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Features of the Companion Website

Data Analysis Exercises: These inquiry-based exercises
challenge you fo think as a scientist and to analyze and
inferpret experimental data. Based on real papers and
experiments, these exercises involve answering ques-
fions by analyzing the data from the experiments.

Simulation Exercises: These exercises include interactive
modules that allow you to explore some of the dynamic
processes of evolution. Each exercise poses questions
that you answer by running a simulation and observing
and analyzing the outcomes.

Online Quizzes: For each chapter of the textbook, the
site includes a multiple-choice quiz that covers all the
main topics presented in the chapter. Your instructor

The Evolution Companion Website provides you with a range
of valuable study and review tools to help you master the ma-
terial presented in the textbook. Available free of charge, the
site is designed to help you understand the concepts and learn
the terminology introduced in each chapter, analyze real-world
research, and work with simulations of evolutionary systems.
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may assign these quizzes, or they may be made avail-
able to you as self-study tools. (Instructor registration is
required for student access to the quizzes.)

Flashcards: Flashcards help you learn and review the
many new terms introduced in the fextbook. Each
chapter's set of flashcards includes all of the key terms
infroduced in the chapter.

Chapter Summaries: Concise overviews of the important
concepts and topics covered in each chapter.

Chapter Outlines: A convenient outline of each chap-
fer's sections and sub-sections.

Glossary: A complete online version of the glossary, for
quick access to definitions of important terms.
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It is thoroughly established that all known organisms
descended from a single ancient common ancestor. This means
that all characteristics of organisms, in all their glorious diver-
sity, have evolved. Anatomical and cellular traits, biochemi-
cal, molecular, neural and developmental processes, life histo-
ries and ecological relationships—all can be viewed from the
dual perspectives of current mechanism (how they work) and
of history (how and why they came to be). The disciplines of
organismal biology, including paleobiology, ecology, animal
behavior, physiology, and systematics, continue to be central
to evolutionary science, but are now being enriched by the
genomic revolution, new analytical methods, and new evolu-
tionary theory.

The fourth edition of Evolution keeps pace with this
explosively developing field. There are now two authors
with broadly overlapping but complementary areas of
expertise. The organization, content, and style of the book
are reworked to such an extent that it is largely a new book.
Key changes include:

* Many human examples are used throughout, and there is
an all-new chapter on human evolution.

® A new primer in statistics gives a concise and accessible
introduction to the field.

® Theoretical concepts are developed in a more informal and
inviting style.
e The book has been entirely re-illustrated.

The book is organized into these units:

I. An Idea that Changed the World

Chapter 1 opens with an overview of evolutionary biology
and its history. The next two chapters introduce two of the
most fundamental ideas in evolution: evolutionary trees
(Chapter 2) and the concepts of natural selection and adap-
tation (Chapter 3).

Il. How Evolution Works

The first four chapters of this unit develop genetics and inheri-
tance (Chapter 4), one-locus population genetics (Chapter 5),

Preface

quantitative genetics (Chapter 6), and genetic drift (Chapter 7).
Chapter 8, which is entirely new, discusses spatial patterns and
the evolution of dispersal. Chapter 9 then tackles species and
speciation in a coherent treatment that has been streamlined
relative to the third edition. Every chapter in this unit has been
completely rewritten.

I1l. Products of Evolution: What Natural
Selection Has Wrought

This unit treats key aspects of the evolution of phenotypes and
genotypes: the all-new Chapter 10 on sexual selection and
sexual reproduction, Chapter 11 with a rewritten exposition
of the evolution of life histories and ecological niches, Chap-
ter 12 on cooperation and conflict with new topics that include
the evolution of virulence in pathogens, Chapter 13 on inter-
actions among species, Chapter 14 on the evolution of genes
and genomes, and Chapter 15 on evolution and development.
These last two chapters have been rewritten in their entirety.

IV. Macroevolution and the History of Life

Chapter 16 develops the topic of phylogeny in detail. Chapter
17 provides a grand tour through the history of life. We turn
to analysis of these historical data in Chapter 18, on bioge-
ography, and Chapter 19, on patterns and causes of changes
in biological diversity through time. Concepts drawn from
throughout the book culminate in Chapter 20, which treats
macroevolution.

V. Evolution and Homo sapiens

Perhaps no topic in biology has captured the imagination of
scientists and the public alike than the tremendous recent
advances in understanding human evolution. Chapter 21 con-
veys this excitement with a synthesis of sources that include
paleontology, genomics, and cultural anthropology. Our final
chapter (22) looks at how evolutionary biology impacts soci-
ety, including belief systems and our understanding of human
behavior.

More than any other science, evolutionary biology has
had to prove its validity: in the United States, about half the
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population does not accept evolution by natural selection,
and many of them are college students. To teach evolution,
then, is to teach the nature of science, the habit of reasoning
between hypothesis and evidence, and the habit of critical evalu-
ation. At a time when science and evidence are increasingly
misunderstood or even dismissed, we feel it is important to
teach students what science is, how it works, and why it is
the most reliable way of knowing that has yet been devel-
oped. Evolutionary biology is an ideal vehicle for this impor-
tant function.
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How fto Learn

Evolutionary Biology

The great geneticist Frangois Jacob, who won the Nobel Prize
in Physiology and Medicine for discovering mechanisms by
which gene activity is regulated, wrote that “there are many
generalizations in biology, but precious few theories. Among
these, the theory of evolution is by far the most important.”
Why? Because, he said, evolution explains a vast range of
biological information and unites all of the biological sci-
ences, from molecular biology to ecology. “In short,” he wrote,
“it provides a causal explanation of the living world and its
heterogeneity.”

Jacob did not himself do research on evolution, but
like most thoughtful biologists, he recognized its pivotal
importance in the biological sciences. Evolution provides
an indispensable framework for understanding phenomena
that range from the structure and size of genomes to the
ecological interactions among different species. And it has
many philosophical implications and practical applications,
ranging from understanding human diversity and behavior
to health and medicine, food production, and environmental
science.

Your course on evolution is likely to differ from almost any
other course in biology you may have had, and it may pres-
ent an unfamiliar challenge. Because all organisms, and all
their characteristics, are products of a history of evolution-
ary change, the scope of evolutionary biology is far greater
than any other field of biological science. In a course in cell
biology, you are expected to learn many factual aspects of
cell structure and function, which apply very broadly to
various types of cells in almost all organisms. But courses
in evolution generally do not emphasize the factual details
of the evolution of particular groups of organisms—the
amount of information would be impossibly overwhelming.
There certainly are some important facts—for example, you
should learn about major events in the history of life. But for
the most part, your course is likely to emphasize the general
principles of evolution, especially the processes of evolutionary

change that apply to most or all organisms, how we can learn
what has happened in the evolutionary past, and the most com-
mon patterns of change, those that have characterized many
different groups of organisms.

For example, you will learn that natural selection is a
consistent, statistical difference between groups of repro-
ducing entities (such as large versus small individuals of a
species) in the number of descendants they have. By under-
standing how a characteristic can affect survival or repro-
duction, we can arrive at generalizations about how certain
characteristics are likely to evolve. For instance, it is easy for
us to understand why a feature would be likely to evolve if
it made males more attractive to females so that they have
more offspring. But evolution by natural selection equally
well explains why about half of the human genome consists
of repeated DNA sequences that do nothing of value to the
human organism! (The reason is that DNA sequences are
also reproducing entities, and any sequence that can make
more copies of itself will automatically increase more than
a sequence that makes fewer copies. This is the essence of
natural selection.) So the abstract concept of natural selec-
tion has a great range of applications and implications that
will make up much of what you will want to learn about
evolution.

It is important to learn how evolutionary hypotheses have
been tested, in other words, what the evidence is for (or
against) postulated histories and causes of evolutionary
change. Evolutionary biology largely concerns events that
happened in the past, so it differs from most other biological
disciplines, which analyze the properties and functions of
organisms’ characteristics without reference to their history.
We often must make inferences about past events and about
ongoing processes that are difficult to see in action (e.g., dif-
ferences in the replication rate of different DNA sequences).
We make inferences by (1) posing informed hypotheses,
then (2) generating predictions (making deductions) from
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these hypotheses about data that we can actually obtain,
and finally (3) judging the validity of each hypothesis by the
match between our observations and what we expect to see
if the hypothesis were true.

For example, if you imagine that the long tail feathers of
males in a species of bird evolved because such males attract
more females and therefore have more offspring, you might
predict that if you lengthened males’ tail feathers, they will
mate with more females. (The experiment has been done,
with exactly this outcome.) You will find that throughout
this book, we develop an idea, or hypothesis, theoretically,
and then present one or two examples of empirical (i.e.,
real-world) studies that biologists have done, which provide
evidence supporting the idea. Understanding the theoretical
ideas, and how and why the empirical study provides evidence
for them, is the key to learning evolutionary biology.

It is also the key to understanding how science works.
Science isn’t merely accumulating facts. In every field, scien-
tists try to develop general principles that explain how natu-
ral phenomena work. Often, there are several conceivable
explanations. The community of scientists in a field devel-
ops fuller understanding by devising alternative hypotheses
and thinking of what kind of data would support one while
refuting another. There is a competition of ideas (and com-
petition among scientists) that results in a closer approach to

HOW TO LEARN EVOLUTIONARY BIOLOGY

reality. We cannot prove that a scientific hypothesis is abso-
lutely true, but we can hope for very high confidence—and
no other method of knowing can be shown to come as close.
You can have very high confidence that DNA is the basis of
inheritance, that human consumption of fossil fuels causes
global climate change, and that humans have evolved from
the same ancestor as all other animals, and from a much
older ancestor of all the living things we know of.

