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Preface

Animal Diversity is tailored for the restrictive requirements
of a one-semester or one-quarter course in zoology, and
is appropriate for both nonscience and science majors
of varying backgrounds. This seventh edition of Animal
Diversity presents a survey of the animal kingdom with
emphasis on diversity, evolutionary relationships, func-
tional adaptations, and environmental interactions.

Organization and Coverage

The sixteen survey chapters of animal diversity are pref-
aced by four chapters presenting the principles of evo-
lution, ecology, taxonomy, and animal architecture.
Throughout this revision, we updated references and
worked to streamline the writing.

Chapter 1 begins with a brief explanation of the sci-
entific method—what science is (and what it is not)—and
then introduces evolutionary principles. Following a his-
torical account of Charles Darwin’s life and discoveries, we
present the five major components of Darwin’s evolution-
ary theory, the important challenges and revisions to his
theory, and an assessment of its current scientific status.
This approach reflects our understanding that Darwin-
ism is a composite theory whose component parts guide
active research and can be modified by new discoveries. It
also prepares the student to dismiss the arguments of cre-
ationists who misconstrue scientific challenges to Darwin-
ism as contradictions to the validity of organic evolution.
The chapter summarizes the major principles of molecular
genetics, population genetics, and macroevolution.

Chapter 2 explains the principles of ecology, with
emphasis on populations, community ecology, and variations
in the life-history strategies of natural populations. The treat-
ment includes discussions of niche, population growth and its
regulation, limits to growth, competition, energy flow, nutrient
cycles, and extinction.

Chapter 3, on animal architecture, is a short but impor-
tant chapter that describes the organization and develop-
ment of the body plans that distinguish major groups of

X

animals. This chapter includes a picture essay of tissue types
and a section explaining important developmental processes
responsible for the evolutionary diversification of the bilat-
eral animals.

Chapter 4 treats taxonomy and phylogeny of animals.
We present a brief history of how animal diversity has been
organized for systematic study, emphasizing current use
of Darwin’s theory of common descent as the major prin-
ciple underlying animal taxonomy. Our summary of con-
tinuing controversies over concepts of species and higher
taxa includes discussion of how alternative taxonomic phi-
losophies guide our study of evolution. We give special
attention to phylogenetic systematics (cladistics) and the
interpretation of cladograms. Chapter 4 also emphasizes
that current issues in ecology and conservation biology
depend upon our taxonomic system.

The sixteen survey chapters provide comprehensive,
current, and thoroughly researched coverage of the animal
phyla. We emphasize the unifying phylogenetic, architec-
tural, and functional themes of each group, and illustrate
them with detailed coverage of representative forms.
Each chapter includes succinct statements of the diagnos-
tic characteristics and major subgroups of the focal taxa.
Discussions of phylogenetic relationships take a cladistic
viewpoint, with cladograms showing the structure of each
group’s history and the origin of the principal shared
derived characters. Phylogenetic trees add temporal evolu-
tionary hypotheses to the cladistic analyses.

Changes in the Seventh Edition

We continue in updated form the major new structural fea-
ture of the previous edition: a cladogram depicting phy-
logenetic relationships among animal taxa appears in the
inside front cover and serves to order our coverage of ani-
mal diversity in Chapters 5-20. The reformatted cladogram
from the inside front cover appears in small form at the
start of each taxonomic chapter, with the chapter’s taxo-
nomic coverage highlighted on it.




The seventh edition includes an unusually large
overhaul of our photographic illustrations to maintain
consistently high quality in our depiction of animal diver-
sity. Recent revision of the standard geological timescale
has required many updates in our coverage of the his-
torical ages of animal taxa and the timing of major evo-
lutionary events. We have updated throughout the book
the major taxa recognized within animal phyla and the
numbers of species recognized within them. In many
cases, newly recognized taxa do not carry the formerly
mandatory Linnean ranks. We retain Linnean ranks wher-
ever possible, but our readers must become accustomed
to more widespread usage of a rank-free taxonomy. Also
added throughout the book are references to new primary
literature and to updated textbooks.

The process of scientific inquiry (Chapter 1) is more
fully illustrated with zoological examples. We introduce
the contrast between ultimate versus proximate causes
as the primary distinction between comparative meth-
odologies and experimental ones. Our revised coverage
of Lamarck’s evolutionary theory illustrates why inheri-
tance of acquired characters seemed to be the simplest
explanation of adaptation, and how refutation of its con-
jectures led scientists to better evolutionary hypotheses.
We expand coverage of industrial melanism in moths to
illustrate fundamental principles of scientific inquiry, and
to show how Darwin’s theories of gradualism and natural
selection are logically and empirically separable.

The latter part of Chapter 1 now includes brief con-
ceptual coverage of gene expression to enable better under-
standing of evolutionary developmental topics in Chapter 3.
We consolidate here related material on Mendelian genet-
ics and population genetics, using protein polymorphism
to illustrate measurement of allelic frequencies in popula-
tions. Our aim is to provide access to new discoveries in
evolutionary developmental biology, conservation biology,
and molecular phylogenetic analysis without burdening the
introductory treatment with excessive detail. We clarify, for
example, the use of inbreeding of captive animals to elimi-
nate deleterious recessive traits from endangered species.

In Chapter 2, we revise our diagram and explanation
of contrasting survivorship curves and their ecological
interpretations. We expand our coverage of demographic
changes that typically occur as human populations
become industrialized. Updated information appears on
human population growth and the earth’s carrying capac-
ity for humans. We systematically add Latin names for ani-
mal species used in ecological experiments and examples.
Comments from an expert reviewer have helped us to
make more precise our discussion of ecological resource
partitioning, and the relationship between food chains and
food webs. We continue from Chapter 1 our emphasis on
process of science by updating our coverage of mimicry;
new data have revised our interpretations of some hypoth-
eses of Batesian versus Miillerian mimicry. We expand our
coverage of biodiversity and extinction at the end of the
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chapter, and include in Chapter 18 a new essay on the
ecological consequences of introduced pythons in south-
ern Florida.

Animal architecture, development and biomechanics
(Chapter 3) receive extended treatment through various
additions to the chapters on individual taxa. A new open-
ing essay for Chapter 6 discusses the similarities between
sponge cell layers and the tissues of other animals. We
add the astonishingly complex harp sponge, Chondro-
cladia lyra, to our discussion of Porifera. This deep-sea
sponge is surprising in its morphology, mode of feeding,
and reproductive biology. We also add a figure of the mor-
phology of a hexactinellid sponge. Chapter 7 includes
new discussion of muscle evolution and the nature of true
muscles in cnidarians and ctenophores. Chapters 15-16
present new information on hagfish reproduction and
embryology, including the discovery that some hagfishes
do have vertebrae. Substantial changes to the section on
bird flight include better explanations of how a bird’s
wing generates lift and how thrust is produced by flap-
ping flight. Classification of wing types now follows the
scheme from the Cornell bird laboratory.

Chapter 4 features expanded coverage of the con-
trasting concepts of species, including their partial uni-
fication by the increasingly popular “general lineage
concept” of species. A new boxed essay illustrates com-
mon sources of difficulty in testing the hypothesis that
two or more populations observed in nature constitute
the same versus different species. Material formerly pre-
sented in Chapter 4 on the contrast between protostomes
and deuterostomes is now consolidated with coverage of
evolutionary developmental biology in Chapter 3.

Many systematic updates appear in the detailed cover-
age of Chapters 5-20. The unicellular eukaryotes described
in Chapter 5 are no longer called protozoans, and a new
cladogram describes hypothesized relationships among
these taxa. We present here a new life-cycle diagram of
Volvox carteri to illustrate one of the 25 hypothesized ori-
gins of multicellularity. We discontinue use of “Radiata”
given phylogenetic evidence that phyla Cnidaria and Cte-
nophora do not form a monophyletic group.

Many cladistic changes are evident within lophotro-
chozoan protostomes. Evolutionary relationships and
taxonomy within phylum Annelida (Chapter 11) are com-
pletely revised, discontinuing the traditional, but now
clearly paraphyletic taxa Polychaeta and Oligochaeta. The
terms “polychaete” and “oligochaete” continue to denote
particular morphologies but not formal taxa. The basal
phylogenetic split within annelids shows chaetopterid
worms forming the sister taxon to the archiannelids. Many
years ago, zoologists taxonomically separated errant poly-
chaetes from sedentary polychaetes, but modern biolo-
gists rejected this dichotomy. New phylogenies resurrect
this distinction, but place sedentary polychaetes in a clade
with members of Clitellata. We include members of former
phylum Echiura, the spoon worms, as a branch within the
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sedentary polychaetes and discuss the loss of metamer-
ism implied by this position. We continue to place phylum
Sipuncula outside Annelida despite some conflicting phy-
logenetic evidence. The revised molluscan cladogram in
Chapter 16 now places Aculifera (Solenogastres, Caudo-
foveata, and Polyplacophora) as the sister taxon to Con-
chifera (shellbearers).

Within Ecdysozoa (Chapter 12), recent work places
Onychophora and Tardigrada as sister taxa, with this
pair being the sister taxon to Arthropoda. The arthropod
cladogram in Chapter 13 now depicts relationships sup-
ported under the mandibulate hypothesis: all taxa sharing
mandibles are united and this group is distinct phyloge-
netically from the chelicerate taxa.

Evolutionary relationships among the crustacean
arthropods are revised, and terminology for crustacean
limbs has been standardized across all diagrams and text.
Some major groupings within Crustacea have not been
assigned traditional Linnaean ranks (classes and orders)
and are thus presented as rank-free taxa.

Chapter 14 includes new information about a pos-
sible phylogenetic grouping of Xenoturbella with acoelo-
morph worms and on phylogenetic placement of bilaterally
symmetrical fossil echinoderms. Chapters 15-16 include a
new rank-free cladistic taxonomy of chordates. Following
numerous studies (mainly incorporating molecular phylo-
genetic studies, but also a few evolutionary developmental
ones), hagfishes and lampreys are once again united in the
clade Cyclostomata. Chapter 17 features updated coverage
of early tetrapod evolution to reflect new fossil discoveries
and interpretations. In Chapter 19, the order-level taxon-
omy of birds is substantially revised. Chapter 20 updates
human evolution to include new molecular studies and
fossil finds.

Teaching and Learning Aids

Vocabulary Development

Key words are boldfaced, which serves as a cross-reference
to the glossary for definition, pronunciation, and deriva-
tion of each term. Derivations of generic names of animals
are given where they first appear in the text. In addition,
derivations of many technical and zoological terms are pro-
vided, allowing students to recognize the more common
roots that recur in many technical terms.

Chapter Prologues

A distinctive feature of this text is an opening essay at the
beginning of each chapter. Each essay presents a theme
or topic relating to the subject of the chapter to stimulate
interest. Some present biological, particularly evolutionary,

principles; others illuminate distinguishing characteristics
of the animal group treated in the chapter.

Chapter Notes

Chapter notes, which appear throughout the book, aug-
ment the text material and offer interesting sidelights with-
out interrupting the narrative.

For Review

Each chapter ends with a concise summary, review ques-
tions, and a list of annotated selected references. The
review questions enable students to test themselves for
retention and understanding of the more important chapter
material.

Art Program

The appearance and usefulness of this text are much
enhanced by numerous full-color paintings by William C.
Ober and Claire W. Garrison. Bill’s artistic skills, knowledge
of biology, and experience gained from an earlier career
as a practicing physician have enriched the authors’ zool-
ogy texts through many editions. Claire practiced pediatric
and obstetric nursing before turning to scientific illustra-
tion as a full-time career. Texts illustrated by Bill and Claire
have received national recognition and won awards from
the Association of Medical Illustrators, American Institute
of Graphic Arts, Chicago Book Clinic, Printing Industries
of America, and Bookbuilders West. Bill and Claire also are
recipients of the Art Directors Award.

Web Pages

At the end of each survey chapter is a selection of related
Internet links. These related links can be found in the instruc-
tor resources on Connect. For more information on Connect,
go to: bitp://connect.mbeducation.com.

Supplements

Instructor’s Manual

Each chapter of the Instructor’s Manual provides a detailed
chapter outline, lecture enrichment suggestions, a commen-
tary, and critical thinking questions. This material should be
particularly helpful for first-time users of the text, although
experienced teachers also may find much of value. The
Instructor’s Manual is available through the Instructor
Resources on Connect. You can find more information on
Connect at: http.//connect.mbeducation.com.



Introducing Connect

McGraw-Hill ConnectPlus interactive learning platform pro-
vides auto-graded assignments, an assignable, interactive
eBook, adaptable diagnostic learning tools in LearnSmart
& SmartBook, and powerful reporting—all in an easy-to-use
interface. ConnectPlus allows students to practice important
skills at their own pace and on their own schedule. Students’
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Evolutionary diversification of Hawaiian honeycreepers.

A Legacy of Change

Life’s history is a legacy of perpetual change. Despite the
apparent permanence of the natural world, change characterizes
all things on earth and in the universe. Countless kinds of animals
and plants have flourished and disappeared, leaving behind an
imperfect fossil record of their existence. Many, but not all, have
left living descendants that resemble them to varying degrees.

We observe and measure life’s changes in many ways. On a
short evolutionary timescale, we see changes in the frequencies
of different genetic traits within populations. For example,
evolutionary changes in the relative frequencies of light- and
dark-colored moths occurred within a single human lifetime
in polluted areas of industrial England. On the other hand,
formation of new species and dramatic changes in organismal
appearance, as shown by evolutionary diversification of Hawaiian
birds, require longer timescales covering 100,000 to 1 million
years. Major evolutionary trends and episodic mass extinctions
occur on even larger timescales, covering tens of millions of years.
The fossil record of horses through the past 50 million years
shows a series of different species replacing older ones. The fossil
record of marine invertebrates shows episodic mass extinctions
separated by intervals of approximately 26 million years.

Organic evolution is the irreversible, historical change
that we observe in living populations and in the earth’s fossil
record. Because every feature of life is a product of evolutionary
processes, biologists consider organic evolution the keystone of
all biological knowledge.



