocetes (toothed whales and dolphins) strand or
beach themselves, often in large groups. Stranded animals
may be completely out of the water and face certain death.
Some locations where cetaceans often strand themselves are
in areas with abnormal or unpredictable geomagnetic fields.

Role of sensory data

Mammals sense or gather information about their envi-
ronment and use it to make decisions that affect their survival
and reproduction. Sometimes, species initially respond to one
type of cue. For example, female hammer-headed bats (Hypsig-
nathus monstrosus) in Africa locate groups of males by listening
to their distinctive calls. Picking a male to mate with, how-
ever, is a decision females appear to make only after visiting
several in the line of displaying suitors. A female’s actual choice
may involve more than just her response to the males’ calls.

Mammals typically use clues collected from several modal-
ities. For example, vervet monkeys must cope with different
predators. Social animals, vervets have keen vision and ex-
tensive vocal repertoires that include several types of warn-
ing calls, which indicate the presence of a predator. Using
different warning calls, vervets can alert group members to
specific threats. One alarm call is given in response to snakes,
another to mammals such as leopards (Panthera pardus), and
yet another to raptors such as eagles. These predators pose
different kinds of threats. Vervets typically see the predators,
but use sound to alert their group mates to the danger. Be-
cause each type of predator requires different defensive be-
havior, the vervets have specific acoustic signals to increase
the precision of their communication.

The ability of recognizing other individuals in mammals
begins at birth. Female mammals are expert at recognizing
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Spectral bat (Vampyrum spectrum) with a mouse caught at night us-
ing echolocation. (Photo by Animals Animals ©Stephen Dalton. Re-
produced by permission.)

their own young. This is a valuable behavior because milk is
expensive to produce and vital to the survival of young. The
level of challenge to the mother varies with different mam-
mals. Ewes recognize their lambs by smell, and she usually
finds her own lamb quite easily. The lamb imprints on its
mother within in a few days of birth. A female Brazilian free-
tailed bat (Tadarida brasiliensis) faces a more difficult chal-
lenge. She typically leaves her single young in a creche with
hundreds or thousands of others. When she returns from for-
aging and looks for her young, she initially relies on spatial
memory to locate the general area where her young might
be, then she uses the calls of her young to pinpoint their lo-
cation, and finally ensures that she is feeding the right young
by smelling its scent. When females depend upon odor to rec-
ognize their offspring, the distinctive smell could be some-
thing produced by the young, something in the milk she has
fed it, or her own distinctive aroma.

In mammals, distinctive odors do more than mediate inter-
actions between mothers and young. Young piglets (Sus scrofa)
can recognize other piglets by the odor of their urine, which
allows them to distinguish between familiar and strange indi-
viduals. In summer, Bechstein’s bats (Myotis bechsteinii) live to-
gether in small groups (colonies). Individuals have specific odor
signatures produced by a gland located between their ears. In
other bats, such as big browns (Eptesicus fuscus), lesser-crested
mastiff bats (Chaerephon pumila), or pipistrelles (Pipistrellus pip-
istrellus), odors allow bats to identify their home groups or
roosts. It is typical for individual aromas to reflect a combina-
tion of odor sources, not just the products of a single gland.
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Groups of mammals can also have distinctive vocalizations.
Greater spear-nosed bats (Phyllostormus hastatus) use group-
specific screech calls to locate other group members when
they are feeding. In big brown bats and little brown bats (My-
otis lucifugus), echolocation calls provide cues to group mem-
bership. Humpback whales (Megaptera novaeangliae) have
distinctive songs that consist of phrases and arrangement of
phrases in a music-like organization. Songs within a pod
slowly change, so that last year’s song is slightly different than
the current year’s song. Furthermore, phrases come and go
in the overall repertoire. Songs also play a role in maintain-
ing group cohesion. Male humpbacks sing from an inverted
position and project their sounds over large ocean expanses.
In the Antarctic, Weddell seals (Leptonychotes weddellii) have a
large vocal repertoire of 34 underwater vocalizations, 10 of
which are used only by males.