In every field of science, the unknown greatly exceeds
the known. Thousands of research papers on evolution-
ary topics are published each year, and many of them raise
new questions even as they attempt to answer old ones. No
one, least of all a scientist, should be afraid to say “I don't
know” or “I'm not sure.” To recognize where our knowledge
and understanding are uncertain or lacking is to see where
research may be warranted, or where exciting new research
trails might be blazed. We hope that some readers will find
evolution so rich a subject, so intellectually challenging, so
fertile in insights, and so deep in its implications that they
will adopt our subject as a career. But all readers, we hope,
will find in evolutionary biology the thrill of understanding
and the excitement of finding both answers and intriguing
new questions about the living world, including ourselves.
Felix, qui potuit rerum cognoscere causas, wrote Virgil: happy is
the person who could learn the nature of things.
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In February 2014, in the West Africa country Sierra Leone, the first cases were
reported of the horrifying disease caused by Ebola virus. It rapidly spread to
Liberia and Guinea, and within 15 months it had stricken more than 26,000
people and killed more than 11,000.

Among the first questions epidemiologists ask about a new or resurgent
infectious disease are where it originated and by what paths it spread. Within 7
months after the start of the Ebola outbreak, a team of health scientists, molecu-
lar biologists, and evolutionary biologists had an answer [7]. Based on an evolu-
fionary analysis of the viral genomes from several patients, the researchers con-
cluded that the West Africa virus had almost certainly spread from central Africa
about a decade earlier, and that the 2014 outbreak originated from a single
person who contracted the virus from another host species, probably a bat. This
was an important point, because it indicated that although the virus is readily
fransmitted from one person to another, it is only rarely contracted by humans
from other species.

This was by no means the first fime evolufionary methods had been used fo
frace the origin of an infectious disease. This approach has been routfine ever
since the origin of the human immunodeficiency virus (HIV), which causes AIDS,
was determined in 1989. Two distinct HIVs (HIV-1 and HIV-2) infect humans; the
pandemic is caused by HIV-1. Both HIVs are lentiviruses, a group of retrovi-
ruses that infect diverse mammals. In monkeys and other primates, the viruses
are called simian immunodeficiency viruses, or SIVs (FIGURE 1.1). An evolution-
ary analysis showed that HIV-2 recently evolved from an SIV carried by sooty

This pink nudibranch (Hypselodoris bullocki) is a spectacular example of a group of
marine mollusks renowned for their unusual shapes and bright coloration. Many nu-
dibranchs contain toxins as a defense against predation and their unusual colors may
be an adaptation that warns potential predators not to eat them. The only scientific
explanation of such adapftations is the theory of evolution by natural selection.
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FIGURE 1.1 (A) Structural model of a human im-
munodeficiency virus (HIV). (B) The sooty mangabey
(Cercopithecus atys) and (C) the chimpanzee (Pan
froglodytes) are the sources of two forms of HIV.

B)

mangabey monkeys, and that HIV-1 evolved from SIV,,,, the virus that infects wild
chimpanzees (FIGURE 1.2) [9, 25]. The evolutionary analysis showed, moreover, that
HIV-1 entered the human population near the beginning of the twentieth century,
decades before it spread beyond Africa. It is thought that humans became infected
with SIVs by contact with the blood of chimpanzees and mangabeys that they killed
for food.

These viruses do not have a fossil record, so how could biologists infer their
evolution and spread? They used methods that have been developed to recon-
struct evolutionary history, and that are based on understanding the processes of
evolutionary change.

Understanding the processes of evolution is highly relevant to human health.
For example, the first drug approved to treat HIV-infected people was AZT, in
1987. Within a few years, however, AZT failed to prevent many infected patients
from developing AIDS, and it has been necessary to develop other drugs. What
happened? Populations of HIV had adapted to AZT by evolving resistance. Ever
since the first antibiotic—penicillin—came into use, bacteria and other patho-
genic microbes have rapidly evolved resistance to every antibiotic that has been
widely used (FIGURE 1.3) [20, 22]. Staphylococcus aureus, a bacterium that causes
many infections in surgical patients, has evolved resistance to a vast array of
antibiotics, starting with penicillin and working its way through many others.
Drug-resistant strains of Neisseria gonorrheae, the bacterium that causes gonor-
rhea, have steadily increased in abundance, and many strains of the tuberculosis,
pneumonia, and cholera bacteria are highly resistant to antibiotics. Throughout
the tropics, the microorganism that causes malaria is now resistant to chloro-
quine and is becoming resistant to other drugs as well. Worldwide, more than
a half million people die yearly from drug-resistant infections. The evolution of
antibiotic resistance is a major crisis in public health [3, 22].
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Almost every hospital in the world treats casualties in this battle against
changing opponents, but as the use of antibiotics increases, so does the incidence
of bacteria that are resistant to those antibiotics; thus any gains made are almost
as quickly lost (see Figure 1.3). Why is this happening? Do the drugs cause drug-
resistant mutations in the bacteria’s genes? Do the mutations occur even without
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FIGURE 1.2 A phylogenetic tree showing
the history by which various immunodefi-
ciency viruses have evolved. Time runs from
left to right, and the common ancestor of

all the viruses is at the left (the "root” of the
tree). One lineage gave rise to the viruses
that infect primates: lemurs, monkeys, and
apes. These simian immunodeficiency viruses
(SIVs) are labeled with ablbreviations of the
names of the infected species (e.g., SIV,, in
chimpanzee). The human immunodeficiency
viruses HIV-2 and HIV-1 arose from SIVs that
infected monkeys and chimpanzees, respec-
tively. (After [25].)
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FIGURE 1.3 Evolution of drug resistance. (A) An increase fions in young children. (B) Resistance of the pneumonia-
in the use of a penicillin-like antibiotic in a community in causing bacterium Klebsiella pneumoniae to cephalosporin
Finland between 1978 and 1993 was matched by a dramatic and carbapenem antibiotics has recently begun fo increase
increase in the percentage of antibiotic-resistant isolates of in the United States. The use of carbapenems approximately

the bacterium Moraxella catarrhalisis from middle-ear infec-  doubled during the period shown. (A after [15]; B after [23].)
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exposure to drugs—that is, are they present in unexposed bacterial populations?
Do the mutations spread among different species of bacteria? Can the evolution
of resistance be prevented by using lower doses of drugs? Higher doses? Combi-
nations of different drugs?

Microbial adaptation to drugs is the same, in principle, as the countless adap-
tations of every species to its environment, so it is very familiar to evolutionary
biologists. The principles and methods of evolutionary biology have provided
some answers to these questions about antibiotic resistance, and have shed light
on many other problems that affect society. Evolutionary biologists have studied
the evolution of insecticide resistance in disease-carrying and crop-destroying
insects. They have helped devise methods of nonchemical pest control and have
laid the foundations for transferring genetic resistance to diseases and insects
from wild plants to crop plants. Evolutionary principles and knowledge are being
used in biotechnology to design new drugs and other useful products, and in
medical genetics to identify and analyze inherited diseases as well as variation in
susceptibility to infectious diseases. In the fields of computer science and artifi-
cial intelligence, “evolutionary computation” uses principles taken directly from
evolutionary theory to solve mathematically difficult practical problems, such as
constructing complex timetables and processing radar data.

The importance of evolutionary biology goes far beyond its practical uses. An
evolutionary framework provides answers to many questions about ourselves.
How do we account for human variation—the fact that almost everyone is
genetically and phenotypically unique? What accounts for behavioral differences
between men and women? How did exquisitely complex, useful features such as
our hands and our eyes come to exist? What about apparently useless or even
potentially harmful characteristics such as our wisdom teeth and appendix? Why
do we age, senesce, and eventually die? Evolution raises still larger questions.
As soon as Darwin published On the Origin of Species in 1859, the evolutionary
perspective was perceived to bear on long-standing questions in philosophy. If
humans, with all their mental and emotional complexity, originated by natural
processes, where do ethics and moral precepts find a foundation and origin?
What, if anything, does evolution imply about the meaning and purpose of life?
Must one choose between evolution and religious belief?

“Nothing in Biology Makes Sense
except in the Light of Evolution”

If you suppose that scientists study evolution by analyzing fossils, you are right—
but as the analyses of infectious diseases show, students of evolution also employ
many other approaches and address a wide range of questions. Evolutionary biology
is concerned with explaining and understanding the diversity of living things and
their characteristics: what has been the history that produced this diversity, and what
have been the causes of this history? Some evolutionary scientists try to elucidate the
history of viruses, how they became capable of infecting diverse species of animals,
and how antibiotic resistance evolves. Others ask similar questions about the ori-
gin of humans and human characteristics—or of mammals, plants, beetles, or dino-
saurs. And because all features of all organisms have evolved, evolutionary biologists
study the evolution of DNA sequences, proteins, biochemical pathways, embryologi-
cal development, anatomical features, behaviors, life histories, interactions among
different species: all of biology. Facing such an overwhelming profusion of subjects,
evolutionary scientists aim to develop broad principles and to document common
patterns of evolution—to arrive at general principles that apply to diverse organisms
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FIGURE 1.4 The song of a male marsh warbler
(Acrocephalus palustris) is much more complex
than the song of a male grasshopper warbler
(Locustella naevia), which is a simple buzz.

The sonograms (diagrams of the song) show
frequency in relation to time. The song nucleus
in the brain is larger in the marsh warbler than
in the grasshopper warbler. Female marsh war-
blers prefer males with more complex songs.
The proximate causes of the song difference
include the brain structure; the ultimate causes
Grasshopper warbler include natural selection owing fo the reproduc-
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and diverse kinds of characteristics. Most of this book attempts to convey these gen-
eral principles, although we illustrate the principles with studies of particular organ-
isms and characteristics.