2 Chapter 1

oology (Gr. zoon, animal, + logos, discourse on, study
of) is the scientific study of animals. It is part of biol-
ogy (Gr. bios, life, + logos), the study of all life.
Explaining the panorama of animal diversity—how animals
function, live, reproduce, and interact—is exciting and challenging.
To explain the diversity of animal life, we must study
its long history, whose fossil evidence spans more than
540 million years. From the earliest animals to the millions of
animal species living today, this history demonstrates exten-
sive and ongoing change, which we call evolution. We depict
the history of animal life as a branching genealogical tree,
called a phylogeny or phylogenetic tree. We place the ear-
liest species ancestral to all animals at the trunk; all living
animal species fall at the growing tips of the branches. Each
successive branching event represents the historical splitting
of an ancestral species to form new ones. Newly formed spe-
cies inherit many characteristics from their immediate ances-
tor, but they also evolve new features that appear for the first
time in the history of animal life. Each branch therefore has
its own unique combination of characteristics and contrib-
utes a new dimension to the spectrum of animal diversity.
The scientific study of animal diversity has two major
goals. The first is to reconstruct a phylogeny of animal life
and to find where in evolutionary history we can locate the
origins of major characteristics—multicellularity, a coelom,
spiral cleavage, vertebrae, homeothermy—and all other
dimensions of animal diversity as we know it. The second
major goal is to understand historical processes that gener-
ate and maintain diverse species and adaptations through-
out evolutionary history. Darwin’s theory of evolution
allows us to apply scientific principles to attain both goals.

B Principles of Science

A basic understanding of zoology requires understand-
ing what science is, what it excludes, and how one gains
knowledge using the scientific method. In this section we
examine the methodology that zoology shares with science
as a whole. These features distinguish the sciences from
other disciplines, such as art and religion.

Despite an enormous impact of science on our lives,
many people have only a minimal understanding of sci-
ence. Public misunderstanding of scientific principles as
applied to animal diversity revealed itself to us on March
19, 1981, when the governor of Arkansas signed into
law the Balanced Treatment for Creation-Science and
Evolution-Science Act (Act 590 of 1981). This act falsely
presented creation-science as a valid scientific endeavor.
Further legal scrutiny revealed that creation-science was
not science, but rather a religious position advocated by a
minority of America’s religious community.

Enactment of this law incited a historic lawsuit tried
in December 1981 in the court of Judge William R. Overton,
U.S. District Court, Eastern District of Arkansas. The American
Civil Liberties Union filed the suit on behalf of 23 plaintiffs,
including religious leaders and groups representing several

denominations, individual parents, and educational asso-
ciations. Plaintiffs contended that this law violated the
First Amendment to the U.S. Constitution, which prohibits
establishment of religion by government. This amendment
prohibits passing a law that would favor one religious posi-
tion over another one. On January 5, 1982, Judge Overton
permanently prohibited Arkansas from enforcing Act 590.

Considerable testimony during the trial clarified the
nature of science. On the basis of testimony by scientists,
Judge Overton stated explicitly these essential characteris-
tics of science:

1. It is guided by natural law.

2. It must be explanatory by reference to natural law.

3. Its conjectures are testable against the empirical
world.

4. Tts conclusions are tentative and not necessarily the
final word.

5. It is falsifiable.

Pursuit of scientific knowledge is guided by physi-
cal and chemical laws that govern the state of existence.
Scientific knowledge must explain observations by refer-
ence to natural law without intervention of any supernatural
being or force. We must record observations that directly or
indirectly test hypotheses about nature. We must discard or
modify any conclusion if further observations contradict it.
As Judge Overton stated, “While anybody is free to approach
a scientific inquiry in any fashion they choose, they cannot
properly describe the methodology used as scientific, if they
start with a conclusion and refuse to change it regardless of
the evidence developed during the course of the investiga-
tion.” Science lies outside religion, and scientific knowledge
does not favor one religious position over another.

Unfortunately, the religious position formerly called
creation-science later reappeared in American politics
with the name “intelligent design theory.” We once again
defended science education against this scientifically
meaningless doctrine. On December 20, 2005, Judge John
E. Jones III of the U.S. District Court for the Middle District
of Pennsylvania ruled unconstitutional the teaching of
intelligent design, which had been mandated by the
Dover school board. The local voters already had rejected
the eight board members who supported the intelligent-
design requirement, replacing them with candidates who
actively opposed teaching intelligent design as science.

Scientific Method

The essential criteria of science form the hypothetico-
deductive method. One begins this process by generating
hypotheses, or potential explanations of a phenomenon of
nature. These hypotheses are usually based on prior observa-
tions of nature (figure 1.1) or on theories derived from such
observations. Scientific hypotheses often constitute general
statements that might explain a large number of diverse
observations. The hypothesis of natural selection, for example,
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figure 1.1

Examples of observation in zoological research. A, Observing a coral reef. B, Observing nematocyst discharge, C, from cnidarian tentacles

(see p. 142).

explains our observations that many different species have
accumulated favorable characteristics that adapt them to their
environments. Based on a hypothesis, a scientist must say,
“If my hypothesis correctly explains past observations, then
future observations must match specific expectations.”

The scientific method comprises six steps:

Observation
Question
Hypothesis
Empirical test
Conclusions
Publication

AN RN =

Observations are a critical first step in evaluating
the biological characteristics and evolutionary histories of
animal populations. For example, observations of moth
populations in industrial areas of England for more than a

century have revealed that moths in polluted areas mostly
have darkly colored wings and body, whereas moths of the
same species in unpolluted areas are more lightly colored.
This observation pertains to multiple moth species, but we
focus here on Biston betularia (figure 1.2).

Our question is, Why do pigmentation patterns vary
according to habitat? With no prior knowledge of the biol-
ogy of these moth populations, one might hypothesize
that coloration is influenced somehow by a direct action
of the environment. Does consumption of soot by caterpil-
lars somehow darken pigmentation of the adult moth? One
could test this hypothesis by rearing moths under artificial
conditions. If darkly pigmented moths and lightly pigmented
moths are allowed to reproduce in unpolluted conditions,
our hypothesis predicts that offspring of both will be lightly
pigmented; by contrast, offspring of both groups would be
darkly pigmented if raised in polluted conditions.
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figure 1.2

Light and melanic forms of peppered moths, Biston betularia, on A, an unpolluted lichen-covered tree and B, a soot-covered tree near
industrial Birmingham, England. These color variants have a simple genetic basis. C, Recent decline in frequency of the melanic form due to
diminished air pollution in industrial areas of England. Frequency of the melanic form exceeded 90% in 1960, when smoke and sulfur dioxide
emissions were still high. Later, as emissions fell and light-colored lichens began to grow again on tree trunks, the melanic form became
more conspicuous to predators. By 1986, only 50% of the moths were melanic, the rest having been replaced by the light form.

To test our hypothesis, we construct a null hypothesis.
A null hypothesis is one that permits a statistical test of our
data to reject its predictions if the hypothesis is false. We
can choose as our null hypothesis the prediction that popu-
lation of origin has no effect on moth color: moths reared in
unpolluted conditions should be lightly pigmented regard-
less of whether their parents were from light or dark pop-
ulations, and offspring from both populations reared in
polluted conditions should be dark. This experiment is a
special case of a “common garden” experiment as used in
agriculture. Do contrasting populations from different habi-
tats retain their contrasting characteristics when reared in a
common garden?

For Biston betularia, a common garden experiment
reveals that the contrasting wing colors of populations
from polluted and unpolluted environments are maintained
in the common garden. Offspring of moths from polluted
populations retain the dark pigmentation of their parents,
whereas offspring of lightly pigmented moths are lightly
colored like their parents. We thereby reject the hypothesis
that the color contrasts represent a direct action of environ-
mental conditions.

We have gained important knowledge by rejecting our
initial hypothesis, and we now test an alternative hypothesis,
that pigmentation is a genetic trait in Biston betularia. Using
standard genetic methodology, we cross the darkly and
lightly colored populations and trace the inheritance of pig-
mentation in subsequent generations. Experimental results
reveal that the offspring produced by crossing light and dark
populations have dark pigmentation, and that the second-
generation progeny include both dark and light moths in the
3:1 ratio predicted by the null hypothesis for a single-gene
trait with dark pigmentation being genetically dominant.

We still have not answered our initial question, why
pigmentation differs between populations in polluted ver-
sus unpolluted environments. We have learned, however,
that the critical question is why different forms of a single
gene have contrasting frequencies in these two areas. We
know that the moth populations have inhabited England
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since well before the introduction of industrial pollution.
The lightly pigmented populations most likely resemble the
ancestral condition, so why have darkly pigmented moths
accumulated in the polluted environments? The simplest
hypothesis is that darkly pigmented individuals are more
likely to survive and to reproduce in polluted environments.
Further observations reveal that Biston betularia is
typical of moths in being active at night and inactive dur-
ing the day, resting on the bark of trees. Contrasting pho-
tographs of light and dark moths resting on unpolluted,
lichen-covered tree bark versus sooty tree bark lead us to
a hypothesis that might explain why dark moths predomi-
nate in polluted areas. Figure 1.2 shows that the lightly col-
ored moth is camouflaged against the unpolluted substrate,
whereas the dark moth is highly visible; by contrast, the
dark moth is camouflaged against the sooty bark, whereas
the light moth is highly visible. Camouflage suggests that
a predator using vision to find its prey preferentially kills
moths that contrast with the background color of their
diurnal resting place. How can we test this hypothesis?
Many birds are diurnal predators guided to their prey
by vision. Many experiments have revealed that birds will
attack clay models that closely resemble their favored prey
items. We can test our hypothesis by constructing clay mod-
els of light and dark moths. We place equal numbers of
the light and dark models against the bark of unpolluted
trees and equal numbers of light and dark models against
sooty tree bark. When a bird attacks a clay model, it typi-
cally leaves an imprint of its beak in the clay. Because beak
shape varies among bird species, the beak shape marked
in the clay often reveals which species attacked the model.
Our null hypothesis is that equal numbers of dark and light
models have beak impressions on both the unpolluted and
the polluted substrates. We reject this hypothesis if we find
a large excess of beak marks in the uncamouflaged mod-
els relative to the camouflaged ones; dark models should
be attacked preferentially in unpolluted conditions and
light models attacked preferentially in polluted conditions.
Note that in this case, we use a null hypothesis that is the
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opposite of our favored explanation, that birds preferentially
destroy uncamouflaged moths. In this case, data that reject
the null hypothesis serve to verify our favored explanation.

Experiments of this kind have rejected the null
hypothesis as expected, verifying our explanation that dark
moths prevail in polluted environments because the dark
color protects them from predation by birds during the day.
Note that our experiments led us to a strong, specific expla-
nation for the initial observations. It is a strong working
hypothesis, but our experiments have not proven the cor-
rectness of this hypothesis. We can test it further in various
ways. For example, we might raise light and dark moths in
equal numbers in an outdoor enclosure that excludes birds;
our null hypothesis is then that the dark and light forms
should persist in equal numbers regardless of whether the
tree bark is polluted or unpolluted. Rejection of this null
hypothesis would tell us that our favored explanation was
not the full answer to our original question.

We publish our results and conclusions to guide other
researchers further to test our hypotheses. Over the past
century, many research papers have reported results and
conclusions to explain “industrial melanism” in moths. With
some ambiguities, the favored explanation is that differen-
tial bird predation on uncamouflaged moths best explains
industrial melanism. These studies have drawn much atten-
tion because this explanation illustrates Darwin’s theory of
natural selection (p. 12).

Experimental Versus
Comparative Methods

One can group the many questions raised about animal
life into two major categories. The first category seeks to
explain proximate causes (also called immediate causes)
that guide biological systems at all levels of complexity. It
includes explaining how animals perform their metabolic,
physiological, and behavioral functions at molecular, cellu-
lar, organismal, and even population levels. For example,
how is genetic information expressed to guide the synthe-
sis of proteins? What signal causes cells to divide to pro-
duce new cells? How does population density affect the
physiology and behavior of organisms?

We test hypotheses of proximate causes using the
experimental method. This method has three steps:
(1) predicting from a tentative explanation how a system
being studied would respond to a treatment, (2) making the
treatment, and (3) comparing observed results to predicted
ones. An investigator repeats the experiment multiple times
to eliminate chance occurrences that might produce errors.
Controls (repetitions of an experimental procedure that
lack the treatment) eliminate any unperceived conditions
that might bias an experiment’s outcome.

Our example in the preceding section of using clay
models of moths to test avian predation on differently col-
ored forms illustrates experimental testing of a hypoth-
esis. By placing darkly colored models on both light and

dark backgrounds, we see that birds attack the ones on
light backgrounds much more frequently than they do
dark models on dark backgrounds. Our interpretation that
dark moths on dark backgrounds avoid predation by cam-
ouflage requires a control. Perhaps birds choose to feed
only on light, unpolluted branches. Our control is to place
light moths on both light and dark backgrounds. When
we observe that birds preferentially attack the light mod-
els placed on dark backgrounds, we reject the hypothesis
that birds choose not to feed on dark, polluted substrates.
The simplest interpretation of the results as described here
is that birds will eat both dark and light moths that fail to
match their backgrounds, and that camouflage conceals
potential prey items from avian predators.

Processes by which animals maintain their body tem-
perature under different environmental conditions, digest
food, migrate to new habitats, or store energy are addi-
tional examples of phenomena studied by experimentation.
Experimental sciences in biology include molecular biology,
cell biology, endocrinology, immunology, physiology, devel-
opmental biology, and community ecology.

In contrast to proximate causes, ultimate causes are the
processes that have produced biological systems and their
properties through evolutionary time. For example, what
evolutionary factors cause some birds to make complex sea-
sonal migrations between temperate and tropical regions?
Why do different species of animals have different numbers
of chromosomes in their cells? Why do some animal species
maintain complex social systems, whereas individuals of
other species remain largely solitary?

A scientist’s use of the phrase “ultimate cause,” unlike Aristotle’s
usage, does not imply a preconceived goal for natural phenom-
ena. An argument that nature has a predetermined goal, such as
evolution of the human mind, is termed teleological. Teleology
is the mistaken notion that the evolution of living organisms is
guided by purpose toward an optimal design. A major success
of Darwinian evolutionary theory is its rejection of teleology in
explaining biological diversification.

Tests of hypotheses of ultimate causality require the
comparative method. Characteristics of molecular biol-
ogy, cell biology, organismal structure, development, and
ecology are compared among species to identify patterns
of variation. Scientists then use patterns of similarity and
dissimilarity to test hypotheses of relatedness and thereby
to reconstruct the phylogenetic tree that relates the spe-
cies being compared. Systematics is the ordering of
organisms according to their inferred evolutionary rela-
tionships for comparative study. Recent advances in DNA
sequencing technology permit precise tests of evolution-
ary relationships among all animal species. Comparative
studies also serve to test hypotheses of evolutionary pro-
cesses that have molded diverse animal species.