Echolocation

Animals, including some mammals and birds, use echoes
of sounds they produce to locate objects in their surround-
ings. This is echolocation behavior. Microchiropteran bats
produce echolocation signals by vibrating their vocal cords—
exactly the same operation humans use in speaking. Echolo-
cating mammals hear echoes through their auditory systems,
just as humans hear sounds. While echolocating bats collect
echoes of their own sounds by their pinnae (external ears),
odontocetes appear to collect sounds via their lower jaws.

An echolocating animal uses the differences between the
sound it produces and the reflected echoes to collect informa-
tion about its surroundings. Echoes arrive sometime after the
production of the outgoing signal, providing time cues to the
echolocator. Echoes can differ in frequency composition from
the outgoing signal, encoding information about the target’s
surface. Echolocating mammals, including some toothed whales
and many bats, use echolocation to detect targets (food items)
in their path, whether fish or insects, as well as objects such as
trees or seamounts. They use echolocation to determine three
factors about detected targets: identity; distance; and move-
ment, whether toward or away from the echolocator. Some of
this information is obtained by comparing information from

Beluga whales (Delphinapterus leucas) use echolocation to navigate,
locate holes in the ice, and to find their deep dwelling prey. (Photo by
Ed Degginger. Bruce Coleman, Inc. Reproduced by permission.)
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The naked-mole rat (Heterocephalus glaber) has sensory whiskers on
its face and tail. (Photo by Neil Bromhall/Naturepl.com. Reproduced
by permission.)

sequences of calls and their echoes. Some microchiropteran bats
and toothed whales also use echolocation to obtain fine details
about objects. Echolocating dolphins can distinguish between
echoes from same-sized spheres of aluminum and glass (down
to accuracy of 0.001 in [0.0025 cm]), while some echolocating
bats detect insects smaller than midges and can distinguish fly-
ing moths from flying beetles.

It is not obvious that other echolocating mammals (some
species of shrews and tenrecs) collect and use such detailed
information. Shrews and tenrecs appear to use echolocation
while exploring, providing another medium for collecting
general information about their surroundings rather than
about specific targets. Most species of pteropodids, plant-vis-
iting flying foxes of the Old World, do not echolocate. Fur-
thermore, not all bats echolocate. Or, while Egyptian fruit
bats (Rousettus aegyptiacus) and perhaps some other species in
this genus (Rousettus) echolocate, they produce echolocation
sounds by clicking their tongues. A further complication is
that the role echolocation plays in the lives of some other bats
is not known. Then, some phyllostomid, nectar-feeding bats,
visit flowers that are specialized to deliver strong echoes of
ultrasonic (echolocation) calls and thus guide the bats to the
nectar they seek.

While toothed whales living in turbid waters may use
echolocation to find prey, it is not clear how often these an-
imals use echolocation to find food in clear waters. It is not
known if any of the mysticete (baleen) whales use echoloca-
tion because none has been held in captivity to conduct the
necessary perceptual studies.

The echolocation signals of toothed whales, shrews, and
tenrecs are short, click-like sounds composed of a range of
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frequencies (broadband). The echolocation signals of mi-
crochiropteran bats are tonal, because they show structured
changes in frequency over time. The echolocation signals of
toothed whales and some microchiropteran bats are very in-
tense, measured at over 110 decibels; in the toothed whales,
it is measured at over 200 decibels. Other microchiropteran
bats and shrews and tenrecs produce signals of low-intensity
(<60 decibels). Many species of echolocating bats that hunt
flying insects and other species that take prey from the sur-
face of water change the details of their calls according to the
situation. Longer calls, often consisting of a narrow range of
frequencies (narrowband) and dominated by lower frequency
sounds, are produced when the bats are searching for prey.
Once prey has been detected, the bats often produce shorter,
broadband signals. Over an attack sequence, the calls get pro-
gressively shorter as does the time between them. The end
sequence (or terminal feeding buzz) has closely spaced signals
for precisely timed capture of the prey. Odontocetes can ad-
just the frequency and amplitude of their echolocation sig-
nals, depending on the amount of environmental noise. In
areas of noise from snapping shrimp, dolphins produce louder
and higher frequency signals to avoid the masking sounds of
the shrimps’ snaps.

To ensure that they can hear faint returning echoes,
echolocating mammals typically separate pulse and echo in
time. In other words, most echolocating mammals c