Evolutionary biology extends and amplifies the explanation of biological phe-
nomena. It complements studies of the proximate causes (immediate, mechani-
cal causes) of biological phenomena—the subject of cell biology, neurobiology,
and many other biological disciplines—with analysis of the ultimate causes of
those phenomena: their historical causes, especially the action of natural selec-
tion. If we ask what causes a male bird to sing, the proximate causes include the
action of testosterone or other hormones, the structure and action of the singing
apparatus (syrinx), and the operation of certain centers in the brain (FIGURE
1.4). The ultimate causes lie in the history of events that led to the evolution
of singing in the bird’s remote ancestors. For example, past individuals whose
genes inclined them to sing may have been more successful in attracting females
or in driving away competing males, and thus may have transmitted their genes
to more descendants than did their less vocal competitors. Proximate and ulti-
mate explanations may interact [14], and together provide more complete under-
standing than either does alone. As the great evolutionary biologist Theodosius
Dobzhansky [5] wrote, “Nothing in biology makes sense except in the light of
evolution.”

What Is Evolution? Is It Fact or Theory?

The word “evolution” comes from the Latin evolvere, “to unfold or unroll”—to reveal
or manifest hidden potentialities. Today “evolution” has come to mean, simply,
“change.” But changes in individual organisms, such as those that transpire in devel-
opment (ontogeny) are not considered evolution. Biological (or organic) evolution is
inherited change in the properties of groups of organisms over the course of generations. As
Darwin elegantly phrased it, evolution is descent with modification.

As the HIV and SIV viruses illustrate, a single group, or population, of organ-
isms may be modified over the course of time (e.g., becoming drug-resistant). A
population may become subdivided, so that several populations are descended
from a common ancestral population. If different changes transpire in the several

8
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populations, the populations diverge —that is, they become different from each
other (e.g., as the various HIVs and SIVs have done).

Is evolution a fact, a theory, or a hypothesis? Biologists often speak of the
“theory of evolution,” but they usually mean by that something quite different
from what most nonscientists understand by that phrase. Biologists talk about
the “theory of evolution” in the same way that physicists talk about the “theory of
gravitation.” Scientists are as confident about the reality of evolution as they are
of the reality of gravity.

In science, a hypothesis is an informed conjecture or statement of what might
be true. Most philosophers (and scientists) hold that we do not know anything
with absolute certainty. What we call “facts” are in some cases simple, confirmed
observations; in other cases, a “fact” is a hypothesis that has acquired so much
supporting evidence that we act as if it is true. A hypothesis may be poorly sup-
ported at first, but it can gain support to the point that it is effectively a fact. For
Copernicus, the revolution of Earth around the Sun was a hypothesis with mod-
est support; for us, this hypothesis has such strong support that we consider it a
fact. Occasionally, an accepted “fact” may need to be revised in the face of new
evidence; for example, humans have 46 chromosomes, not 48 as once thought.

In everyday use, “theory” refers to an unsupported speculation. Like many
words, however, this term has a different meaning in science. Strictly speaking, a
scientific theory is a comprehensive, coherent body of interconnected statements,
based on reasoning and evidence, that explain some aspect of nature—usually
many aspects. Thus atomic theory, quantum theory, and the theory of plate tec-
tonics are elaborate schemes of interconnected ideas, strongly supported by evi-
dence, that account for a great variety of phenomena. “Theory” is a term of honor
in science; the greatest accomplishment a scientist can aspire to is to develop a
valid, successful new theory.

In The Origin of Species, Darwin propounded two major hypotheses: that organ-
isms have descended, with modification, from common ancestors; and that the
chief cause of modification is natural selection acting on hereditary variation.
Darwin provided abundant evidence for descent with modification; since then,
hundreds of thousands of observations from paleontology, geographic distri-
butions of species, comparative anatomy, embryology, genetics, biochemistry,
and molecular biology have confirmed that all known species are related to one
another through a history of common ancestry. Thus the hypothesis of descent
with modification from common ancestors has long had the status of a scientific
fact. (We will describe some of the evidence in Chapters 2 and 22.)

The explanation of how modification occurs and how ancestors give rise to
diverse descendants constitutes the scientific theory of evolution. We now know
that Darwin’s hypothesis that evolution occurs by natural selection acting on
hereditary variation was correct. We also know that there are more causes of
evolution than Darwin realized and that natural selection and hereditary varia-
tion are more complex than he imagined. A body of ideas about the causes of
evolution, including mutation, recombination, gene flow, isolation, random
genetic drift, the several forms of natural selection, and other factors constitutes
our current theory of evolution, or “evolutionary theory.” Like all theories in
science, it is a work in progress, for we do not entirely know the causes of all of
evolution, or of all the biological phenomena that evolutionary biology will have
to explain. In evolutionary biology, as in every other scientific discipline, there
are “core” principles that have withstood skeptical challenges and are highly
unlikely to require revision, and there are “frontier” areas in which research
actively continues. Some widely held ideas about frontier subjects may prove to



be wrong, but the uncertainty at the frontier does not undermine the core. The
main tenets of evolutionary theory—descent with modification from a common
ancestor, in part caused by natural selection—are so well supported that almost
all biologists confidently accept evolutionary theory as the foundation of the
science of life.

The Evolution of Evolutionary Biology

That the past is often the key to the present may be a cliché, but it happens to be true.
Just as evolutionary history has shaped today’s organisms, and just as social and
political history is the key to understanding today’s nations and contflicts, so the con-
tent of any science or other intellectual discipline cannot be fully understood without
reference to its history.

Before Darwin

Darwin’s theory of biological evolution is one of the most revolutionary ideas in
Western thought, perhaps rivaled only by Newton’s and Einstein’s theories of phys-
ics. It profoundly challenged the prevailing worldview, which had originated largely
with Plato and Aristotle, who developed the notion that species have fixed proper-
ties. Later, Christians interpreted the biblical account of Genesis literally and con-
cluded that each species had been created individually by God in the same form it
has today. (This belief is known as “special creation.”) Christian theologians and
philosophers argued that since existence is good and God’s benevolence is complete,
He must have bestowed existence on every creature of which He could conceive.
Because order is superior to disorder, God’s creation must follow a plan: specifically,
a gradation from inanimate objects and barely animate forms of life through plants
and invertebrates and up through ever “higher” forms of life. Humankind, being
both physical and spiritual in nature, formed the link between animals and angels.
This “Great Chain of Being,” or scala naturae (the scale, or ladder, of nature), must be
permanent and unchanging, since change would imply that there had been imper-
fection in the original creation [16].

As late as the nineteenth century, natural history was justified partly as a way
to reveal the plan of creation so that we might appreciate God’s wisdom. Carolus
Linnaeus (1707-1778), who established the framework of modern taxonomy in
his Systema Naturae (1735), won worldwide fame for his exhaustive classifica-
tion of plants and animals, undertaken in the hope of discovering the pattern of
the creation. Linnaeus classified “related” species into genera, “related” genera
into orders, and so on. To him, “relatedness” meant propinquity in the Creator’s
design.

Belief in the literal truth of the biblical story of creation started to give way in
the eighteenth century, when a philosophical movement called the Enlighten-
ment, largely inspired by Newton’s explanations of physical phenomena, adopted
reason as the major basis of authority and marked the emergence of science. The
foundations for evolutionary thought were laid by astronomers, who developed
theories of the origin of stars and planets, and by geologists, who amassed evi-
dence that Earth had undergone profound changes, that it had been populated
by many creatures now extinct, and that it was very old. The geologists James
Hutton and Charles Lyell expounded the principle of uniformitarianism, holding
that the same processes operated in the past as in the present and that the data
of geology should therefore be explained by causes that we can now observe.
Darwin was greatly influenced by Lyell’s teachings, and he adopted uniformitari-
anism in his thinking about evolution.

EVOLUTIONARY BIOLOGY

Carolus Linnaeus
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Jean-Baptiste Pierre Antoine de
Monet, Chevalier de Lamarck

Complexity

(A) Lamarck’s hypothesis (B) Darwin’s hypothesis
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FIGURE 1.5 Lamarck's and Darwin's hypotheses of the history of evolution. (A) Under
Lamarck's hypothesis, life has originated many times (the red dots). Each lineage that
descends from one of these origins becomes more complex. Thus, organisms range
from recently originated, simple forms of life fo older, more complex forms. (B) Dar-
win's theory of descent with modification, represented by a phylogenetic tree. From a
single ancestor (the red dot), different lineages arise by speciating (splitting) from ex-
isting lineages. Some (such as the more central lineages) may undergo less modifica-
tion from the ancestral condition than others. Darwin supposed that species become
different from each other in various features (“form"), not necessarily becoming more
complex. (A after [1].)

In the eighteenth century, several French philosophers and naturalists sug-
gested that species had arisen by natural causes. The most significant pre-Dar-
winian evolutionary hypothesis was proposed by the Chevalier de Lamarck in
his Philosophie Zoologique (1809). Lamarck hypothesized that different organisms
originated separately by spontaneous generation from nonliving matter, starting
at the bottom of the chain of being. A “nervous fluid” acts within each species, he
said, causing it to progress up the chain. Species originated at different times, so
we now see a hierarchy of species because they differ in age (FIGURE 1.5A).