We use the evolutionary tree to examine hypotheses
of the evolutionary origins of the diverse molecular, cellu-
lar, organismal, and populational characteristics observed in
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Chapter 1

The Power of a Theory

| Darwin’s theory of common descent

(p. 11) illustrates the scientific impor-
tance of general theories that give uni-
fied explanations to diverse kinds of
data. Darwin proposed his theory of
descent with modification of all living
forms because it explained the patterns
of similarity and dissimilarity among
organisms in anatomical structures and
cellular organization.

Anatomical similarities between
humans and apes led Darwin to propose
that humans and apes share more recent
common ancestry with each other than
they do with any other species. Darwin
was unaware that his theory, a century
later, would provide the primary expla-
nation for similarities and dissimilarities
among species in the structures of their
chromosomes, sequences of amino acids
in homologous proteins, and sequences
of bases in homologous genomic DNA.

The accompanying figure shows
photographs of a complete haploid
set of chromosomes from each of four
ape species: human (Homo sapiens),
bonobo (the pygmy chimpanzee, Pan
paniscus), gorilla (Gorilla gorilla), and
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orangutan (Pongo pygmaeus). Each
chromosome in the human genome has
a corresponding chromosome with sim-
ilar structure and gene content in the
genomes of other ape species. The most
obvious difference between human and
ape chromosomes is that the large sec-
ond chromosome in the human nuclear
genome was formed evolutionarily by
a fusion of two smaller chromosomes
characteristic of the ape genomes.
Detailed study of the human and other
ape chromosomes shows remarkable
correspondence between them in genic
content and organization. Ape chromo-
somes are more similar to each other
than they are to chromosomes of any
other animals.

Comparison of DNA and protein
sequences among apes likewise con-
firms their close genetic relationships,
with humans and the two chimpanzee
species being closer to each other than
any of these species are to other apes.
DNA sequences from the nuclear and
mitochondrial genomes independently
support the close relationships among
ape species and especially the grouping
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of humans and chimpanzees as close rel-
atives. Homologous DNA sequences of
humans and chimpanzees are approxi-
mately 99% similar in base sequence.

Studies of variation in chromosomal
structure, mitochondrial DNA sequences,
and nuclear DNA sequences produced
multiple independent data sets, each
one potentially capable of rejecting Dar-
win’s theory of common descent. Darwin’s
theory would be rejected, for example,
if the chromosomal structures and DNA
sequences of apes were no more simi-
lar to each other than to those of other
animals. The data in this case support
rather than reject predictions of Darwin’s
theory. The ability of Darwin’s theory of
common descent to make precise predic-
tions of genetic similarities among these
and other species, and to have those pre-
dictions confirmed by numerous empiri-
cal studies, illustrates its great strength.
As new kinds of biological data have
become available, the scope and strength
of Darwin’s theory of common descent
have increased enormously. Indeed, noth-
ing in biology makes sense in the absence
of this powerful explanatory theory.
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The human haploid genome contains 22 autosomes (I-XXII) and a sex chromosome (X or Y). The human chromosome is shown first in each group of four,
followed by the corresponding chromosomes of bonobo, gorilla, and orangutan, in that order. Note that the chromatin of human chromosome II corresponds to
that of two smaller chromosomes (marked p and q) in other apes.
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the animal world. For example, comparative methodology
rejects the hypothesis of a common origin for flight in bats
and birds. Comparative morphology of vertebrates and com-
parisons of DNA sequences from living species clearly place
bats within the mammals (Chapter 20) and birds within a
separate group that also includes crocodilians, lizards,
snakes, and turtles (see Figure 18.2). The most recent com-
mon ancestor of these vertebrates clearly could not fly, and
close inspection reveals that bats and birds evolved flight via
very different modifications of their bodies and forelimbs
(p. 4006, 436). The ultimate causes of flight in bats and birds
thus require separate explanations, not a shared one. The
comparative method likewise reveals that homeothermy
evolved in a lineage ancestral to birds and separately in a
lineage ancestral to mammals. Furthermore, comparative
studies of fossil birds reject the hypothesis that feathers
arose for the purpose of flight, because feathers preceded
evolution of the flight apparatus in avian ancestry. Feathers
most likely served initially primarily for insulation and only
later acquired a role in aerodynamics. It should be clear that
none of these important historical questions could have
been answered by experiment.

Clearly, the comparative method often relies on results
of experimental sciences to reveal the characteristics being
compared among animals. The comparative method utilizes
all levels of biological complexity, as illustrated by the fields
of comparative biochemistry, molecular evolution, compar-
ative cell biology, comparative anatomy, comparative physi-
ology and behavior, and phylogenetic systematics.

Origins of Darwinian
Evolutionary Theory

Charles Robert Darwin and Alfred Russel Wallace (figure 1.3)
were the first to establish evolution as a powerful scientific
theory. Today, evolution can be denied only by abandon-
ing reason. As the English biologist Sir Julian Huxley wrote,
“Charles Darwin effected the greatest of all revolutions in
human thought, greater than Einstein’s or Freud’s or even
Newton’s, by simultaneously establishing the fact and dis-
covering the mechanism of organic evolution.” Darwinian
theory allows us to explain both the genetics of populations
and long-term trends in the fossil record. Darwin and Wal-
lace did not originate the basic idea of organic evolution,
which has an ancient history. We review first the history of
evolutionary thinking as it led to Darwin’s theory and then
discuss critical evidence supporting Darwin’s theory.

Pre-Darwinian Evolutionary Ideas

Early Greek philosophers, notably Xenophanes, Empedocles,
and Aristotle, recorded the idea that life has a long history of
evolutionary change. They recognized fossils as evidence for

figure 1.3

Founders of the theory of evolution by natural selection. A, Charles
Robert Darwin (1809-1882). B, Alfred Russel Wallace (1823-1913) in
1895. Darwin and Wallace independently developed the same the-
ory. Aletter and essay from Wallace written to Darwin in 1858 spurred
Darwin into writing On the Origin of Species, published in 1859.

former life, which they thought had been destroyed by natu-
ral catastrophe. Despite their inquiry, ancient Greeks failed to
establish an evolutionary concept that could guide a mean-
ingful study of life’s history. Evolutionary thinking declined
as the metaphorical biblical account of earth’s creation
became accepted as requiring no mechanistic explanation.
The year 4004 B.c. was fixed by Archbishop James Ussher
(mid-seventeenth century) as the time of life’s creation. Evo-
lutionary views were considered heretical, but they refused
to die. The French naturalist Georges Louis Buffon (1707-
1788) stressed environmental influences on modifications of
animal form and extended the earth’s age to 70,000 years.

Lamarckism: The First Scientific
Hypothesis for Evolution

The first complete hypothesis for evolution was authored
by the French biologist Jean Baptiste de Lamarck (1744—
1829) (figure 1.4) in 1809, the year of Darwin’s birth.
He made the first convincing argument that fossils were
remains of extinct animals. Lamarck’s evolutionary mech-
anism, inheritance of acquired characteristics, tenta-
tively answered the challenging question of how evolution
could construct biological characteristics that seemed
designed to serve their possessors’ needs: By striving to
make best use of their environmental resources, organ-
isms would acquire adaptations and pass them by hered-
ity to their offspring. According to Lamarck, giraffes
evolved a long neck because their ancestors lengthened



8 Chapter 1

figure 1.4

Jean Baptiste de Lamarck
(1744-1829), French natu-
ralist who offered the first
scientific explanation of evo-
lution. Lamarck’s hypothesis
that evolution proceeds by
inheritance of acquired char-
acteristics was rejected by
genetic research.

their necks by stretching to obtain food and then passed
the lengthened neck to their offspring. Lamarck proposed
that over many generations, these changes accumulated
to produce the long necks of modern giraffes.

We call Lamarck’s concept of evolution transforma-
tional, because as individual organisms transform their
characteristics through the use and disuse of body parts,
heredity makes corresponding adjustments to produce
evolution. We now reject transformational theories because
genetic studies show that traits acquired during an organ-
ism’s lifetime, such as strengthened muscles, are not trans-
mitted to offspring.

Darwin’s evolutionary theory differs from Lamarck’s in
being a variational theory. Evolution occurs at the level of
the population, and it includes changes across generations
in the organismal characteristics that prevail in the popu-
lation. Darwin argued that organisms whose hereditary
characteristics conferred an advantage for survival or repro-
duction would contribute the greatest numbers of offspring
to future generations. Populations would thus accumulate,
across generations, the characteristics most favorable for
the organisms possessing them. Any less favorable alterna-
tive characteristics would decline in frequency and eventu-
ally disappear.

Charles Lyell and Uniformitarianism

The geologist Sir Charles Lyell (1797-1875) (figure 1.5)
established in his Principles of Geology (1830-1833) the
principle of uniformitarianism. Uniformitarianism encom-
passes two important assumptions that guide scientific
study of the history of nature. These assumptions are (1)
that the laws of physics and chemistry have not changed
throughout earth’s history, and (2) that past geologi-
cal events occurred by natural processes similar to those
that we observe in action today. Lyell showed that natural
forces, acting over long periods of time, could explain the
formation of fossil-bearing rocks. Lyell’s geological stud-
ies convinced him that earth’s age must be many millions
of years. These principles were important because they

figure 1.5

Sir Charles Lyell (1797-1875),
English geologist and friend
of Darwin. His book Principles
of Geology greatly influenced
Darwin during Darwin’s for-
mative period.

discredited miraculous and supernatural explanations
of the history of nature and replaced them with scien-
tific explanations. Lyell also stressed the gradual nature
of geological changes that occur through time, and he
argued that such changes have no inherent directional-
ity. Both of these claims left important marks on Darwin’s
evolutionary theory.

Darwin’s Great Voyage of Discovery

“After having been twice driven back by heavy southwest-
ern gales, Her Majesty’s ship Beagle, a ten-gun brig, under
the command of Captain Robert FitzRoy, R.N., sailed from
Devonport on the 27th of December, 1831.” Thus began
Charles Darwin’s account of the historic five-year voy-
age of the Beagle around the world (figure 1.6). Darwin,
not quite 23 years old, had asked to accompany Captain
FitzRoy on the Beagle, a small vessel only 90 feet in length,
which was about to make an extensive surveying voyage
to South America and the Pacific (figure 1.7). It was the
beginning of the most important scientific voyage of the
nineteenth century.

During this voyage (1831-1836), Darwin endured
sea-sickness and erratic companionship from Captain
FitzRoy, but his endurance and early training as a naturalist
equipped him for his work. The Beagle made many stops
along the coasts of South America and adjacent islands.
Darwin made extensive collections and observations of the
faunas and floras of these regions. He unearthed numerous
fossils of animals long extinct and noted a resemblance
between fossils of South American pampas and known fos-
sils of North America. In the Andes, he encountered sea-
shells embedded in rocks at 13,000 feet. He experienced
a severe earthquake and watched mountain torrents that
relentlessly wore away the earth. These observations and
his reading of Lyell’s Principles of Geology during the voy-
age strengthened Darwin’s conviction that natural forces
could explain geological features of the earth.

In mid-September of 1835, the Beagle arrived at the
Galapagos Islands, a volcanic archipelago straddling the
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Charles Darwin and H.M.S. Beagle. A, Darwin in 1840, four years after the Beagle returned to England, and a year after his marriage to his
cousin, Emma Wedgwood. B, H.M.S. Beagle sails in Beagle Channel, Tierra del Fuego, on the southern tip of South America in 1833. This
watercolor was painted by Conrad Martens, one of two official artists during the voyage of the Beagle.

equator 600 miles west of Ecuador (figure 1.8). The fame of
these islands stems from their oceanic isolation and rugged
volcanic terrain. Circled by capricious currents, surrounded by
shores of twisted lava, bearing skeletal brushwood baked
by equatorial sunshine, almost devoid of vegetation, inhabited
by strange reptiles and by convicts stranded by the Ecua-
dorian government, these islands had few admirers among
mariners. By the middle of the seventeenth century, Span-
iards called these islands “Las Islas Galapagos”—the tortoise

islands. The giant tortoises, used for food first by buccaneers
and later by American and British whalers, sealers, and ships
of war, were the islands’ principal attraction. At the time of
Darwin’s visit, these tortoises already were heavily exploited.
During the Beagle’s five-week visit to the Galapagos,
Darwin documented the unique character of the Galapagos
plants and animals, including the giant tortoises, marine
iguanas, mockingbirds, and ground finches. Darwin later
described these studies as the “origin of all my views.”
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figure 1.8

The Galadpagos Islands viewed from the rim of a volcano.

Darwin discovered that although the Galapagos Islands
and Cape Verde Islands (visited earlier in this voyage) were
similar in climate and topography, Galapagos plants and ani-
mals resembled most closely those of the South American
mainland, and they were entirely different from the African-
derived forms of the Cape Verde Islands. Each Galapagos
island often contained a unique species that nonetheless
resembled forms on other Galapagos islands. In short, Gala-
pagos life must have originated in continental South America,
colonized islands in rare events of trans-oceanic dispersal,
and then undergone modification in various environmen-
tal conditions of different islands. He concluded that these
species were neither divinely created nor immutable; they
were products of a long history of evolutionary change.

“Whenever | have found that | have blundered, or that my work
has been imperfect, and when | have been contemptuously
criticized, and even when | have been overpraised, so that | have
felt mortified, it has been my greatest comfort to say hundreds of
times to myself that 'l have worked as hard and as well as | could,
and no man can do more than this." ”

—Charles Darwin, in his autobiography, 1876.

On October 2, 18306, the Beagle returned to England,
where Darwin conducted most of his scientific work
(figure 1.9). Most of Darwin’s extensive collections had
preceded him there, as had his notebooks and diaries kept
during the cruise. Darwin’s journal, published three years
after the Beagle’s return to England, was an instant success
and required two additional printings within its first year.
The Voyage of the Beagle would become one of the most
popular travel books of all time.

The main product of Darwin’s voyage, his theory
of evolution, would continue to develop for more than

figure 1.9

Darwin’s study at Down House in Kent, England, is preserved today
much as it was when Darwin wrote On the Origin of Species.