Lamarck argued that species differ from one another because they have differ-
ent needs, and so use certain of their organs and appendages more than others.
Just as muscles become strengthened by work, more strongly exercised organs
attract and become enlarged by the “nervous fluid.” Lamarck, like most people at
the time, believed that such alterations, acquired during an individual’s lifetime,
are inherited—a principle called inheritance of acquired characteristics. The the-
ory of evolution based on this principle is called Lamarckism. In the most famous
example of Lamarck’s theory, giraffes must have stretched their necks to reach
foliage above them, and so their necks were lengthened. The longer necks were
inherited, and over the course of generations, this process was repeated and their
necks got longer and longer. This could happen to any and all giraffes, so the
entire species could have acquired longer necks because it was composed of indi-
vidual organisms that changed during their lifetimes (FIGURE 1.6A). Lamarck’s
ideas of how evolution works were wrong, but he deserves credit for being the
first to advance a coherent and testable theory of evolution.

Charles Darwin

Charles Robert Darwin (February 12, 1809-April 19, 1882) was the son of an Eng-
lish physician. He briefly studied medicine in Edinburgh, then turned to studying
for a career in the clergy at Cambridge University. He believed in the literal truth
of the Bible as a young man. He was passionately interested in natural history. In
1831, at the age of 22, his life was forever changed when he was invited to serve as
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a naturalist and captain’s companion on the British Navy ship H.M.S. Beagle, tasked
with charting the coast of South America.

The voyage of the Beagle lasted from December 27, 1831, to October 2, 1836.
The ship spent several years traveling along the coast of South America, where
Darwin observed the natural history of the Brazilian rainforest and the Argentine
pampas, then stopped in the Galapagos Islands, which lie on the equator off the
coast of Ecuador. In the course of the voyage, Darwin became an accomplished
naturalist, collected specimens, made innumerable geological and biological
observations, and conceived a new (and correct) theory about the formation of
coral atolls.

Soon after Darwin returned, the ornithologist John Gould pointed out that
Darwin’s specimens of mockingbirds from the Galapagos Islands were so differ-
ent from one island to another that they represented different species (FIGURE
1.7). Darwin then recalled that the giant tortoises, too, differed from one island to
the next (FIGURE 1.8). These facts, and the similarities between fossil and living
mammals that he had found in South America, triggered his conviction that dif-
ferent species had evolved from common ancestors.

Darwin’s comfortable finances enabled him to devote the rest of his life exclu-
sively to his scientific work (although he was chronically ill for most of his life
after the voyage). He set about amassing evidence of evolution and trying to
conceive of its causes. In 1838, at the age of 29, Darwin read an essay by the
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FIGURE 1.6 Contrast between Lamarck's
and Darwin's hypotheses for how charac-
teristics evolve, shown across fwo genera-
fions. (A) Under Lamarck's hypothesis, fraifs
change within the lifetime of individuals
because of their needs, illustrated here by
giraffes that need longer necks to reach
high leaves. Changes that are acquired
during this generation are passed on to
the next generation. (B) Under Darwin's
hypothesis, there is variation among
individuals at the start of each generation.
Individuals with certain traits (e.g., a longer
neck) have a greater chance of surviving.
The variatfion is inherited, so survivors pass
on their fraifs to the next generation. Dar-
win was right, but about 50 years would
pass before scientists would understand
how the inherited variations arise.

Charles Robert Darwin
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FIGURE 1.7 Four species of mockingbirds (Nesomimus) on different islands in the

Galdpagos archipelago were among the observations that led Darwin to suspect that
different species evolve from a common ancestor.

economist Thomas Malthus. Malthus argued that the rate of human population
growth is greater than the rate of increase in the food supply, so that unchecked
growth must lead to famine. This essay was the inspiration for Darwin’s great
idea, one of the most important ideas in the history of thought: natural selection.
Darwin wrote in his autobiography that “being well prepared to appreciate the
struggle for existence which everywhere goes on from long-continued observa-
tion of the habits of animals and plants, it at once struck me that under these
circumstances favourable variations would tend to be preserved and unfavour-
able ones to be destroyed.” In other words, of the many individuals that are born,
not all survive; and if certain individuals with superior features survived and
reproduced more successfully than individuals with inferior features, and if these
differences were inherited, the average character of the species would be altered
over the course of generations.

Mindful of how controversial the subject would be, Darwin then spent 20
years developing his theory, amassing evidence, and pursuing other researches
before publishing his ideas. In 1844 he wrote a private essay outlining his theory,
and in 1856 he finally began a book he intended to call Natural Selection. He never
completed it, for in June 1858 he received a manuscript from a young naturalist,



EVOLUTIONARY BIOLOGY

FIGURE 1.8 Galapagos giant fortoises (Chelonoidis nigra) differ in shell shape among
islands. Some subspecies, especially those that occupy humid highlands with low veg-
etation, have a domed shell (A), whereas those in dry lowland habitats tend to have a
"saddleback” shell (B) that enables the animal to extend its long neck to reach vegeta-
tion higher above the ground.

Alfred Russel Wallace (1823-1913). Wallace, who was collecting specimens in the
Malay Archipelago, had independently conceived of natural selection. Darwin’s
scientific colleagues presented extracts from his 1844 essay, along with Wal-
lace’s manuscript, at a meeting of the major scientific society in London. Darwin
immediately set about writing an “abstract” of the book he had intended. The
490-page result, titled On the Origin of Species by Means of Natural Selection, or The
Preservation of Favoured Races in the Struggle for Life, was published on November
24, 1859; it instantly made Darwin, by now 50 years old, both a celebrity and a
figure of controversy.

For the rest of his life, Darwin continued to read and correspond on an immense
range of subjects, to revise The Origin of Species (“on” was deleted from the title
of later editions), to perform experiments of all sorts (especially on plants), and to
publish many more articles and books, of which The Descent of Man is the most
renowned. Darwin’s books reveal an irrepressibly inquisitive man, fascinated with
all aspects of nature, creative in devising hypotheses and in bringing evidence to
bear on them, and profoundly aware that every biological fact, no matter how seem-
ingly trivial, must fit into a coherent, unified understanding of the world. Wallace
made significant further contributions to biology, especially about biogeography, the
geographic distribution of species. He always gave credit to Darwin for the concept
of natural selection, referring to it as “Mr. Darwin’s theory.”

Darwin’s evolutionary theory

The Origin of Species contains two major theories. The first is Darwin’s idea of descent
with modification. It holds that all species, living and extinct, have descended, with-
out interruption, from one or a few original forms of life (FIGURE 1.5B). Species that
diverge from a common ancestor are at first very similar but accumulate differences
over great spans of time, so that they may come to differ radically from one another.
Darwin’s conception of the course of evolution is profoundly different from Lamarck’s,
in which the concept of common ancestry plays almost no role.

The second theory in The Origin of Species is natural selection, which Dar-
win proposed is the chief cause of evolutionary change. He summarized it in the

Alfred Russel Wallace
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following way: “If variations useful to any organic being ever occur, assuredly
individuals thus characterized will have the best chance of being preserved in the
struggle for life; and from the strong principle of inheritance, these will tend to
produce offspring similarly characterized. This principle of preservation, or the
survival of the fittest, I have called natural selection.” Unlike Lamarck’s transfor-
mational theory, in which individual organisms change, Darwin’s is a variational
theory of change, in which the frequency of a variant form (i.e., the proportion of
individuals with that variant feature) increases within a population from genera-
tion to generation (FIGURE 1.6B). Darwin proposed (as did Wallace) that fitter
individuals differ only slightly from the norm of the population, but that a feature
such as body size gradually evolves to become more and more different because
new, slightly more extreme, advantageous variants continue to arise.
Darwin’s theory of evolution includes five distinct components [18]:

1. Evolution as such is the simple proposition that the characteristics of
organisms change over time. Darwin was not the first to have this idea, but
he so convincingly marshaled the evidence for evolution that most scientists
soon accepted that it has indeed occurred.

2. Common descent: Differing radically from Lamarck, Darwin was the first to
argue that species had diverged from common ancestors and that species
could be portrayed as one great family tree representing actual ancestry (see
Figure 1.5B).

3. Gradualism is Darwin’s proposition that the differences between even
radically different organisms have evolved by small steps through
intermediate forms, not by leaps (“saltations”).

4. Populational change is Darwin’s hypothesis that evolution occurs by changes
in the proportions (frequencies) of different variant kinds of individuals
within a population (see Figure 1.6B). This profoundly important, completely
original idea contrasts with the sudden origin of new species by saltation and
with Lamarckian transformation of individuals. For Darwin, the average was
a statistical abstraction; there exist only varied individuals, and there are no
fixed limits to the variation that a species may undergo [10, 18].

5. Natural selection was Darwin’s brilliant hypothesis, independently conceived
by Wallace, that accounts for adaptations, features that appear”designed”
to fit organisms to their environment. Because it provided an entirely natural,
mechanistic explanation for adaptive design that had previously been attributed
to a divine intelligence, the concept of natural selection revolutionized not only
biology, but Western thought as a whole.

Darwin proposed that the various species that descend from a common ances-
tor evolve different features because those features are adaptive under differ-
ent “conditions of life”—different habitats or habits. Moreover, the pressure of
competition favors the use of different foods or habitats by different species. He
believed that no matter how extensively a species has diverged from its ancestor,
new hereditary variations continue to arise, so that given enough time, there is
no evident limit to the amount of divergence that can occur.

Where, though, do these hereditary variations come from? This was the great
gap in Darwin’s theory, and he never filled it. The problem was serious because,
according to the prevailing belief in blending inheritance, variation should
decrease, not increase. Because offspring are often intermediate between their
parents in features such as color or size, it was widely believed that character-
istics are inherited like fluids, such as paints of different colors. (This notion



persists today when people speak of having Italian or Indian “blood.”) Blending
white and black paints produces gray, but mixing two gray paints yields more
gray, not black or white. Darwin never knew that Gregor Mendel had solved the
problem in a paper that was published in 1866, but not widely noticed until 1900.
Mendel’s theory of particulate inheritance proposed that inheritance is based
not on blending fluids, but on particles that pass unaltered from generation to
generation—so that variation can persist. The concept of “mutation” in such
particles (later called genes) was developed only after 1900 and was not clarified
until considerably later.

The Origin of Species is extraordinarily rich in insights and implications. Dar-
win supported his hypotheses with an astonishingly broad variety of informa-
tion, from variation in domesticated species to embryology to geographic pat-
terns in the distribution of species. And he showed, or at least glimpsed, how
research in every biological subject—taxonomy, paleontology, anatomy, embryol-
ogy, biogeography, physiology, behavior, ecology—could be advanced and rein-
terpreted in the light of evolution.

Evolutionary biology after Darwin

Although The Origin of Species raised enormous controversy, by the 1870s most
scientists accepted the historical reality of evolution by descent, with modification,
from common ancestors. This theory provided a new frame-
work for exploring and interpreting the history and diversi-
fication of life, a project that was especially promoted by the
German zoologist Ernst Haeckel. Thus the late nineteenth
and early twentieth centuries were a “golden age” of paleon-
tology, comparative morphology, and comparative embryol-
ogy, during which a great deal of information on evolution
in the fossil record and on relationships among organisms
was amassed [2]. But the consensus did not extend to Dar-
win’s theory of the cause of evolution, natural selection. For
about 60 years after the publication of The Origin of Species,
all but a few faithful Darwinians rejected natural selection,
and numerous theories were proposed in its stead. These
theories included neo-Lamarckian, orthogenetic, and muta-
tionist theories [1].

Neo-Lamarckism includes several theories based on the
old idea of inheritance of modifications acquired during an
organism’s lifetime. In a famous experiment, the German
biologist August Weismann cut off the tails of mice for many
generations and showed that this mutilation had no effect
on the tail length of their descendants. Extensive subsequent
research has provided no evidence that specific mutations
can be induced by environmental conditions under which
they would be advantageous.

Theories of orthogenesis, or “straight-line evolution,”
held that the variation that arises is directed toward fixed
goals, so that a species evolves in a predetermined direction
by some kind of internal drive, without the aid of natural
selection. Some paleontologists held that such trends need
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FIGURE 1.9 The extinct Irish elk (Megaloceros giganteus) had
such enormous antlers that it was cited as an example of orthoge-
netic "/momentum” that drove the species to evolve a maladap-
five feature that caused its extinction. Since the 1940s, evolution-

not be adaptive and could even drive species toward extinc- 5y biologists have rejected this idea. The huge antlers probably
tion (FIGURE 1.9). None of the proponents of orthogenesis  resulted from the animal's overall large size and from natural
ever proposed a mechanism for it. selection caused by competition among males for females.
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Mutationist theories were advanced by some geneticists who observed that
discretely different new phenotypes can arise by a process of mutation. They sup-
posed that such mutant forms constituted new species and thus believed that
natural selection was not necessary to account for the origin of species. The last
influential mutationist was Richard Goldschmidt (1940, [8]), an accomplished
geneticist who nevertheless erroneously argued that the origin of new species
and higher taxa is entirely different in kind from evolutionary change within
species. New species or genera, he said, originate by sudden, drastic changes
that reorganize the whole genome. Although most such reorganizations would
be deleterious, a few “hopeful monsters” would be the progenitors of new forms
of life.

The evolutionary synthesis

These anti-Darwinian ideas were refuted in the 1930s and 1940s by the geneti-
cists, systematists, and paleontologists who reconciled Darwin’s theory with the
facts of genetics [19, 28]. The consensus they forged is known as the evolutionary
synthesis, Or modern synthesis, and its chief principle, that adaptive evolution is
caused by natural selection acting on particulate (Mendelian) genetic variation, is
often referred to as neo-Darwinism.! Ronald A. Fisher and John B. S. Haldane in
England and Sewall Wright in the United States developed a mathematical theory
of population genetics, which showed that mutation and natural selection together
cause adaptive evolution: mutation is not an alternative to natural selection, but is
rather its raw material. The study of genetic variation and change in natural popu-
lations was pioneered in Russia by Sergei Chetverikov and continued by Theodo-
sius Dobzhansky, who moved from Russia to the United States. In his influential
book Genetics and the Origin of Species (1937, [4]), Dobzhansky conveyed the ideas
of the population geneticists to other biologists, thus influencing their apprecia-
tion of the genetic basis of evolution. Other major contributors to the synthesis
included the zoologists Ernst Mayr, in Systematics and the Origin of Species (1942,
[17]), and Bernhard Rensch, in Evolution Above the Species Level (1959, [24]); the
botanist G. Ledyard Stebbins, in Variation and Evolution in Plants (1950, [29]); and
the paleontologist George Gaylord Simpson, in Tempo and Mode in Evolution (1944,
[26]) and its successor, The Major Features of Evolution (1953, [27]). These authors
argued persuasively that mutation, gene flow or migration, natural selection, and
genetic drift are the major causes of evolution within species (which Dobzhansky
called microevolution)—and that continued over long periods of time, these same
causes account for the origin of new species and for macroevolution: the evolution
of the major alterations that distinguish higher taxa (genera, families, orders, and
classes). The principal claims of the evolutionary synthesis are the foundations of
modern evolutionary biology.

Although some of these principles have been extended, clarified, or modified
since the 1940s, most evolutionary biologists today accept them as substantially
valid. They are summarized in BOX 1A.

Evolutionary biology since the synthesis

Since the evolutionary synthesis, a great deal of research has tested and elaborated
its basic principles. These principles have largely been supported. Progress in evo-
lutionary biology has modified some of these ideas and many extensions of these
ideas, and it has spurred additional theory to account for new phenomena as they

1 “Neo-Darwinism” properly refers to Weismann’s strict version of Darwin’s theory of evolution
by natural selection. Darwin had admitted a role for inheritance of acquired characteristics, but
Weismann rejected this. Today, “neo-Darwinism” is often used to mean the theory articulated in
the evolutionary synthesis.
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were discovered. Since James Watson and Francis Crick established the structure of
DNA in 1953, advances in genetics, molecular biology, and molecular and informa-
tion technology have revolutionized the study of evolution.

New molecular and computational technology has enabled new fields of
evolutionary study to develop, among them molecular evolution (analysis of the
processes and history of changes in genes). The leaders of the evolutionary syn-
thesis had maintained that almost all features of organisms are adaptive, and
evolved by natural selection. But this principle was challenged by the neutral
theory of molecular evolution, developed by Motoo Kimura (1983, [13]), who
argued that most of the evolution of DNA sequences occurs by chance (genetic
drift) rather than by natural selection. Evolutionary developmental biology, growing
out of comparative embryology and based partly on molecular genetics, is devoted
to understanding how the evolution of developmental processes underlies the
evolution of morphological features at all levels, from cells to whole organisms.
Because the entire genome—the full DNA complement of an organism—can now
be sequenced, molecular evolutionary studies have expanded into evolutionary
genomics, which is concerned with variation and evolution in multiple genes or
even entire genomes. Genomic data are enabling biologists to determine phylo-
genetic relationships with ever-greater confidence; they are revealing the genetic
bases of adaptive characteristics of species and how and when they were modified
by natural selection, and they are revealing the history of populations and their
distributions over the globe. The histories of species are written in their genes.

The advances in these new fields are complemented by vigorous research, new
discoveries, and new ideas about long-standing topics in evolutionary biology,
such as the evolution of adaptations and of new species. Since the mid-1960s,
evolutionary theory has expanded into areas such as ecology, animal behavior,
and reproductive biology. Detailed theories that explain the evolution of particular
kinds of characteristics such as life span, ecological distribution, and social behav-
ior were pioneered by the evolutionary theoreticians William Hamilton and John
Maynard Smith in England and George Williams in the United States. The study
of macroevolution has been renewed by provocative interpretations of the fossil
record and by new methods for studying phylogenetic relationships. Research in
evolutionary biology is progressing more rapidly than ever before.

Since Darwin’s time, research on evolution, and in biology more broadly, has
transformed evolutionary biology. Were Darwin to reappear today, he would
understand very few scientific papers about evolution. Modern evolutionary biology

EVOLUTIONARY BIOLOGY

Motoo Kimura

17



18 CHAPTER 1

I O EEBOX1A

Fundamental Principles of Biological Evolution

These are fundamental principles of evolution that ary change over time. Adaptations are fraits that
emerged from the modern synthesis. Much of the rest of have been shaped by natfural selection.

this book is devoted to explaining and building on them. 8. Natural selection can alter populations beyond the
Some statements, marked by an asterisk (*), have fo be original range of variation when changes in allele
qualified fo some degree, in light of later research. frequencies generate new combinations of genes.

L

An individual’s phenotype (its observed traits) is
distinct from its genotype (its DNA). Phenotypic differ-
ences among individuals are caused by both genetic
differences and environmental effects.

. Acquired characteristics are not inherited.”

. Hereditary variations are based on particles—the

genes.” This is true for fraits with continuous variation
(e.g., body size) as well as those with discrete variation
(e.g., eye color).

. Genetic variation arises by random mutation. Muta-

fions do not arise in response to need. Variation that
arises by mutation is amplified by recombination of
alleles at different loci.

. Evolution is a change of a population, not of an

individual. The elementary process of evolution is a
change across generations in the frequencies of al-
leles or genotypes, which can change the frequencies
of phenotypes.

. Changes in allele frequencies may be random or

nonrandom. Natural selection results from differences
among individuals in survival and reproduction, and
causes nonrandom changes. Genetic drift causes
random changes.

. Natural selection can account for both slight and

great differences among species. Even a low intensity
of natural selection can cause substantial evolution

10.

11.

12.

13.