20 years after the Beagle’s return. In 1838, he “happened
to read for amusement” an essay on populations by
T. R. Malthus (1766-1834), who stated that animal and plant
populations, including human populations, tend to increase
beyond the capacity of their environment to support them.
Darwin already had been gathering information on artifi-
cial selection of animals under domestication. He was espe-
cially fascinated by artificial breeds of pigeons. Many pigeon
breeds differed so much in appearance and behavior that
they would be considered different species if found in
nature. All clearly had been derived from a single wild spe-
cies, the rock dove (Columbia livia). After reading Malthus’s
article, Darwin realized that a process of selection in nature,
driven by a “struggle for existence” because of overpopula-
tion, could be a powerful force for evolution of wild species.

Darwin allowed the idea to develop in his own mind,
writing private, trial essays in 1844 and 1846. In 18506, he
began to assemble his voluminous data into a work on ori-
gins of species. He expected to write four volumes, a very
big book,“as perfect as I can make it.” However, his plans
took an unexpected turn.

In 1858, he received a manuscript from Alfred Russel
Wallace (1823-1913), an English naturalist in Malaya with
whom he corresponded. Darwin was stunned to find that
in a few pages, Wallace summarized the main points of the
natural selection theory on which Darwin had worked for
two decades. Rather than withhold his own work in favor of
Wallace as he was inclined to do, Darwin took the advice of
two close friends, Lyell and a botanist, Hooker, to publish
his views in a brief statement that would appear together
with Wallace’s paper in the Journal of the Linnean Society.
Portions of both papers were read before an unresponsive
audience on July 1,1858.

For the next year, Darwin worked urgently to pre-
pare an “abstract” of the planned four-volume work. This



Science of Zoology and Evolution of Animal Diversity 11

book was published in November 1859, with the title On
the Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life. The
1250 copies of the first printing were sold the first day! The
book instantly generated a storm that has never abated.
Darwin’s views were to have extraordinary consequences
on scientific and religious beliefs, and they remain among
the greatest intellectual achievements of all time.

Once Darwin’s caution had been swept away by
publication of On the Origin of Species, he entered an
incredibly productive period of evolutionary thinking for
the next 23 years, producing five revisions of On the Origin
of Species and a dozen new books. He died on April 19,
1882, and was buried in Westminster Abbey. The Beagle
had already disappeared, having been retired in 1870 and
sold for scrap.

B Darwin’s Theory of Evolution

Darwin’s theory of evolution is now over 150 years
old. Biologists frequently are asked, “What is Darwin-
ism?” and “Do biologists still accept Darwin’s theory
of evolution?” These questions do not have simple
answers because Darwinism encompasses several dif-
ferent, although mutually connected, theories. Pro-
fessor Ernst Mayr of Harvard University argued that
Darwinism should be viewed as five major theories.
These five theories have somewhat different origins
and fates and cannot be treated as only a single hypoth-
esis. The theories are (1) perpetual change, (2) common
descent, (3) multiplication of species, (4) gradualism,
and (5) natural selection. The first three theories are
generally accepted as having universal application
throughout the living world. Gradualism and natural
selection remain somewhat controversial among evo-
lutionists; they are clearly important evolutionary pro-
cesses, but they might not explain as much of animal
evolution as Darwin thought. Creationists often misrep-
resent legitimate controversies regarding gradualism and
natural selection as challenges to the first three theories,
whose validity is strongly supported by all relevant facts.

1. Perpetual change. This is the basic theory of evolu-
tion on which the others are based. It states that the
living world has a long history of ongoing change,
with hereditary continuity from past to present life.
Organismal characteristics undergo modification
across generations throughout time. This theory
originated in antiquity but did not gain widespread
acceptance until Darwin advocated it in the context
of his other four theories. Perpetual change is docu-
mented by the fossil record, which clearly refutes any
claims for a recent origin of all living forms. Because
it has withstood repeated testing and is supported by
an overwhelming number of observations, we now
regard perpetual change as fact.

2. Common descent. The second Darwinian theory,
common descent, states that all forms of life
propagated from a common ancestor through a
branching of lineages (figure 1.10). An opposing
argument, that different forms of life arose inde-
pendently and descended to the present in linear,
unbranched genealogies, is refuted by comparative
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figure 1.10

An early tree of animal life drawn in 1874 by the German biologist
Ernst Haeckel, who was strongly influenced by Darwin’s theory of
common descent. Some hypotheses, including the grouping of
humans (Menschen) with anthropoid apes, have been verified by
subsequent testing. Other hypotheses have been rejected in favor
of contrasting hypotheses; for example, humans and chimpanzees
are more closely related to each other than either is to gorillas, and
orangs are more closely related to the combined chimpanzees,
gorillas, and humans than they are to gibbons.
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studies of organismal form, cellular structure, and
macromolecular structures (including those of the
genetic material, DNA). All of these studies confirm
the theory that life’s history has the structure of a
branching evolutionary tree, called a phylogeny.
Species that share relatively recent common ances-
try (within the past several million years) have more
similar features at all levels than do species whose
most recent common ancestor occurred tens or hun-
dreds of millions of years ago. Darwin’s theory of
common descent guides much ongoing research to
reconstruct life’s phylogeny using patterns of simi-
larity and dissimilarity observed among species. The
resulting phylogeny provides the basis for our taxo-
nomic classification of animals (see Chapter 4).

. Multiplication of species. Darwin’s third theory states

that evolution produces new species by splitting and
transforming older ones. This theory adds a spatial
dimension to evolutionary processes. When popula-
tions of a species become isolated from each other by
geographic barriers, the isolated populations undergo
separate evolutionary change and can diverge from
each other. For example, when sea level was higher
in the past than it is now, low areas of Cuba were
inundated, dividing its land area into multiple isolates.
Lizard populations that were formerly parts of a single
species evolved species-level differences in isolation
before another lowering of sea level reconsolidated
Cuba as we know it today.

Species are reproductively distinct populations
of organisms that usually but not always differ from
each other in organismal form. Once species are fully
formed, they propagate as separate evolutionary lin-
eages, and interbreeding does not occur freely among
members of different species, or the resulting hybrid
offspring do not persist. Evolutionists generally agree
that splitting and transformation of lineages produce
new species, although much controversy remains
concerning the details of this process and the precise
meaning of the term “species”(see Chapter 4). Biolo-
gists are actively studying evolutionary processes that
generate new species.

. Gradualism. Darwin’s theory of gradualism states

that large differences in anatomical traits among
species originate by accumulation of many small
incremental changes over very long periods of time.
This theory opposes the notion that large anatomical
differences arise by sudden genetic changes within a
generation. This theory is important because genetic
changes having very large effects on organismal
form are usually harmful to an organism. It is pos-
sible, however, that some genetic changes of large
effect are nonetheless sufficiently beneficial to be
favored by natural selection. For example, the genetic
mutation that produced dark pigmentation in Biston
betularia (figure 1.2) and thus permitted camou-
flage on polluted substrates was favored in polluted

environments despite causing an abrupt change.
Gradual evolution of industrial melanism would have
involved accumulation of slightly darker forms over
many generations to produce the melanic moth, and
the genetic data contradict the gradual interpretation.
Therefore, although we know that gradual evolution
occurs, it does not necessarily explain the origins of
all structural differences among species. Scientists are
studying this question actively.

5. Natural selection. Natural selection explains why
organisms are constructed to meet the demands of
their environments, a phenomenon called adaptation.
This theory describes a natural process by which popu-
lations accumulate favorable characteristics throughout
long periods of evolutionary time. Adaptation for-
merly was considered strong evidence against evolu-
tion. Darwin’s theory of natural selection was therefore
important for convincing people that a natural process,
amenable to scientific study, could produce new adap-
tations and new species. Demonstration that natural
processes could produce adaptation was important to
the eventual acceptance of all five Darwinian theories.
Darwin developed his theory of natural selection as a
series of five observations, and he made three infer-
ences from them (see box on page 13):

Observation l: Organisms have great potential fertil-
ity. All populations produce large numbers of gametes
and potentially large numbers of offspring each gen-
eration. Population size would increase exponentially
at an enormous rate if all of the individuals produced
each generation survived and reproduced. Darwin cal-
culated that, even for slow-breeding organisms such
as elephants, a single pair breeding from age 30 to 90
and having only six offspring could produce 19 million
descendants in 750 years.

Observation 2: Natural populations normally remain
constant in size, except for minor fluctuations. Nat-
ural populations fluctuate in size across generations and
sometimes go extinct, but no natural populations show
the continued exponential growth that their reproduc-
tive capacity theoretically could sustain.

Observation 3: Natural resources are limited. Expo-
nential growth of a natural population would require
unlimited natural resources to provide food and habi-
tat for an expanding population, but natural resources
are finite.

Inference 1: A continuing struggle for existence
occurs among members of a population. Sur-
vivors represent only a portion, often a very small
portion, of all individuals produced each generation.
Darwin wrote in On the Origin of Species that “it is the
doctrine of Malthus applied with manifold force to the
whole animal and vegetable kingdoms.” Struggle for
food, shelter, and space becomes increasingly severe
as overpopulation develops.
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| Observation 1

Organisms have great potential
fertility, which permits
exponential growth of
populations. (Source: Thomas
Malthus)
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Observation 2

Natural populations normally
do not increase exponentially
but remain fairly constant in
size. (Source: Charles Darwin
and many others)

Inference 1

A struggle for existence
occurs among organisms in
a population. (Source:
Thomas Malthus)

15

Observation 3
Natural resources are limited.
(Source: Thomas Malthus)

Observation 4

Variation occurs among
organisms within populations.
(Source: animal breeding

Inference 2

Varying organisms show
differential survival and
reproduction, favoring
advantageous traits (= natural

Inference 3

Natural selection, acting
over many generations,
gradually produces new
adaptations and new

and systematics) selection). (Source: Charles species. (Source: Charles

Darwin) Darwin)

Observation 5
Variation is heritable.
(Source: animal breeding)

-

Source: E. Mayr, One Long Argument, 1991, Harvard University Press, Cambridge, MA.

and new species. Differential reproduction of
varying organisms gradually transforms species
and causes their long-term “improvement.”Darwin
knew that people often use hereditary variation

to produce useful new breeds of livestock and
plants. Natural selection acting over millions of
years should be even more effective in produc-

ing new types than artificial selection imposed
during a human lifetime. Natural selection acting
independently on geographically separated popula-
tions would cause them to diverge from each other,
thereby generating reproductive barriers that lead
to speciation.

Natural selection can be considered a two-step
process with a random component and a nonrandom
component. Production of variation among organ-
isms is the random part. Mutational processes have no

Observation 4: All populations show organismal varia-
tion. No two individuals are exactly alike. They differ in
size, color, physiology, behavior, and many other ways.

Observation 5: Variation is heritable. Darwin noted that
offspring tend to resemble their parents, although he
did not understand how. Many years later, the heredi-
tary mechanism discovered by Gregor Mendel would be
applied to Darwin’s theory.

Inference 2: Varying organisms show differential
survival and reproduction favoring advantageous
traits (= natural selection). Survival in a struggle

for existence is not random with respect to the heredi-
tary variation in a population. Some traits give their
possessors an advantage in using their environmental
resources for effective survival and reproduction. Sur-
vivors transmit their favored traits to offspring, thereby

causing those traits to accumulate in the population.

Inference 3: Over many generations, natural
selection gradually produces new adaptations

inherent tendency to generate traits that are favorable
to an organism. The nonrandom part is differential per-
sistence among traits, determined by the effectiveness
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Thomas Henry Huxley (1825-1895), one of England's greatest zoolo-
gists, on first reading the convincing evidence of natural selection in
Darwin’s On the Origin of Species, is said to have exclaimed, “How
extremely stupid not to have thought of that!” He became Darwin’s
foremost advocate and engaged in often bitter debates with Darwin’s
critics. Darwin, who disliked publicly defending his own work, was glad
to leave such encounters to his “bulldog,” as Huxley called himself.

of contrasting traits in permitting their possessors
to use environmental resources to survive and to
reproduce.

Differential survival and reproduction among
varying organisms is called sorting and should not
be equated with natural selection. We now know
that even random processes (genetic drift, see p. 33)
can produce sorting. If a garden planted with equal
numbers of red- and white-flowered plants suffers
severe damage from a hurricane, it is unlikely that
equal numbers of red- and white-flowered plants
will survive to produce seeds. If red-flowered plants
constitute 70% of the survivors, sorting has occurred
in favor of the red-flowered plants. In this case,
flower color provided no advantage in withstanding
the hurricane damage. Most likely, a larger num-
ber of red-flowered plants happened to be growing
in better-protected locations, permitting their dif-
ferential survival. This sorting therefore cannot be
attributed to natural selection because the character
being sorted had no causal influence on the out-
come. If in the same garden, white-flowered plants
produced more seeds and offspring because they
were more visible to a nocturnal moth pollinator, we
would observe sorting favoring the white flowers and
could attribute this sorting to selection; white flower
color in this case provided a reproductive advantage
over red color, leading the white-flowered plants to

increase in frequency in the next generation. Darwin’s
theory of natural selection states that sorting occurs
because certain traits give their possessors advantages
in survival and reproduction relative to others that
lack those traits. Therefore, selection is one specific
cause of sorting.

The popular phrase “survival of the fittest” predates the publica-
tion of Darwin’s theory of natural selection; it was introduced

by the British social philosopher Herbert Spencer, and later
applied to Darwin’s theory. Unfortunately, this phrase often
implies unbridled aggression and violence in a bloody, competi-
tive world. In fact, natural selection operates through many other
characteristics of living organisms. For example, many Russian
evolutionists argued that animals practicing mutual aid enjoyed
the greatest survival advantages in harsh climates.

Evidence for Darwin’s Five
Theories of Evolution

Perpetual Change

Perpetual change in the form and diversity of animal life
throughout its history reveals itself most directly in the fossil
record of the past 540 million years. A fossil is a remnant of
past life uncovered from the earth’s crust (figure 1.11). Some
fossils constitute complete remains (insects in amber and
mammoths), actual hard parts (teeth and bones), or petri-
fied skeletal parts infiltrated with silica or other minerals
(ostracoderms and molluscs). Other fossils include molds,
casts, impressions, and fossil excrement (coprolites). In
addition to documenting organismal evolution, fossils reveal
profound changes in the earth’s physical environments,
including major changes in the locations of lands and seas.
Because many organisms left no fossils, a complete record
of past history is always beyond our reach; nonetheless, dis-
covery of new fossils and reinterpretation of familiar ones
expand our knowledge of how the forms and diversity of
animals changed through geological time. Evolutionary
study of the fossil record is called paleontology.