14.

. Populations usually have considerable genetic

variation. Many populations evolve rapidly, fo some
degree, when environmental conditions change,
and do not have to wait for new favorable mutations.

The differences between species evolve by
rather small steps, and are often based on differ-
ences at many genes that accumulated over many
generations.”

Species are groups of interbreeding or potentially
interbreeding individuals that do not exchange
genes with other such groups.* Species are not de-
fined simply by phenotypic differences. Rather, they
represent separately evolving “"gene pools.”

Speciation (the origin of two species from a single
ancestor species) usually occurs by the genetic
differentiation of geographically isolated popula-
tions.* Species have genetic differences that pre-
vent interbreeding if they are no longer geographi-
cally separated.

Higher taxa arise by the sequential accumulation
of small differences, rather than by the sudden ap-
pearance of drastically new types by mutation.

All organisms form a great Tree of Life (or phylog-
eny) that evolved by the branching of common an-
cestors into diverse lineages, chiefly by speciation.
All forms of life descended from a single common
ancestor that lived in the remote past.

does not equal Darwinism, and any antievolutionary critiques of Darwin that do
not take into account modern research are irrelevant to our understanding of

evolution today.

How Evolution Is Studied

Evolutionary biology is a more historical science than most other biological dis-
ciplines, for one of its goals is to determine what the history of life has been and
what has caused those historical events.

Occasionally we can document an evolutionary change as it occurs or piece
together records to reconstruct a recent change, just as we do when studying



human history (see Chapter 3). Usually, however, we must infer
evolutionary history and its causes by interpreting less direct
evidence. Some historical events are inferred from fossils, the
province of paleontology (see Chapters 17 and 19). Other evo-
lutionary events are inferred from comparisons among living
organisms or by studying their phylogenetic relationships,
which provide a framework that enables us to draw conclusions
about the historical evolution of their phenotypic characteris-
tics and even their genes (see Chapters 2 and 16).

The causes of evolution, such as genetic drift and natu-
ral selection, are often studied by comparing data, such as
patterns of variation in genes, with theoretical models (see
Chapters 4-8). They are also studied by the methods of
experimental evolution, in which laboratory populations of rap-
idly reproducing organisms adapt to an environment (e.g., a
stressful temperature) designed by an investigator (see Chap-
ter 6). The adaptive reasons for certain characteristics (e.g.,
birdsong) may be inferred from experimental and other func-
tional studies, from their “fit” to a theoretical design (e.g., the
heart fits a “pump” design), or by comparing many popula-
tions or species to see if the characteristic is correlated with
a specific environmental factor or way of life (see Chapters
10-13). Certain patterns of variation in DNA sequences can
tell us if natural selection has affected evolutionary changes
in genes (see Chapters 5, 7, and 14).

When we make inferences about history, or about past causes
of change such as natural selection, we do not see the changes
occurring, nor do we observe the causes in action. But throughout
science, causes are not seen; rather, they are inferred. All of chem-
istry, for example, concerns invisible atoms and orbitals that
govern the association of atoms into molecules. These theoreti-
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cally postulated entities and their behavior have been confirmed Ernst Mayr, George C. Williams, John Maynard Smith

because the theory that employs them makes predictions (hypotheses)

that are matched by observed data. We know that DNA replicates
semiconservatively not because anyone has ever seen DNA do

that, but because the outcome of a famous experiment (and of later ones) matched
the prediction made by the hypothesis.

This hypothetico-deductive method, in which hypotheses are tested (and are
rejected, modified, or provisionally accepted), has been a powerful tool through-
out the sciences and is the basis of much evolutionary research. For example,
would you predict that the DNA in mitochondria carries more mutations that
are harmful to males than to females? There is no obvious biochemical reason
to expect this, but evolutionary theory makes such a prediction. The mitochon-
dria of both males and females are inherited from the mother; the mitochondria
in males are not inherited via sperm and are thus at a “dead end.” If a muta-
tion in mitochondrial DNA reduces the survival or reproduction of females, it
is unlikely to be transmitted to subsequent generations, but the transmission of
a mutation will not be affected if it is similarly harmful only to males, because
males do not transmit the DNA anyway. So, male-deleterious mitochondrial
mutations are expected to accumulate. This prediction, from the theory of natu-
ral selection at the level of the gene, has been verified: mitochondrial variants
commonly affect male, but not female, fertility in humans and other animals,
and they cause variation in reproductive gene expression in male fruit flies [6,

William D. Hamilton
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12]. This example illustrates how evolutionary hypotheses can be tested, and
it also shows how they can predict and reveal aspects of biology we would not
otherwise have expected.

Philosophical Issues

Thousands of pages have been written about the philosophical and social implica-
tions of evolution. Darwin argued that every characteristic of a species can vary and
can be altered radically, given enough time. Thus he rejected the emphasis on dis-
tinct “types” that Western philosophy had inherited from Plato and Aristotle and put
variation in its place. Darwin also helped replace a static conception of the world—
one virtually identical to the Creator’s perfect creation—with a world of ceaseless
change. It was Darwin who extended to living things, including the human species,
the principle that change, not stasis, is the natural order. In contrast to traditional
views that elevated the human species to a special position, distinct from other liv-
ing things, Darwin began the trend to see humans as part of the natural world, a
species of animal (though a very remarkable species, to be sure!) subject to the same
processes as others, including natural selection.

Darwin has been credited with making biology a science, for he proposed
to replace supernatural explanations in biology with purely natural causes. His
theory of random, purposeless variation acted on by blind, purposeless natural
selection provided a revolutionary new kind of answer to almost all questions
that begin with “Why?” Before Darwin, both philosophers and people in general
answered questions such as “Why do plants have flowers?” or “Why are there
apple trees?”—or diseases, or sexual reproduction—by imagining the possible
purpose that God could have had in creating them. This kind of explanation was
made completely superfluous by Darwin’s theory of natural selection. The adap-
tations of organisms—Ilong cited as the most conspicuous evidence of intelligent
design in the universe—could be explained by purely mechanistic causes. For
evolutionary biologists, the pink petals of a magnolia’s flower have a function
(attracting pollinating insects) but not a purpose. The flower was not designed in
order to propagate the species, much less to delight us with its beauty, but instead
came into existence because magnolias with brightly colored flowers reproduced
more prolifically than magnolias with duller flowers. The unsettling implication
of this purely material explanation is that, except in the case of human behavior,
we need not invoke, nor can we find any evidence for, any design, goal, or pur-
pose anywhere in the natural world.

All of modern science employs the way of thought that Darwin applied to biol-
ogy. Geologists do not seek the purpose of earthquakes or plate tectonics, nor
chemists the purpose of hydrogen bonds. The concept of purpose plays no part
in scientific explanation.



Ethics, religion, and evolution

In the world of science, the reality of evolution has not been in doubt for more than
100 years, but evolution remains an exceedingly controversial subject in the United
States and a few other countries. The creationist movement opposes the teaching of
evolution in public schools, or at least demands “equal time” for creationist beliefs.
Such opposition arises from the fear that evolutionary science denies the existence of
God, and consequently, that it denies any basis for rules of moral or ethical conduct.

Science, including evolutionary biology, is silent on the existence of a super-
natural being or a human soul, because these hypotheses cannot be tested. Many
people, including some priests, ministers, rabbis, and evolutionary biologists,
hold both religious beliefs and belief in evolution (see Chapter 22). But to explain
phenomena in the natural world, science must assume that only natural causes
operate, just as most people do in everyday affairs: we assume that there is a
material cause when our car or computer or heart malfunctions. Supernatural
explanations for observable phenomena often do conflict with naturalistic, scien-
tific explanation. A literal reading of some passages in the Bible is incompatible
with the principles of physics, geology, and other natural sciences. Our knowl-
edge of the history and mechanisms of evolution is certainly incompatible with
a literal reading of the creation stories in the Bible’s Book of Genesis—just as it is
incompatible with hundreds of other creation myths people have devised.

Wherever ethical and moral principles are to be found, it is probably not in
science, and surely not in evolutionary biology. Opponents of evolution have
charged that evolution by natural selection justifies the principle that “might
makes right.” But evolutionary theory cannot provide any such precept for
behavior. Like any other science, evolutionary biology describes how the world is,
not how it should be. The supposition that what is “natural” is “good” is called by
philosophers the naturalistic fallacy.

Various animals have evolved behaviors that we give names such as coop-
eration, monogamy, competition, infanticide, and the like. Whether or not these
behaviors ought to be—and whether or not they are—moral, is not a scientific
question. The natural world is amoral—the concepts of “moral” and “immoral”
simply do not apply outside the realm of human behavior. Despite this, the
concepts of natural selection and evolutionary progress were taken as a “law
of nature” by which Marx justified class struggle, by which the Social Darwin-
ists of the late eighteenth and early nineteenth centuries justified economic
competition and imperialism, and by which the biologist Julian Huxley justi-
fied humanitarianism [11, 21]. Most philosophers consider all these ideas to be
indefensible instances of the naturalistic fallacy. Infanticide by lions and langur
monkeys does not justify infanticide in humans; monogamy in penguins does
not imply that humans should do the same. Evolution provides no basis for
human ethics.
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SUMMARY

B Evolution is the unifying theory of the biological
sciences. Evolutionary biology aims to discover
the history of life, the causes of the diversity and
characteristics of organisms, and the mechanisms

changes accumulate to yield large genetic and
phenotypic differences among species and their
ancient ancestors.

B Evolutionary biology makes important contribu-

that underlie evolutionary change.

B Charles Darwin's major work, On the Origin of
Species, published in 1859, contains two ma-
jor hypotheses: first, that all organisms have
descended, with modification, from common

ancestral forms of life, and second, that the chief

agent of modification is natural selection.
W Darwin's hypothesis that all species have de-

scended with modification from common ances-
fors is supported by so much evidence that it has

become as well established a fact as any in biol-
ogy. His theory of natural selection as the chief
cause of evolution was not broadly supported
unfil the evolutionary synthesis that occurred in
the 1930s and 1940s.

B Modern evolutionary biology is based on the
evolutionary synthesis, which united Darwin's

ideas with Mendelian genetics. The major causes
of evolution within species are those that change

the frequencies of alleles, and hence of the
phenotypes they may affect. Different popu-
lations of a species may experience different
genetic changes, and ultimately become differ-

ent species. Over long time periods, many slight

adaptation evolutionary

blending inheritance synthesis (modern

creationist synthesis)
movement frequency

descent with genetic drift
modification genotype

diverge higher taxa

evolution (biological hypothesis
evolution; organic inheritance
evolution) of acquired

characteristics

The readings at the end of each chapter include ma-
jor works that provide a comprehensive freatment
and an entry into the professional literature. The
references cited in each chapter also serve this
important function.

fions to other biological disciplines and to social
concerns in areas such as medicine, agriculture,
computer science, and our understanding of
ourselves.

B The implications of Darwin's theory, which revo-

lutionized Western thought, include the ideas
that change, rather than stasis, is the natural or-
der; that biological phenomena, including those
seemingly designed, can be explained by purely
material causes rather than by divine creation;
and that no evidence for purpose or goals can
be found in the living world, other than in human
acfions.

M Like other sciences, evolutionary biology cannot

be used to justify beliefs about ethics or morality.
Nor can it prove or disprove theological hy-
potheses such as the existence of a deity. Many
people hold that evolution is compatible with
religious belief. However, evolution is incompat-
ible with a literal interpretation of some passages
in the Bible. Evolutionary biology and other sci-
ences can test and reject claims for supernatural

TERMS AND CONCEPTS

causes of observed phenomena.

Lamarckism
macroevolution
microevolution
mutationist theories
natural selection
neo-Darwinism
neo-Lamarckism

neutral theory
of molecular
evolution

orthogenesis

SUGGESTIONS FOR FURTHER READING

particulate
inheritance

phenotype
phylogeny
population
proximate cause
scientific theory
speciation
ultimate cause
uniformitarianism

No one should fail to read at least part of Darwin's On
the Origin of Species by Means of Natural Selec-
tion, or The Preservation of Favoured Races in the
Struggle for Life, in either the first edition (1859) or
the sixth edition (1872), in which Darwin deleted
"On" from the title. After some adjustment to the



Victorian prose, you will be enthralled by the craft,
detail, completeness, and insight in Darwin's argu-
ments. It is an astonishing book.

The Cambridge Encyclopedia of Darwin and Evolu-

tionary Thought (ed. M. Ruse, Cambridge Univer-
sity Press, Cambridge, 2013) is a set of outstanding
essays on the history of evolutionary thought and
on the influence of Darwin and of evolution on sci-
ence and other areas such as literature, theology,
and philosophy.

Among biographies of Darwin, the best include Janet

Browne's superb two-volume work, Charles Dar-
win: Voyaging and Charles Darwin: The Power of
Place (Knopf, New York, 1995 and 2002, respec-
fively); and Darwin, by A. Desmond and J. Moore
(Warner Books, New York, 1991), which empha-
sizes the role played by the religious, philosophi-
cal, and intellectual climate of nineteenth-century
England on the development of Darwin's scien-
fific theories. An enjoyable popular biography is
The Reluctant Mr. Darwin: An Intimate Portrait of
Charles Darwin and the Making of His Theory of
Evolution, by David Quammen (W. W. Norfon,
New York, 2006).

Important works on the history of evolutionary biol-

ogy include P. J. Bowler, Evolution: The History of
an Idea (University of California Press, Berkeley,
2003); E. Mayr, The Growth of Biological Thought:
Diversity, Evolution, and Inheritance (Harvard
University Press, Cambridge, MA, 1982), a detailed,
comprehensive history of systematics, evolution-
ary biology, and genetics that bears the personal
stamp of one of the major figures in the evolution-
ary synthesis; and E. Mayr and W. B. Provine (eds.),
The Evolutionary Synthesis: Perspectives on the
Unification of Biology (Harvard University Press,
Cambridge, MA, 1980), which contains essays by

WEBSITES

historians and biologists, including some of the
major conftributors fo the synthesis.

A few works treafing the philosophical and practical

implications of evolution are D. C. Dennett, Dar-
win's Dangerous Idea: Evolution and the Mean-
ings of Life (Simon & Schuster, New York, 1995);

M. Ruse, The Philosophy of Human Evolution
(Cambridge University Press, Cambridge, 2012); P.
Gluckman, A. Beedle, and M. Hanson, Principles
of Evolutionary Medicine (Oxford University Press,
Oxford, 2009), and A. Poiani (ed.), Pragmatic Evo-
lution (Cambridge University Press, Cambridge,
2012).

Books that expose the fallacies of creationism and

explain the nature of science and of evolution-

ary biology include B. J. Alters and S. M. Alters,
Defending Evolution: A Guide to the Creation/
Evolution Confroversy (Jones and Bartlett, Sud-
bury, MA, 2001); M. Pigliucci, Denying Evolution:
Creationism, Scientism, and the Nature of Science
(Sinauer Associates, Sunderland, MA, 2002); and E.
C. Scott, Evolution versus Creationism: An Infroduc-
tion, second edition (University of California Press,
Berkeley, 2009). The evidence for evolution is pre-
sented in two outstanding books, Why Evolution
Is True, by J. A. Coyne (Viking, New York, 2009),
and The Greatest Show on Earth: The Evidence for
Evolution, by Richard Dawkins (Free Press, New
York, 2009).

Darwin's birth, in 1809, was marked in 2009 by many

bicentennial celebrations and books. Among
these is Evolution Since Darwin: The First 150 Years,
edited by M. A. Bell et al. (Sinauer Associates, Sun-
derland, MA, 2010), a collection of essays by histo-
rians and evolutionary biologists who summarize
the state of knowledge and current research direc-
tions in all the subfields of evolutionary biology.

Several excellent websites provide good infroductions fo evolution;
most of them also include material on teaching evolution and on creationism.

The National Center for Science Education is de-

voted to defending the teaching of evolution and
climate science. Its website (ncse.com) should be
the first stop for anyone who wants to learn about
creationism, evidence for evolution, relationships
between evolution and religion, and any other
aspect of the social controversy about evolution.

"Understanding Evolution” (http://evolution.berkeley.

edu) is an excellent site developed by the Muse-
um of Paleontology at the University of California,
Berkeley.

Outstanding videos on evolution are at www.hhmi.

org/biointeractive/evolution-collection.

The National Academy of Sciences of the U.S.A., the

members of which are leaders in science, has

a website devoted to evolution (www.nation-
alacademies.org/evolution) and has published

an excellent 70-page booklet, Science, Evolution,
and Creationism (2008), that can be accessed for
free through the website or purchased at low cost
(order at www.nap.edu).
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“Darwin Online" (http://darwin-online.org.uk), com-

piled by John van Wyhe, provides all of Darwin's
writings, including many translations of The Origin
of Species and his other books info other languag-

1. Theodosius Dobzhansky wrote “Nothing in biol-
ogy makes sense except in the light of evolu-
fion." What did he mean by this? How does evo-
lution unify the biological sciences? What other
principles might do so?

. Analyze this Ralph Waldo Emerson couplet:

Striving to be man, the worm
Mounts through all the spires of form.

What pre-Darwinian concepts does it express?
What fault in it would a Darwinian find?

. Human immunodeficiency virus entered human
populations after evolving from a simian immu-
nodeficiency virus. Nikolaas Tinbergen (1963)*
proposed explaining shifts in traits from two
perspectives: dynamic versus static, and proxi-
mate versus ultimate. This framework can be
used to understand the evolution of a frait in
four ways: (i) causation (proximate/static): the
mechanism of the trait as it works in the present;
(ii) survival value (ultimate/static): how function
of the trait enhances survival or reproduction;
(iii) ontogeny (proximate/dynamic): the develop-
ment of the trait in an individual; and (iv) evolu-
fion (ultimate/dynamic): the phylogenetic history
of the frait. Use these categories to discuss the
causes for the virus shifting to humans from
other primates.

. Joseph Dalton Hooker and Charles Lyell con-
vinced Darwin that the concept of natural selec-
fion should be presented to the Linnean Society
and read an excerpt from his abstract along
with Alfred Russel Wallace's 1858 manuscript.
Since Wallace was still in the Malay Archipelago,
he did not take part in the decision to make
this joint presentation. Crifics later pointed out
that this was unfair to Wallace (and some even
accused Darwin of stealing some of Wallace's
ideas). Do some additional background reading
and discuss whether the arrangement was fair,
how the concept of natural selection would have
been received if Darwin hadn't been involved,
and how Wallace's 1858 manuscript influenced
Darwin's subsequent publication of On the
Origin of Species.

1 Tinbergen, N. (1963). On aims and methods of ethology.
Zeitschrift fiir Tierpsychologie 20: 410-433.

PROBLEMS AND DISCUSSION TOPICS

es. van Wyhe has also created “Wallace Online”
(http://wallace-online.org), a similar website on
Alfred Russel Wallace.

5. The two revolutionary hypotheses proposed by

Darwin in On the Origin of Species were descent
with modification and natural selection as the
main mechanism of evolution. How did Darwin's
ideas contrast with the prevailing notions of the
origins of species at the time?