On rare occasions, fossil remains include soft tissues preserved so
well that electron microscopy reveals recognizable cellular
organelles! Insects and even small vertebrates, such as lizards,
can be entombed in amber, the fossilized resin of trees. One
study of a fly entombed in 40-million-year-old amber revealed
structures corresponding to muscle fibers, nuclei, ribosomes,
lipid droplets, endoplasmic reticulum, and mitochondria (figure
1.11D). This extreme case of mummification probably occurred
because chemicals in the plant sap diffused into the embalmed
insect's tissues. A fictional extraction and cloning of DNA from
embalmed insects that had bitten and then sucked the blood of
dinosaurs was the technical basis for Michael Crichton'’s best-seller
Jurassic Park.
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figure 1.11

Four examples of fossil material. A, Stalked crinoids (sea lilies, class Crinoidea, phylum
Echinodermata; see p. 318) from Devonian rocks. The fossil record shows that these
echinoderms reached their greatest diversity millions of years earlier and began a
slow decline to the present. B, The fossil of an insect that got stuck in the resin of a tree
approximately 25 million years ago, after which the resin hardened into amber. C, Fish fossil
from rocks of the Green River Formation, Wyoming. Such fish swam here during the Eocene
epoch, approximately 50 million years ago. D, Electron micrograph of tissue from a fly

fossilized as shown in B; the nucleus of a cell is marked in red.

Interpreting the Fossil Record

The fossil record is biased because preservation is selec-
tive. Vertebrate skeletal parts and invertebrates with shells
and other hard structures left the best record (figure 1.11).
Soft-bodied animals, including jellyfishes and most worms,
are fossilized only under very unusual circumstances, such
as those that formed the Burgess Shale of British Columbia
(figure 1.12). Exceptionally favorable conditions for fossil-
ization produced a Precambrian fossil bed in South Austra-
lia, tar pits at Rancho La Brea (Hancock Park, Los Angeles),
great dinosaur beds (Alberta, Canada, and Jensen, Utah;
figure 1.13), the Olduvai Gorge of Tanzania, and the early
Cambrian Chengjiang beds of China.

Fossil deposits form stratified layers, with new
deposits forming above older ones. If left undisturbed,
which is rare, the ages of fossils in a preserved sequence
are directly proportional to their depth in stratified
layers. Stratigraphy is the study of fossil-bearing rocks.

Characteristic fossils often serve to identify particular
layers. Certain widespread marine invertebrate fossils,
including various foraminiferans (see p. 122) and
echinoderms (see p. 307), are such good indicators of
specific geological periods that we call them “index,”
or “guide,” fossils. Unfortunately, layers are usually
tilted or folded or show faults (cracks). Old deposits
exposed by erosion might be covered by new deposits
in a different plane. When exposed to tremendous pres-
sures or heat, stratified sedimentary rock metamorpho-
ses into crystalline quartzite, slate, or marble, thereby
destroying fossils.

Stratigraphy for two major groups of African ante-
lopes and its evolutionary interpretation are shown in
figure 1.14. These antelope species are identified by the
characteristic sizes and shapes of their horns, which form
much of the fossil record of this group. Solid vertical lines
in figure 1.14 denote the temporal distributions of spe-
cies as determined by the presence of their characteristic
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A, Fossil trilobite. B, Animals of the Cambrian period, approximately 540 million years ago, as reconstructed from fossils preserved in the
Burgess Shale of British Columbia, Canada. The major body plans of living animals appeared rather abruptly at this time.

horns in rock strata of various ages. Red lines denote
the fossil records of living species, and gray lines denote
the fossil records of extinct species. The dotted gray
lines show the inferred relationships among living and
fossil species based upon their sharing of homologous
structural features.

Geological Time

Long before the earth’s age was known, geologists divided
its history into a table of succeeding events based on

ordered layers of sedimentary rock. The “law of stratigra-
phy” produced a relative dating, with the oldest layers at
the bottom and the most recent at the top of a sequence.
Time was divided into eons, eras, periods, and epochs as
shown on the endpapers inside the back cover of this book.
Time during the last eon (Phanerozoic) is expressed in eras
(for example, Cenozoic), periods (for example, Cambrian),
epochs (for example, Paleocene), and sometimes smaller
divisions of an epoch.

In the late 1940s, radiometric dating methods were
developed for determining the absolute ages (in years) of
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rock formations. Several independent methods are now
used, all based on radioactive decay of naturally occurring
elements into other elements. These “radioactive clocks”
are independent of pressure and temperature changes
and therefore not affected by often violent earth-building
activities.

One method, potassium-argon dating, uses the
decay of potassium-40 (4OK) to argon-40 (40Ar) (12%) and
calcium-40 (40Ca) (88%). The half-life of potassium-40 is
1.3 billion years, meaning that half of the original atoms
will decay in 1.3 billion years, and half of the remaining
atoms will be gone at the end of the next 1.3 billion years.
This decay continues until all radioactive potassium-40
atoms are gone. To measure the age of a rock, one cal-
culates the ratio of remaining potassium-40 atoms to the

. - amount of potassium-40 originally there (the remaining
ﬁgure 1.13 potassium-40 atoms plus the argon-40 and calcium-40 into
A fossil skeleton from Dinosaur Provincial Park, Alberta, Canada. which they have decayed)‘ Several such isotopes exist for

dating purposes, some of which help to determine the

I_ Blesbok — Hartebeest — Wildebeest Group _I I_ Impalas —I

Millions of years before present

figure 1.14

Stratigraphic record and inferred evolutionary relationships among alcelaphine (blesboks, hartebeests, wildebeests) and aepycerotine
(impalas) antelopes in Africa. Species in this group are identified by characteristic sizes and shapes of horns found in rock strata of various
ages. Solid vertical lines show the temporal distributions of species in rock strata whose ages are shown on the scale at the left side of the
figure. Red lines show the temporal distributions of living species, and gray lines show the temporal distributions of extinct species in rock
strata. Dotted gray lines show the inferred relationships among species based on their sharing of homologous structural features. The rela-
tive constancy of horn structure within species through geological time is consistent with the theory of punctuated equilibrium (see p. 27).
This fossil record shows that rates of speciation and extinction are higher for alcelaphine antelopes than for impalas.
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age of the earth itself. One of the most useful radioactive
clocks depends on decay of uranium into lead. With this
method, rocks over 2 billion years old can be dated with a
probable error of less than 1%.

The fossil record of macroscopic organisms begins
near the start of the Cambrian period of the Paleo-
zoic era, approximately 540 million years before pres-
ent (BP). Geological time before the Cambrian period
is called the Precambrian era or the Proterozoic eon.
Although the Precambrian era occupies 85% of all geo-
logical time, it receives much less attention than do later
eras, partly because oil, which provides a commercial
incentive for much geological work, seldom exists in
Precambrian formations. The Precambrian era contains
well-preserved fossils of bacteria and algae, and casts
of jellyfishes, sponge spicules, soft corals, segmented
flatworms, and worm trails. Most, but not all, are micro-
scopic fossils.

The more well-known carbon-14 (**C) dating method is of little
help in estimating ages of geological formations because its
short half-life restricts the use of '*C to quite recent events (less
than about 40,000 years). It is especially useful, however, for
archaeological studies. This method is based on the production
of radioactive "C (half-life of approximately 5570 years) in the
upper atmosphere by bombardment of nitrogen-14 ("*N) with
cosmic radiation. Radioactive '*C enters the tissues of living
animals and plants, and an equilibrium is established between
atmospheric "*C and "N in living organisms. At death, "*C
exchange with the atmosphere stops. In 5570 years, only half of
the original *C remains in a preserved fossil. One estimates a
fossil's age by comparing the '*C content of the fossil with that
of living organisms.

Evolutionary Trends

The fossil record reveals evolutionary change across the
broadest scale of time. Throughout the geological history
recorded by the fossil record, millions of species have arisen
and almost as many have gone extinct. Animal species typi-
cally survive approximately 1 million to 10 million years,
although their durations are highly variable. When we study
patterns of species or taxon replacement through time, we
observe trends. Trends are directional changes in character-
istic features or patterns of diversity in a group of organisms.
Fossil trends clearly demonstrate Darwin’s principle of per-
petual change.

A well-studied fossil trend is the evolution of horses
from the Eocene epoch to the present. Looking back to the
Eocene epoch, we see many different genera and species of
horses that replaced each other through time (figure 1.15).
George Gaylord Simpson (see p. 90) showed that this trend
is compatible with Darwinian evolutionary theory. Three
characteristics that show the clearest trends in horse evo-
lution are body size, tooth structure, and foot structure.
Compared to modern horses, those of extinct genera were

small, their teeth had a relatively small grinding surface,
and their feet had a relatively large number of toes (four).
Throughout the subsequent Oligocene, Miocene, Pliocene,
and Pleistocene epochs, new genera arose and old ones
went extinct. In each case, there was a net increase in body
size, expansion of the grinding surface of teeth, and reduc-
tion in number of toes. As the number of toes declined, the
central digit became increasingly more prominent in the
foot, and eventually only this central digit remained.

The fossil record shows a net change not only in the
characteristics of horses but also in the numbers of dif-
ferent horse genera (and numbers of species) that exist
through time. Many horse genera of past epochs have been
lost to extinction, leaving only a single survivor. Evolution-
ary trends in diversity are observed in fossils of many dif-
ferent groups of animals (figure 1.16).

Our use of “evolutionary trend” does not imply that more recent
forms are superior to older ones or that the changes represent
progress in adaptation or organismal complexity. Although Dar-
win predicted that such trends would show progressive adapta-
tion, many contemporary paleontologists consider progressive
adaptation rare among evolutionary trends. Observed trends in
the evolution of horses do not imply that contemporary horses
are superior in any general sense to their Eocene predecessors.

Different rates of species formation versus extinc-
tion through time produce trends in fossil species diver-
sity. Why do some lineages generate large numbers of
new species whereas others generate relatively few? Why
do different animal groups undergo higher or lower rates
of extinction (of species, genera, or families) through-
out evolutionary time? To answer these questions, we
must turn to Darwin’s other four theories of evolution.
Regardless of how we answer these questions, however,
observed trends in animal diversity clearly illustrate Dar-
win’s principle of perpetual change. Because Darwin’s
remaining four theories rely on perpetual change, evi-
dence supporting these theories strengthens Darwin’s
theory of perpetual change.

Common Descent

Darwin proposed that all plants and animals have
descended from some one form into which life was first
“breathed.” Life’s history forms a branching tree, called a
phylogeny, that gives all of life a unified evolutionary his-
tory. Pre-Darwinian evolutionists, including Lamarck, advo-
cated multiple independent origins of life, each of which
gave rise to lineages that changed through time without
the extensive branching required by Darwin’s theory. Like
all good scientific theories, common descent makes sev-
eral important predictions that can be tested and poten-
tially used to reject it. According to this theory, one should
be able to trace the genealogies of all modern species
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figure 1.15

Stratigraphy of genera of horses from the Eocene epoch to the present. Evolutionary trends toward increased size, elaboration of molars,
and loss of toes are shown along with bars denoting temporal durations and continental locations of genera.
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Hexactinellida
Demospongiae
Calcarea
Sclerospongiae
Hydrozoa
Scyphozoa
Anthozoa
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Polyplacophora
Monoplacophora
Gastropoda
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figure 1.16

Diversity profiles of taxonomic families from different animal groups in the fossil record. A scale marks the Precambrian (PC), Paleozoic (P),
Mesozoic (M), and Cenozoic (C) eras. The number of families is indicated by the width of each profile.

backward until they converge on ancestral lineages shared
with other species, both living and extinct. We continue this
process, moving farther backward through evolutionary
time, to reach a primordial ancestor of all life on earth. All
forms of life, including many extinct forms that represent
dead branches, connect to this tree somewhere. Although
reconstructing a history of life in this manner may seem
almost impossible, it has in fact been extraordinarily
successful. How has this difficult task been accomplished?

Homology and Reconstruction of Phylogeny

Darwin recognized a major source of evidence for common
descent in the concept of homology. Darwin’s contempo-
rary, Richard Owen (1804-1892), used this term to denote
“the same organ in different organisms under every vari-
ety of form and function.”A classic example of homology is
the limb skeleton of vertebrates. Bones of vertebrate limbs
maintain characteristic structures and patterns of connec-
tion despite diverse modifications for different functions
(figure 1.17). According to Darwin’s theory of common
descent, structures that we call homologies represent char-
acteristics inherited with some modification from a corre-
sponding feature in a common ancestor.

Darwin devoted an entire book, The Descent of Man and
Selection in Relation to Sex, largely to the idea that humans
share common descent with apes and other animals. This
idea was repugnant to many Victorians, who responded with

Horse

Frog

Human Bat Porpoise

figure 1.17

Forelimbs of five vertebrates show skeletal homologies: brown,
humerus; orange, radius and ulna; purple, “hand” (carpals, metacar-
pals, and phalanges). Homologies of bones and patterns of connec-
tion are evident despite evolutionary modification for various uses.

outrage (figure 1.18). Darwin built his case mostly on anatom-
ical comparisons that revealed homology between humans
and apes. To Darwin, the close resemblances between apes
and humans could be explained only by common descent.
Throughout the history of all forms of life, evolutionary
processes generate new characteristics that are transmitted
across generations. Every time a new feature becomes estab-
lished in a lineage destined to be ancestral to others, a new
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figure 1.18
This 1873 advertisement for Merchant's Gargling Oil ridicules Darwin’s

theory of the common descent of humans and apes, which was widely
doubted by the general public during Darwin’s lifetime.

homology originates. The pattern formed by these homolo-
gies provides evidence for common descent and allows us to
reconstruct a branching evolutionary history of life. We can
illustrate such evidence using a phylogenetic tree of ground-
dwelling flightless birds (figure 1.19). A new skeletal homol-
ogy (see figure 1.19) arises on each of the lineages shown
(descriptions of these homologies are not included because
they are highly technical). The different groups of species
located at the tips of the branches contain different com-
binations of these homologies, thereby revealing common
ancestry. For example, ostriches show homologies 1 through
5 and 8, whereas kiwis show homologies 1, 2, 13, and 15.
The tree structure inferred from analysis of skeletal
structures of flightless birds can be tested by data gath-
ered independently from DNA-sequence information (see
Chapter 4). The phylogeny of flightless birds inferred from
DNA-sequence data does not agree completely with the one
inferred from skeletal structures (figure 1.19); if we choose
the hypothesis favored by DNA-sequence data, then we
must hypothesize that some of the skeletal structures either
arose multiple times or were lost on some lineages as shown
on figure 1.19B. The conflict between the phylogenetic

hypotheses derived from skeletal structures and from DNA
sequences requires that systematists examine their phyloge-
netic characters and analyses for sources of error in infer-
ring the detailed phylogenetic relationships among these
species. All of the phylogenetic data support the hypothesis
that these flightless birds are more closely related to each
other than they are to any other living species.

Branches of an evolutionary tree combine species into
anested hierarchy of groups within groups (see Chapter 4).
Smaller groups (species grouped near terminal branches)
are contained within larger ones (species grouped by
basal branches, including the trunk of the tree). If we
erase the tree structure but retain the patterns of homol-
ogy observed in the terminal groups of species, we can
reconstruct the branching structure of the entire tree. Evo-
lutionists test the theory of common descent by observing
patterns of homology present in all groups of organisms.
The pattern formed by all homologies taken together
should specify a single branching tree that represents the
evolutionary genealogy of all living organisms.

The nested hierarchical structure of homology is so
pervasive in animals that it forms the basis for our sys-
tematic groupings (genera grouped into families, families
grouped into orders, orders into classes, classes into phyla,
and phyla into the animal kingdom). Plants and fungi
show similar hierarchical patterns of homology and corre-
sponding systematic groupings. Hierarchical classification
even preceded Darwin’s theory because this pattern was
so evident, but it was not explained scientifically before
Darwin. Once common descent was understood, biologists
began investigating structural, molecular, and/or chromo-
somal homologies of animal groups to infer evolutionary
relationships. Taken together, the nested hierarchical pat-
terns uncovered by these studies permit us to reconstruct
the evolutionary trees of many groups and to continue test-
ing our phylogenetic hypotheses with new data. Methods
presented in Chapter 4 show how we use Darwin’s theory
of common descent to reconstruct the evolutionary history
of life and to construct a taxonomic system that summa-
rizes evolutionary relationships among species.

Characters of different organisms that perform similar functions
are not necessarily homologous. The wings of bats and birds,
although homologous as vertebrate forelimbs, are not homolo-
gous as wings. The most recent common ancestor of bats and
birds had forelimbs, but the forelimbs were not in the form of
wings. The wings of bats and birds evolved independently and
have only superficial similarity in their flight structures.

Bat wings are formed by skin stretched over elongated digits,
whereas bird wings are formed by feathers attached along the
forelimb. Such functionally similar but nonhomologous structures
are often called analogues.

Note that the earlier evolutionary hypothesis that life
arose many times, forming unbranched lineages, predicts
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linear sequences of evolutionary change with no nested hier-
archy of homologies among species. Because we do observe
nested hierarchies of homologies, that hypothesis is rejected.
Note also that a supernatural creationist argument can make no
testable predictions about any pattern of homology and there-
fore fails the criteria of a scientific theory of animal diversity.

Ontogeny, Phylogeny, and Recapitulation

Zoologists find in animal development important clues to an
animal’s evolutionary history. Ontogeny is the history of an
organism’s development through its entire life. Early develop-
mental and embryological features contribute greatly to our
knowledge of homology and common descent. Comparative

figure 1.19

A, The phylogenetic pattern specified by 15 homol-
ogous structures in the skeletons of a group of
flightless birds. Homologous features are num-
bered 1 through 15 and are marked both on the
branches of the tree on which they arose and on
the birds that have them. If you were to erase the
tree structure, you would be able to reconstruct
it without error from the distributions of homolo-
gous features shown for the birds at the terminal
branches. B, A phylogenetic analysis of molecular
data suggests a different pattern of relationships
among the living flightless birds (all except moas
and elephant birds). If the molecular analysis is
correct, then one must reinterpret evolution of
skeletal characters 2, 3, 4, and 5. In the interpre-
tation shown, character 2 is lost by tinamous (-2),
and character 3 is lost by both kiwis and tinamous
(=3). Character 4 arises independently in ostriches,
rheas, and a common ancestor of cassowaries
and emus. Character 5 originates separately in
ostriches and rheas. Multiple origins and losses
complicate phylogenetic analysis, as explained in
Chapter 4.

studies of ontogeny show how evolutionary alteration of
developmental timing generates new phenotypes (expressed
characteristics, or the appearance of an organism), thereby
causing evolutionary divergence among lineages.
Comparisons of gene expression among animals show
that in forms as dissimilar as insects and humans, homolo-
gous genes may guide developmental differentiation of ante-
rior versus posterior body segments. For example, mutations
of such genes, termed homeotic genes, in fruit flies can
cause awkward developmental changes such as legs in the
place of antennae or an extra pair of wings. Such genes pro-
vide an evolutionary “tool kit” that can be used to construct
new body parts by relocating patterns of gene expression
to different parts of a developing embryo. Perhaps the most
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famous homeotic genes are those containing a sequence
of 180 base pairs, called the homeobox, which encodes a
protein sequence that binds to other genes, thereby alter-
ing their expression. For example, evolution of the paired
limbs of terrestrial vertebrates occurred by activating a cau-
dal “tool kit” of homeobox genes at the paired pectoral and
pelvic regions of the body where limbs develop. Genetic
and developmental tools evolved for constructing a tail were
thus available for the new role of constructing paired limbs.
The German zoologist Ernst Haeckel, a contemporary
of Darwin, proposed the influential hypothesis that each
successive stage an in organism’s development represented
an adult form present in its evolutionary history. For exam-
ple, a human embryo with gill-like depressions in its neck
was considered to signify a fishlike ancestor. On this basis,
Haeckel gave his generalization: ontogeny (individual devel-
opment) recapitulates (repeats) phylogeny (evolutionary
descent). This notion later was simply called recapitulation,
or the biogenetic law. Haeckel based his biogenetic law on
the premise that evolutionary change often occurs by suc-
cessively adding stages onto the end of an unaltered ances-
tral ontogeny, condensing the ancestral ontogeny into earlier
developmental stages. This notion was based on Lamarck’s
concept of inheritance of acquired characteristics (see p. 7).
A nineteenth-century embryologist, K. E. von Baer,
gave an alternative explanation of the relationship between
ontogeny and phylogeny. He argued that early developmen-
tal features were simply more widely shared among different
animal groups than were later ones. For example, figure 1.20
shows early embryological similarities between organisms
whose adult forms are very different. Adults of animals
with relatively short and simple ontogenies often resem-
ble the pre-adult stages of other animals whose ontogeny
is more elaborate, but the embryos of descendants do not
necessarily resemble the adults of their ancestors. However,
even early development undergoes evolutionary divergence
among groups, and it is not as stable as von Baer thought.
We now know many parallels between ontogeny
and phylogeny, but features of an ancestral ontogeny can
be shifted to either earlier or later stages in descendant
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figure 1.20

Comparison of gill arches (purple) of different embryos. All are
shown separated from the yolk sac. Note the remarkable similarity
of these four embryos at this early stage in development.

ontogenies. Evolutionary change in the timing of devel-
opment is called heterochrony, a term initially used by
Haeckel to denote exceptions to recapitulation. Because
the lengthening or shortening of ontogeny can change dif-
ferent parts of an organism independently, we often see a
mosaic of different kinds of developmental evolutionary
change in a single lineage. Therefore, cases in which an
entire ontogeny recapitulates phylogeny are rare.

Despite many changes in scientific thinking about
the relationships between ontogeny and phylogeny, one
important fact remains clear. Darwin’s theory of common
descent is strengthened enormously by the many homol-
ogies found among developmental stages of organisms
belonging to different species.

Multiplication of Species

Multiplication of species through time is a logical corol-
lary to Darwin’s theory of common descent. A branch
point on a phylogenetic tree means that an ancestral spe-
cies has split into two different ones. Darwin’s theory pos-
tulates that variation present within a species, especially
variation between geographically separated populations,
provides material from which new species are produced.
Because evolution is a branching process, the total number
of species produced by evolution increases through time,
although most of these species eventually go extinct with-
out leaving descendant species. A major challenge for evo-
lutionists is to discover the processes by which an ancestral
species “branches”to form two or more descendant species.

Before we explore multiplication of species, we must
decide what we mean by “species.” No consensus exists regard-
ing the definition of species (see Chapter 4). Most biologists
would agree, however, on three important criteria for recog-
nizing a species:

1. Individuals of the same species descend from a com-
mon ancestral population and form an unbranched
lineage of ancestral-descendant populations.

2. Individuals of the same species exhibit reproductive
compatibility (ability to interbreed) among individu-
als and reproductive incompatibility between species
(for sexually reproducing organisms).

3. Individuals within the same species maintain geno-
typic and phenotypic cohesion (lack of abrupt differ-
ences among populations in allelic frequencies [see
p- 29] and in organismal appearance).

The criterion of reproductive compatibility has received
the greatest attention in studies of species formation, also
called speciation.

Biological factors that prevent different species
from interbreeding are called reproductive barriers.
A primary problem of speciation is to discover how two
initially compatible populations evolve reproductive bar-
riers that cause them to become distinct, separately evolv-
ing lineages. How do populations diverge from each other
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in their reproductive properties while maintaining com-
plete reproductive compatibility within each population?

Geographical barriers between populations are not equivalent to
reproductive barriers. Geographical barriers refer to spatial separa-
tion of two populations. They prevent gene exchange and are usu-
ally a precondition for speciation. Reproductive barriers are various
morphological, physiological, ecological, and behavioral factors
that prevent interbreeding between different species. Geographical
barriers do not guarantee that reproductive barriers will evolve.
Reproductive barriers are most likely to evolve under conditions that
include a generation of small population size, a favorable combina-
tion of selective factors, and long periods of geographical isolation.
One or both of a pair of geographically isolated populations may
become extinct prior to evolution of reproductive barriers between
them. Over the vast span of geological time, however, conditions
sufficient for speciation have occurred many millions of times.

Reproductive barriers between populations usually
evolve gradually. Evolution of reproductive barriers requires
that diverging populations be kept physically separate (“iso-
lated”) for long periods of time. If the diverging populations
were reunited before reproductive barriers were completely
formed, interbreeding would occur between the populations
and they would merge. Speciation by gradual divergence in
animals usually requires perhaps 10,000 to 100,000 years
or more. Geographical isolation followed by gradual diver-
gence is the most effective way for reproductive barriers to
evolve, and many evolutionists consider geographical sep-
aration a prerequisite for branching speciation. Speciation
that results from evolution of reproductive barriers between
geographically separated populations is called allopatric
speciation, or geographical speciation. For example, geo-
logical formation of the Isthmus of Panama fragmented an
ancestral population of Eucidaris sea urchins, leading to for-
mation of the pair of species shown in figure 1.21.

Evidence for allopatric (“in another land”) specia-
tion occurs in many forms, but perhaps most convincing is
an occurrence of geographically separated but adjoining,
closely related populations that illustrate the gradual ori-
gin of reproductive barriers. Populations of a salamander,
Ensatina eschscholtzii, in California are a particularly clear
example (figure 1.22). These populations show evolutionary
divergence in color pattern and collectively form a geograph-
ical ring around California’s central valley. Genetic exchange
between differentiated, geographically adjoining populations
is evident through the formation of hybrids and occasionally
regions of extensive genetic exchange (called zones of intro-
gression). Two populations at the southern tip of the geo-
graphical range (called E. e. eschscholtzii and E. e. klauberi)
make contact but do not interbreed. A gradual accumulation
of reproductive differences among contiguous populations
around the ring is visible, with the two southernmost popu-
lations separated by strong reproductive barriers.

Additional evidence for allopatric speciation comes
from observations of animal diversification on islands.

Central

America Caribbean

Sea
Pacific
Ocean

figure 1.21

Geographic formation of species in the sea urchin (Eucidaris).
Formation of the Isthmus of Panama separated an ancestral popu-
lation, leading to evolution of separate Caribbean (E. tribuloides)
and Pacific (E. thouarsi) species.

Oceanic islands formed by volcanoes are initially devoid
of life. Plants and animals from a continent or from other
islands occasionally colonize new islands in separate inva-
sions. Invaders often encounter situations ideal for evo-
lutionary diversification, because environmental resources
that were exploited heavily by other species on the main-
land are free for colonization on a sparsely populated
island. Because colonization of oceanic islands is rare,
populations established on islands are effectively isolated
geographically from their parental populations and can
undergo divergent evolution, leading to reproductive bar-
riers and speciation. Archipelagoes, such as the Galapa-
gos Islands, greatly increase opportunities for speciation
in this manner.

Evolutionists have often wondered whether the isola-
tion of populational gene pools needed for reproductive
barriers to evolve might sometimes occur without geo-
graphical isolation. Populations that are reproductively
active at different seasons or on different substrates could,
in theory, achieve gene-pool isolation without geographic
isolation. The term sympatric speciation is used to denote
species formation not involving geographical isolation.
Intermediate between allopatric and sympatric speciation
is a condition in which the diverging populations are geo-
graphically separate but make contact along a borderline;
speciation arising in this manner is called parapatric spe-
ciation. Many zoologists doubt that sympatric and parapat-
ric speciation have been important in animal evolution.
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figure 1.22

Speciation in  progress:  geographic
variation of color patterns in the sala-
mander genus Ensatina. Populations of
Ensatina eschscholtzii form a geographic
ring around the Central Valley of Califor-
nia. Adjacent, differentiated populations
throughout the ring can exchange genes
except at the bottom of the ring where
the sub-species E. e. eschscholtzii and
E. e. klauberi overlap without interbreed-
ing. These two subspecies would be rec-
ognized as distinct species if intermediate
populations linking them across the ring
were extinct. This example demonstrates
that reproductive barriers between popula-
tions can evolve gradually.
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Production of many ecologically diverse species from
a common ancestral species is called adaptive radiation,
especially when these species arise within a short interval
of geological time (a few million years). Galapagos finches
clearly illustrate adaptive radiation on an oceanic archipelago
(figures 1.23 and 1.24). Galapagos finches (the name
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figure 1.23

Tentative model for evolution of the 13 spe-
cies of Darwin's finches on the Galapagos
Islands. This model postulates three steps:
(1) Immigrant finches from South America
reach the Galdpagos and colonize an island;
(2) after a population becomes established,
finches disperse to other islands where they
adapt to new conditions and change geneti-
cally; and (3) after a period of isolation,
secondary contact is established between dif-
ferent populations. Different populations are
then recognized as separate species if they
cannot interbreed successfully.

“Darwin’s finches” was popularized in the 1940s by the
British ornithologist David Lack) are close relatives, but
each species differs from others in the size and shape of its
beak and in its feeding habits. Darwin’s finches descended
from a single ancestral population that arrived from South
America and subsequently colonized different islands of
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the Galapagos archipelago. These finches underwent adap-
tive radiation, occupying habitats that in South America
were denied to them by other species better able to exploit
those habitats. Galapagos finches thus acquired charac-
teristics of mainland binds as diverse and unfinchlike as
warblers and woodpeckers (figure 1.24B). The founding
of new island populations by a small number of migrants
may have accelerated evolutionary divergence among
these island finches (see p. 33). A fourteenth species of
finch, found on isolated Cocos Island far north of the
Galapagos archipelago, represents yet another speciation
event in this impressive adaptive radiation.

Gradualism

Darwin’s theory of gradualism opposed arguments for
a sudden origin of species. Small differences, resembling
those that we observe among organisms within popula-
tions today, are the raw material from which different
major forms of life evolved. This theory shares with Lyell’s

figure 1.24

A, Adaptive radiation in 10 species of Darwin’s finches from Santa Cruz, one of the
Galédpagos Islands. Differences in beaks and feeding habits are shown. All apparently
descended from a single common ancestral finch from South America. B, Wood-
pecker finch, one of 13 species of Galdpagos Islands finches, using a slender twig as a
tool for feeding. This finch worked for about 15 minutes before spearing and remov-
ing a wood roach from a break in the tree.
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uniformitarianism a notion that we must not explain past
changes by invoking unusual catastrophic events that are
not observable today. If new species originated in single,
catastrophic events, we should be able to see these events
happening today, and we do not. What we observe instead
are small, continuous changes in phenotypes occurring in
natural populations. Such continuous changes can produce
major differences among species only by accumulating
over many thousands to millions of years. A simple state-
ment of Darwin’s theory of gradualism is that accumulation
of quantitative changes leads to qualitative change.
Phenotypic gradualism was controversial when
Darwin first proposed it, and it is still controversial. Not
all phenotypic changes are small, incremental ones. For
example, some mutations that appear during artificial
breeding, traditionally called “sports,” change a phe-
notype substantially in a single mutational step. Sports
that produce dwarfing occur in many species, includ-
ing humans, dogs, and sheep, and have been used by
animal breeders to achieve desired results; for example,
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figure 1.25
The ancon breed of sheep center arose from a “sport” mutation
that caused dwarfing of their legs. Many of Darwin’s contempo-

raries criticized him for claiming that such large mutations are not
important for evolution by natural selection.

a sport that deforms limbs was used to produce ancon
sheep, which cannot jump hedges and are therefore eas-
ily contained (figure 1.25). Many colleagues of Darwin
who accepted his other theories considered phenotypic
gradualism too extreme. If sports can be used in animal
breeding, why must we exclude them from our evolution-
ary theory? In favor of gradualism, some have replied that
sports always have negative side effects that would pre-
vent affected organisms from surviving in natural popula-
tions. Indeed, it is questionable whether the ancon sheep
in figure 1.25, despite its attractiveness to farmers, would
propagate successfully in the presence of its long-legged
relatives without human intervention. Naturalists none-
theless report mutations of large effect that appear adap-
tive in natural populations; a mutation responsible for a
large difference in beak size in the African finch species
Pyrenestes ostrinus allows large-beaked birds to eat hard
seeds, whereas small-beaked forms eat softer seeds.

When we view Darwinian gradualism on a geologi-
cal timescale, we may expect to find in the fossil record a
long series of intermediate forms bridging phenotypes of
ancestral and descendant populations (figure 1.26). This
predicted pattern is called phyletic gradualism. Darwin
recognized that phyletic gradualism is not often revealed
by the fossil record. Studies conducted since Darwin’s time
likewise have failed to produce a continuous series of fos-
sils as predicted by phyletic gradualism. Is the theory of
gradualism therefore refuted by the fossil record? Darwin
and others have claimed that it is not, because the fossil
record is too imperfect to preserve each minor change
in animal form that occurs across generations in a spe-
cies lineage. Although evolution is a slow process by our
standards, it is rapid relative to the rate at which good
fossil deposits accumulate. Others have argued, however,
that abrupt origins and extinctions of species in the fossil
record force us to conclude that phyletic gradualism is rare.

Niles Eldredge and Stephen Jay Gould proposed a
model called punctuated equilibrium in 1972 to explain
discontinuous evolutionary changes observed throughout
geological time. Punctuated equilibrium states that pheno-
typic evolution is concentrated in relatively brief events of
branching speciation, followed by much longer intervals of
morphological evolutionary stasis (figure 1.27). Speciation
is an episodic event, occurring over a period of approxi-
mately 10,000 to 100,000 years. Because species may sur-
vive for 5 million to 10 million years, the speciation event is
a “geological instant,” representing 1% or less of a species’
existence. Ten thousand years is plenty of time, however,
for Darwinian evolution to accomplish dramatic changes.
Therefore, a small fraction of the total evolutionary history
of a group accounts for most of the morphological evolu-
tionary change that occurs.
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figure 1.26

A gradualist model of evolutionary change in morphology, viewed
as proceeding more or less steadily through geological time
(millions of years). Bifurcations followed by gradual divergence led
to speciation.
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figure 1.27

A punctuated equilibrium model shows evolutionary change con-
centrated in relatively rapid bursts of branching speciation (lateral
lines) followed by prolonged periods of little change throughout
geological time (millions of years).
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Evolutionists who lamented the imperfect state of
the fossil record were treated in 1981 to the opening of an
uncensored page of fossil history in Africa. Peter Williamson,
a British paleontologist working in fossil beds 400 m deep
near Lake Turkana, documented a remarkably clear record of
speciation in freshwater snails. Geological strata of the Lake
Turkana basin reveal a history of instability. Earthquakes,
volcanic eruptions, and climatic changes caused waters to
rise and to fall episodically, sometimes by hundreds of feet.
Thirteen lineages of snails show long periods of stability
interrupted by relatively brief periods of rapid change in shell
shape when snail populations were fragmented by receding
waters. These populations diverged to produce new species
that then remained unchanged through thick deposits before
becoming extinct and being replaced by descendant species.
The transitions occurred within 5000 to 50,000 years. In the
few meters of sediment where speciation occurred, transi-
tional forms were visible. Williamson’s study conforms well
to a punctuated equilibrium model, which remains an impor-
tant challenge to gradualism on a geological timescale.

Natural Selection

Many examples show how natural selection alters popu-
lations in nature. Sometimes selection can proceed very
rapidly as happened, for example, when flies and mos-
quitoes quickly developed high resistance to insecticides.
Doses that at first killed almost all pests later failed to
control them. As more insects were exposed to insecti-
cides, those most sensitive were killed, leaving more
space and less competition for resistant strains to multi-
ply. Thus, as a result of selection, mutations bestowing
high resistance, but previously rare in these populations,
increased in frequency. Likewise, widespread medical use
of some antibiotics, such as penicillin, has caused bacte-
rial strains to evolve resistance to these antibiotics. Some
staphylococci secrete an enzyme, called penicillinase, that
inactivates penicillin and confers bacterial resistance to it.

Perhaps the most famous instance of rapid evolution by
natural selection is that of industrial melanism (dark pigmen-
tation) in the peppered moths of England (figure 1.2). Before
1850, peppered moths were white with black speckling on
their wings and body. In 1849, a mutant black form of the
species appeared. It became increasingly common, reaching
frequencies of 98% in Manchester and other heavily indus-
trialized areas by 1900. We illustrated scientific methodology
(p. 4 with the kinds of tests that ultimately favored the
hypothesis that the moths least visible to avian predators
were most likely to survive and to reproduce: white moths
in unpolluted environments, and black moths in polluted
ones. When pollution diminished, the frequency of lightly
pigmented individuals increased in moth populations (figure
1.2C), just as the hypothesis of natural selection predicted.

A recurring criticism of natural selection is that it
cannot generate new structures or species but can only
modify existing ones. Most structures in their early evolu-
tionary stages could not have performed roles that the fully

formed structures perform, and therefore it is unclear how
natural selection could have favored them. What use is half
a wing or the rudiment of a feather for a flying bird? To
answer this criticism, Darwin proposed that many struc-
tures evolved initially for purposes different from the uses
that they have today. Rudimentary feathers could have been
useful in thermoregulation, for example. Their role in flying
would have evolved later after they incidentally acquired
aerodynamic properties that subjected them to selection for
improved flying. Exaptation denotes the utility of a struc-
ture for a biological role that was not part of the structure’s
evolutionary origin. Exaptation contrasts with adaptation,
which implies that a structure arose by natural selection
for the utility in question. Bird feathers are therefore adap-
tations for thermoregulation but exaptations for flight.
Because the anatomical differences observed among organ-
isms from different, closely related species resemble varia-
tion observed within species, it is unreasonable to propose
that selection cannot lead beyond a species boundary.

Revisions of Darwinian
Evolutionary Theory

Neo-Darwinism

The most serious weakness in Darwin’s argument was his
failure to identify correctly a mechanism for inheritance.
Darwin saw heredity as a blending phenomenon in which
the hereditary factors of parents melded in their offspring.
Darwin also invoked the Lamarckian hypothesis that an
organism could alter its heredity through use and disuse
of body parts and through direct environmental influence.
Darwin did not realize that hereditary factors could be dis-
crete and nonblending, and that a new genetic variant there-
fore could persist unaltered from one generation to the
next. The German biologist August Weismann (1834-1914)
rejected Lamarckian inheritance by showing experimentally
that modifications of an organism during its lifetime do not
change its heredity, and he revised Darwinian evolutionary
theory accordingly. We now use the term neo-Darwinism
to denote Darwinian evolutionary theory as revised by
Weismann. The genetic basis of neo-Darwinism eventually
became what we now call the chromosomal theory of
inheritance, a synthesis of Mendelian genetics and cytologi-
cal studies of the segregation of chromosomes into gametes.

Gregor Mendel published his theories of inheritance in 1868, 14
years before Darwin died. Darwin presumably never read this work,
although it was found in Darwin's extensive library after his death.
Had Mendel written Darwin about his results, it is possible that
Darwin would have modified his theory accordingly. However, it is
also possible that Darwin could not have seen the importance of
hereditary mechanisms to the continuous variations and gradual
changes that represent the hub of Darwinian evolution. It took
other scientists many years to establish the relationship between
Mendelian genetics and Darwin's theory of natural selection.
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Emergence of Modern Darwinism:
A Synthetic Theory

In the 1930s, a new generation of geneticists reevaluated
Darwinian evolutionary theory from a mathematical per-
spective. These were population geneticists, scientists who
studied variation in natural populations of animals and
plants and who had a sound knowledge of statistics. Gradu-
ally, a new comprehensive theory emerged that brought
together population genetics, paleontology, biogeography,
embryology, systematics, and animal behavior in a Darwin-
ian framework.

Population geneticists study evolution as change in
the genetic compositions of populations. With the estab-
lishment of population genetics, evolutionary biology
became divided into two subfields. Microevolution per-
tains to evolutionary changes in frequencies of variant
forms of genes within populations. Macroevolution refers
to evolution on a grand scale, encompassing origins of new
organismal structures and designs, evolutionary trends,
adaptive radiation, phylogenetic relationships of species,
and mass extinction. Macroevolutionary research is based
in systematics and the comparative method (see p. 5). Fol-
lowing this evolutionary synthesis, both macroevolution
and microevolution have operated firmly within a tradition
of neo-Darwinism, and both have expanded Darwinian
theory in important ways.

Microevolution: Genetic Variation
and Change Within Species

Microevolution is the study of genetic change occurring
within natural populations. A population is a reproduc-
tively cohesive group of organisms of the same species;
populations of sexually reproducing forms show inter-
breeding among their members. Variant forms of a single
gene are called alleles. For example, in human popula-
tions, three different allelic forms occur for the gene
encoding ABO blood types: I, I, and i. A person has two
copies of this gene, one copy inherited from each par-
ent. A person’s genotype denotes the pair of allelic forms
present for a particular gene. For the ABO blood type, the
possible genotypes are I'I, F'I?, I*i, I°I°, I”i, ii. A geno-
type is homozygous if it contains two copies of one allele
(for example, 'I*, I°I®, ii) and beterozygous if it contains
copies of two alleles (for example, F'1%, i, Ii). An organ-
ismal trait associated with a particular genotype is called
the phenotypic effect of that genotype. A capital letter in
the allelic designation indicates that an allele is geneti-
cally dominant, being expressed in both homozygous and
heterozygous genotypes. A lower-case letter indicates that
an allele is genetically recessive, revealing its character-
istics only in its homozygous genotype. Therefore, two
genotypes specify blood types A (I'F*, I'i) and B (°I%,
1%i), but blood types AB (I“I®) and O (ii) have single

genotypes. Many genetic traits show this standard pattern
of inheritance, called Mendelian inheritance.

The flow of information from the sequence of bases
in a gene to the sequence of amino acids in a protein,
sometimes called the “central dogma” of molecular biol-
ogy, explains the relationship between genotype and
phenotype. A protein-coding gene is expressed when a
molecule of messenger RNA (mRNA) is copied from one
of its two DNA strands, a process called transcription. The
mRNA is complementary in base sequence to the DNA
strand that serves as the template for its transcription. Mes-
senger RNA is transported to ribosomes in the cell’s cyto-
plasm, where it guides synthesis of a protein. Each triplet
of RNA bases, called a codon, specifies an amino acid in
the protein being synthesized. The sequence of amino
acids in the protein matches the sequence of codons in the
messenger RNA. Alleles I and I” encode proteins that dif-
fer from each other in amino acid sequence. Antibodies to
protein A do not recognize protein B, and vice versa. The
recessive i allele does not encode a protein product, and
thus represents a “loss of function.” Genotypes I and
Ii both have protein A present but not B. Genotypes I°I®
and I”i both have protein B present but not A. Genotype
II® has proteins A and B. Many recessive genetic traits
share in common the loss of a protein function. They are
recessive because when paired with an allele that encodes
a functional protein, the heterozygous individual produces
functional protein from its functional allele. For an enzy-
matic protein, sometimes loss of function occurs from
change of a single amino acid in the protein sequence;
although protein synthesis occurs normally, the resulting
protein lacks its normal enzymatic function, a genetically
recessive phenotype.

Occurrence of different alleles of a gene in a popula-
tion is called polymorphism. All alleles of all genes pos-
sessed by members of a population collectively form its
gene pool. Polymorphism is potentially enormous in large
populations because at observed mutation rates, many dif-
ferent alleles are expected for all genes.

Population geneticists study polymorphism by iden-
tifying allelic forms of a gene present in a population and
then measuring their relative frequencies in that popula-
tion. The relative frequency of a particular allele of a gene
in a population is called its allelic frequency. Because
each individual genotype contains two copies of this gene,
the total number of copies present in a population is twice
the number of individuals. What fraction of this total is rep-
resented by each different allelic form? In France, we find
the following allelic frequencies: I' = 0.46, I° = 0.14, and
i = 0.40. In Russia, the corresponding allelic frequencies
differ (' = 0.38, I = 0.28, and i = 0.34), demonstrating
microevolutionary divergence between these populations
(figure 1.28). Genetically, alleles F' and I” are dominant
to i, but i is nearly as frequent as I and exceeds the fre-
quency of I” in both populations. Dominance describes the
phenotypic effect of an allele in heterozygous individuals,
not its relative abundance in a population of individuals.
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Frequencies of the blood-type B allele (18 among humans in
Europe. This allele is more common in the east and rarer in the
west. The allele may have arisen in eastern Europe and gradually
diffused westward through genetically continuous populations.
This allele has no known selective advantage, and its changing fre-
quency probably represents random genetic drift.

In many human populations, genetically recessive traits,
including the O blood type, blond hair, and blue eyes, are
very common. In the following discussion, we demonstrate
that Mendelian inheritance and dominance do not alter
allelic frequencies directly or produce evolutionary change
in a population.

Most genes express themselves only at specific times and loca-
tions in a developing organism. The problem in development is

to explain how, if every cell has a full gene complement, certain
genes are “turned on” to produce proteins required at a particular
developmental stage while other genes remain silent. Transcrip-
tion of a gene requires that the gene contain a sequence of bases,
called a promoter, that binds RNA polymerase and appropriate
transcription factors. A transcription factor is a DNA-binding pro-
tein that typically can activate over 100 target genes whose prod-
ucts collectively guide a particular developmental process. Genes
that encode a transcription factor thus influence expression of
many other genes (p. 69) and serve to recruit various gene prod-
ucts as needed for a particular developmental event. A particular
target gene might serve multiple developmental processes, each
one activated by a different transcription factor. A gene whose
protein product is needed for separate developmental events in a
fly's brain and eyes would contain in its promoter a DNA sequence
that binds a brain-specific transcription factor and another DNA
sequence that binds an eye-specific transcription factor. Evolution-
ary change in the tissue-specific expression of a gene thus occurs
by insertion or deletion of promoter sequences specific to the vari-
ous transcription factors that regulate gene expression in animal
development.

Protein Polymorphism

Beginning in the 1960s, studies of protein variation pro-
vided the first unambiguous evidence that animal popula-
tions typically contain large amounts of genetic variation.
Studies of protein polymorphism are now largely super-
seded by studies of variation in DNA sequences sampled
from both the nuclear and mitochondrial genomes. DNA
studies reveal even larger amounts of variation than did
studies of proteins. We focus here on protein variation, for
both its historical importance and its more straightforward
interpretation using the principles of Hardy-Weinberg
equilibrium.

Different allelic forms of genes encode proteins that
often differ slightly in their amino acid sequence. This phe-
nomenon is called protein polymorphism. If these differ-
ences affect the protein’s net electric charge, the different
allelic forms can be separated using protein electrophore-
sis (figure 1.29). We can identify the genotypes of particu-
lar individuals for protein-coding genes and measure allelic
frequencies in a population.

Over the last 45 years, geneticists using this approach
have discovered far more variation than was previously
expected. Despite the high levels of polymorphism discov-
ered using protein electrophoresis, these studies underes-
timate both protein polymorphism and the total genetic
variation present in a population. For example, protein
polymorphism that does not involve charge differences
is not detected. Furthermore, because the genetic code is
degenerate (more than one codon for most amino acids),
protein polymorphism does not reveal all of the genetic
variation present in protein-coding genes. Genetic changes
that do not alter protein structure sometimes alter patterns
of protein synthesis during development and can be very
important to an organism. When all kinds of variation are
considered, it is evident that most species have an enor-
mous potential for further evolutionary change.

Genetic Equilibrium

A mathematical theorem called Hardy-Weinberg equilib-
rium (see box, p. 32) permits us to estimate the relation-
ship between the frequency of an allele in a population and
the frequency of a phenotype influenced by that allele. We
apply the theorem to one locus at a time, tracing the alleles
through the formation of gametes followed by fertilization of
gametes to produce individuals of the next generation. The
frequency of an allele in the gametes produced by a popu-
lation equals its frequency in the gene pool as defined on
the preceding page. Random mating consists mathemati-
cally of drawing pairs of gametes at random from the gene
pool, uniting each random pair, and then quantifying the
frequencies of the resulting organismal genotypes. Mating
is usually random with respect to most molecular genetic
traits, such as blood types, because they are unlikely to
influence mate choice or recognition. We can estimate from
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Study of genetic variation in proteins using gel electrophoresis. A, An electropho-
retic apparatus separates allelic variants of proteins that differ in charge because
of differences in their sequence of amino acids. B, Genetic variation in the pro-
tein leucine aminopeptidase for nine brown snails, Helix aspersa. Two different
sets of allelic variants are revealed. The top set contains two alleles [denoted fast (F)
and slow (S) according to their relative movement in the electric field]. Individu-
als homozygous for the fast allele show only a single fast band on the gel (FF), those
homozygous for the slow allele show only a single slow band (SS), and heterozygous
individuals have both bands (FS). The lower set contains three different alleles denoted
fast (F), medium (M), and slow (S). Note that no individuals shown are homozygous for

the medium (M) allele.

Hardy-Weinberg equilibrium the ratios of genotypes and
phenotypes that should occur in the following generation.
Consider a human population that contains a domi-
nant allele for normal pigmentation (4) and a recessive
allele for albinism (a), which is rare in the gene pool.
Figure 1.30 shows the expected frequency of the dominant
phenotype in a population as a function of the frequency of
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figure 1.30

The ratio of dominant to recessive phenotypes in a randomly
mating population (in Hardy-Weinberg equilibrium) plotted as
a function of the frequency of the dominant allele. Frequency of
the recessive allele equals 1-p. The 3:1 ratio of dominant to reces-
sive phenotypes in the second generation of Mendel’s crosses
occurred because all individuals of the preceding generation were
heterozygous, thus p = g = 0.5, a condition not common in natu-
ral populations. As the dominant allele approaches a frequency of
one, virtually no individuals express the recessive phenotype, thus
permitting recessive lethal alleles to persist in a population at very
low frequencies (0.001).

the dominant allele in the gene pool. When an allele is rare,
copies of that allele occur almost entirely in heterozygous
genotypes (4a in our example), which express the domi-
nant allele phenotypically; only a tiny fraction of the copies
of a rare allele occurs in homozygous form (aa). The fre-
quency of the recessive phenotype in the population is thus
much less than the frequency of the recessive allele in the
gene pool. Using conventional symbols, p denotes the fre-
quency of allele 4 and g (= 1 — p) denotes the frequency
of allele a. Under random mating, the genotypic frequen-
cies are p* (44), 2pq (Aa) and ¢* (aa). The frequency of
albinism in humans is approximately 1/20,000. Assuming
that mating is random with respect to genotype at this
locus, we calculate using Hardy-Weinberg equilibrium:

o1
7 7 20,000

] 1

q: = —

20,000 141
p=1-gq

W11

141 141 141

The frequency of carriers is:

Mo 1 _ 1
141 141 70

Ala =2pg =2 X

One person in every 70 is a carrier!
Tay-Sachs disease in humans is associated with
homozygosity for a recessive lethal allele; individuals
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Hardy-Weinberg Equilibrium: Why Mendelian Heredity

Does Not Change Allelic Frequencies

|_The Hardy-Weinberg law is a logical
consequence of Mendel’s first law of
inheritance, also called the law of seg-
regation, and expresses a tendency
toward equilibrium inherent in Mende-
lian heredity. Mendel’s first law of inheri-
tance states that each organism contains
a pair of genetic factors for each vari-
able trait. Different forms of these fac-
tors are called alleles. The paired factors
in a given organism may be copies of
the same allele (homozygous) or dif-
ferent alleles (heterozygous). In either
case, the formation of gametes involves
“segregation”of the paired factors so that
each gamete receives only one factor for
a given trait. Each gamete from a homo-
Zygous organism contains a copy of the
same allele. A gamete from a heterozy-
gous organism contains one of its two
alleles, and that organism produces its
two kinds of gametes in equal frequency.
Let us select for our example a popula-
tion having a single locus bearing just two
alleles, T'and ¢. The phenotypic expression
of this gene might be, for example, abil-
ity to taste a chemical compound called
phenylthiocarbamide. Individuals in a
population can be of three genotypes for
this locus, T/T, T/t (both tasters), and #/t
(non-tasters). In a sample of 100 individ-
uals, suppose that 20 have the genotype
T/T, 40 are T/t, and 40 are t/t. The fol-
lowing table shows the allelic frequen-
cies (remember that every individual’s
genotype has two copies of a gene):

Copies Copies
Number of of the of the
Genotype Individuals 7" Allele ¢ Allele

/T 20 40

Vi3 40 40 40
173 40 80
TOTAL 100 80 120

Of the 200 copies, the proportion of
the T allele is 80/200 = 0.4 (40%), and the
proportion of the ¢ allele is 120/200 = 0.6
(60%). It is customary to use p and g to

represent the two allelic frequencies.
The genetically dominant allele is rep-
resented by p, and the genetically reces-
sive by g. Thus:

p = frequency of T= 0.4
q = frequency of t = 0.6
Therefore, p + g =1

Having calculated allelic frequencies
in this sample, let us determine whether
these frequencies change spontaneously
in a new generation of the population.
Assuming that mating is random (gam-
etes are sampled independently in pairs),
each individual is expected to contribute
an equal number of gametes to a com-
mon pool from which the next genera-
tion is formed. Frequencies of gametes
in the pool are proportional to allelic fre-
quencies in the sample: 40% of the gam-
etes are 7T, and 60% are 1 (ratio of 0.4:0.6).
Both ova and sperm will, of course, show
similar frequencies. The next generation
is formed as shown here:

Ova
T t=0.6
Sperm
T=04|T/T=016 |T/t=0.24
t=0.6|17/t=0.24 1/t = 0.36

Collecting genotypes, we have:

frequency of 7/7 = 0.16
frequency of 7/t = 0.48
frequency of #/t = 0.36

Next, we determine the values of p
and g from randomly mated populations.
From the table, we see that the frequency
of T is the sum of genotypes 7/7, which
is 0.16, and one-half of the genotype 7/,
which is 0.24:

T(p) = 0.16 + .5(0.48) = 0.4

Similarly, the frequency of ¢ is the
sum of genotypes #/#, which is 0.36, and
one-half the genotype 7/, which is 0.24:

t(p) = 0.36 +.5(0.48) = 0.6

The new generation bears exactly
the same allelic frequencies as its par-
ent population! Note that no increase
has occurred in the frequency of the
genetically dominant allele 7. Thus in a
freely interbreeding, sexually reproduc-
ing population, the frequency of each
allele would remain constant genera-
tion after generation in the absence of
natural selection, migration, recurring
mutation, and genetic drift (see p. 33).
A mathematically minded reader would
recognize that the genotype frequencies
T/T, T/t, and t/t are actually a binomial
expansion of (p + @)%

P+ =p +2pg+ g =1

Note that the equilibrium calcula-
tions give expected frequencies, which
are unlikely to be realized exactly in a
population of limited size. For this rea-
son, limits to population size cause evo-
lutionary change.

Most genes have more than just a
single pair of alleles, especially when
we measure genetic variation at the DNA
sequence level. The binomial expan-
sion shown above can be used for any
number of alleles. Suppose that we have
three alleles (7, T,, T3) whose frequen-
cies are denoted p, g, and r, respectively.
We now have six possible genotypes
with the following Hardy-Weinberg equi-
librium frequencies:

4 Y &5
(prgtri = p 2
L7 Vi T T

2 2
=1

ga N2 pr 2B

As the number of alleles at a gene
increases, the proportion of the popu-
lation having heterozygous genotypes
also increases.

Gl

never reproduce. Natural selection does not eliminate reces-
sive lethal alleles from the population, however, because
virtually all copies of those alleles occur in heterozygous

homozygous for the lethal allele die early in childhood. Nat-
ural selection keeps recessive lethal alleles rare in the pop-
ulation, because individuals homozygous for such alleles
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genotypes, which are phenotypically normal. Mating is thus
random with respect to whether individuals carry the lethal
allele. For a recessive lethal allele present in 2 of every 100
persons (but homozygous in only 1 in 1000 fertilizations),
50 generations of selection are required to reduce the fre-
quency of the allele to 1 of every 100 persons.

Eugenics deals with improvement of hereditary qualities in
humans by social control of mating and reproduction. While
the genetic argument against eugenics in the preceding
paragraph is compelling, a eugenics program lingered in the
United States (and elsewhere) until it was finally dispatched
following Adolph Hitler's attempt to “purify” the races in
Europe by genocide.

Processes of Evolution:
How Genetic Equilibrium Is Upset

Genetic equilibrium is disturbed in natural populations by
(1) random genetic drift, (2) nonrandom mating, (3) migra-
tion, and (4) natural selection, as well as by interactions
among these factors. Recurring mutation is the ultimate
source of variability in all populations, but upsetting genetic
equilibrium usually requires interaction with one or more
other factors. We consider these other factors individually.

Genetic Drift

Some species, such as the cheetah (figure 1.31), con-
tain very little genetic variation, probably because their
ancestral lineages were sometimes restricted to very small
populations. A small population clearly cannot contain
large amounts of genetic variation. Each individual organ-
ism has at most two different allelic forms of each gene, and
a single breeding pair contains at most four different allelic
forms of a gene. Suppose that we have such a breeding

figure 1.31

Cheetahs, a species whose genetic variability has been depleted
to very low levels because of small population size in the past.

pair. We know from Mendelian genetics that chance decides
which allelic forms of a gene get passed to offspring. It is
therefor