. Some scientfists vigorously rejected Darwin's

ideas when On the Origin of Species was pub-
lished. Richard Owen (1860), perhaps the most
respected biologist in England, wrote (among
many other objections): “Are all the recognised
organic forms of the present date, so differenti-
ated, so complex, so superior to conceivable
primordial simplicity of form and structure,

as fo testify fo the effects of Natural Selection
continuously operating through unfold time?
Unquestionably not. The most numerous living
beings ... are precisely those which offer such
simplicity of form and structure, as best agrees...
with that ideal profotype from which...vegetable
and animal life might have diverged.” How
might Darwin, or you, argue against Owen's
logic?

. During the evolutionary synthesis, biologists

conclusively identified natural selection, gene
flow, genetic drift, and mutation as the major
causes of evolution within species. Using the sci-
entific definition of evolution, explain how these
forces cause populations, species, and higher
taxa to evolve.

. Drawing on sources available in a good library,

discuss how the “Darwinian revolution” affected
one of the following fields: philosophy, litera-
ture, psychology, or economics.


http://darwin-online.org.uk
http://wallace-online.org







I'ne lree of Lite

In 1915, Mildred Hoge, studying the genetics of the fruit fly Drosophila mela-
nogaster, found a mutation that she designated eyeless, because it reduced
or eliminated the flies' eyes [15]. The normal form of the eyeless gene, then,
must be necessary for eye development. Years later, similar mutfations were
found in mice and humans, and eventually it was discovered that the DNA
sequences of the mammals' genes were similar to that of the fly's gene. In
1995, Georg Halder and his colleagues reported a remarkable experiment
[12]. By inserting an extra copy of the normal form of a fly's eyeless gene into
Drosophila larvae, they induced the development of almost perfect minia-
ture extra eyes—on the wings, legs, and elsewhere on the body of the adult
fly. But more astonishingly, the researchers obtained exactly the same effect
when they inserted the mouse version of the gene. The mouse gene (now
called Paxé) caused the flies to develop eyes. Not mouse eyes, however, but
almost perfect fly eyes (FIGURE 2.1). The same resulf was later obtained with
the human gene.

Halder and his colleagues noted that more than 2000 different genes are
thought to confribute to developing a Drosophila eye. The normal eyeless gene
is near the sfart of a chain of command: it acfivates other genes, which acfi-
vate yet others, and so on, to produce all the details of the eye. This experi-
ment shows that even though insect and vertebrate eyes are radically different
in structure, and are produced by somewhat different sets of genes, the sys-
tem that activates these genes is very similar in insects and vertebrates. The fly
genome responds to the signal from the mammalian Paxé gene just as it does fo

A great egret (Ardea alba) stands on an American alligator (Alligator mississippiensis).
Although it is certainly not obvious, birds and crocodilians are each others' closest
living relatives, having descended from a common ancestor that lived more than 200
million years ago.
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FIGURE 2.1 Eyes were induced to de-
velop in abnormal places in fruit flies by
inserfing exfra copies of either the fly eye-
less gene (A) or the corresponding mouse
gene, Paxé (B). Photo (A) shows extra eyes
on the fly's mouthparts (arrows). Photo (B)
shows eye induced by expression of the
mouse gene in the fly's leg region. (From

[12]. Photos courtesy of W. Gehring and G.

Halder.)

(A) (B)

the equivalent fly gene. This is only one of many systems of interacting genes that
are now known to be shared by insects and vertebrates—and indeed by all animals.

In a more extreme variation on this theme, more than one-third of the genes
in the genome of yeast (a fungus) have recognizable similarity to human genes.
In a recent experiment, biologists studied 414 genes that are necessary for yeast
to survive, replacing them with the equivalent human genes [18]. Almost half of
the human gene replacements enabled the yeast to survive!

Only one natural cause can explain these amazing results: these organ-
isms share fundamental characteristics because they—and their genes—have
descended from a common ancestor in the distant past. Throughout biology and
health science, common ancestry between humans and all other living things is
a fundamental principle that explains countless facts. Indeed, it is the basis for
using nonhuman species as models in human biomedical research. Descent from
common ancestors is one of the two great themes in Darwin’s On the Origin of
Species. It is one of the two greatest principles of evolution.

The Tree of Life, from Darwin to Today

When Darwin recounted his visit to the Galdpagos Islands in The Voyage of the Bea-
gle (1845), he wrote about the finches (FIGURE 2.2) that, “Seeing this gradation and
variety of structure in one small, intimately related group of birds, one might really
fancy that from an original paucity of birds in this archipelago, one species has been
taken and modified for different ends.” Likewise, he came to suspect that the dif-
ferent forms of mockingbirds and of tortoises had descended from a single ancestor.
But this thought, logically extended, suggested that those mockingbirds” ancestor
itself had descended from an older ancestor that could have given rise to yet other
descendants—the South American mockingbirds, for instance. In 1837, a year after
he returned from the voyage, Darwin sketched a branching diagram representing
the idea of descent from common ancestors (FIGURE 2.3). By the time he published
On the Origin of Species (1859, [5]), he could write, “I doubt not that the theory of
descent with modification embraces all the members of the same class.” Extending
the logic, he went on: “Analogy would lead me one step further, namely to the belief
that all animals and plants have descended from some one prototype.” And finally,
in one of the most daring thoughts anyone has ever had: “I should infer from anal-
ogy that probably all the organic beings which have ever lived on this earth have
descended from some one primordial form.”

Extending his early sketch (see Figure 2.3) into a great metaphor, Darwin pro-
posed that all species, extant and extinct, form a great “Tree of Life,” or phylogenetic
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Certhidea olivacea

v
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Warbler finches FIGURE 2.2 The finches in the Galapagos

Certhidea fusca Islands and Cocos Island that have become

known as Galdpagos finches (also sometimes
Platyspiza crassirostris  Vegetarian finch referred to as Darwin’s finches). The bills of

these species are adapted to their diverse
Pinaroloxias inornata  Cocos Island finch  feeding habifs. Some hytbridization among
species may have affected apparent relation-
ships, as well as anomalies such as the oc-
currence of G. difficilis on two branches. The
outgroups are genera of finches distributed
Camarhynchus pauper in South America and the West Indies. (After

[10, 20].)

Geospiza difficilis Ground finch

Camarhynchus parvulus Tree finches

Camarhynchus psittacula

Cactospiza heliobates Mangrove finch
Cactospiza pallida Woodpecker finch
Geospiza difficilis

Geospiza fuliginosa

Geospiza fortis > Ground finches

Geospiza magnirostris

Geospiza conirostris

Geospiza conirostris
Cactus finches
Geospiza scandens

tree. Closely adjacent twigs represent living species derived only recently from

their common ancestors (shared ancestors). Twigs on more distant branches repre-

sent species derived from more ancient common ancestors. Darwin expressed this M
metaphor in some of his most poetic (and very Victorian) language: J

The affinities of all the beings of the same class have sometimes been
represented by a great tree. I believe this simile largely speaks the truth. The
green and budding twigs may represent existing species; and those produced
during former years may represent the long succession of extinct species. At
each period of growth all the growing twigs have tried to branch out on all
sides, and to overtop and kill the surrounding twigs and branches, in the
same manner as species and groups of species have at all times overmastered
other species in the great battle for life. The limbs divided into great branches,
and these into lesser and lesser branches, were themselves once, when the
tree was young, budding twigs; and this connection of the former and present
buds by mmifyz"ngbmnches may w.ell represent the classification of.all ext?nct FIGURE 2.3 Darwin's first speculative
and living species in groups subordinate to groups. Of the many twigs which diagram of a phylogenetic free, in an 1837
flourished when the tree was a mere bush, only two or three, now grown into notebook. The numeral 1 represented the
great branches, yet survive and bear the other branches, so with the species ancestor of groups A-D.




30 CHAPTER 2

FIGURE 2.4 The free of life. This phylogeny of
thousands of species is based on DNA se-
quences. The root is in the cenfer, and branches
are reflected into a circular figure for the sake of
compact display. Note the position of the human
species ("You are here"). To zoom in on branches
of interest, visit www.zo.utexas.edu/faculty/
antisense/DownloadfilesToL.html. (From [14],
courtesy of D. M. Hillis.)

j‘ \ [ -

Animals

Protists

Archaea

which lived during long-past geological periods, very few have left living and
modified descendants. From the very first growth of the tree, many a limb
and branch has decayed and dropped off; and these fallen branches of various
sizes may represent those whole orders, families, and genera which have now
no living representatives, and which are known to us only in a fossil state.

As we here and there see a thin, straggling branch springing from a fork low
down in a tree, and which by some chance has been favoured and is still alive
on its summit, so we occasionally see an animal like the Ornithorhynchus or
Lepidosiren,” which in some small degree connects by its affinities two large
branches of life, and which has apparently been saved from fatal competition
by having inhabited a protected station. As buds give rise by growth to fresh
buds, and these, if vigorous, branch out and overtop on all sides many a
feebler branch, so by generation I believe it has been with the great Tree of
Life, which fills with its dead and broken branches the crust of the earth, and
covers the surface with its ever-branching and beautiful ramifications.

Today, biologists agree that Darwin was right: all the organisms we know of

have descended from a single ancestral form of life that lived between 4 and
3.7 billion years ago. And thanks to research by hundreds of biologists, we can
draw an increasingly complete picture of the history by which the millions of
living species, and a great many extinct ones, evolved from common ancestors
(FIGURE 2.4). Some highlights of this amazing history are shown in FIGURE
2.5. The first cellular organisms that we know of were prokaryotes that evolved
into two great groups (A in Figure 2.5), the Bacteria and Archaea. Eukaryotes

*Ornithorhynchus, the duck-billed platypus, is a primitive, egg-laying mammal. Lepidosiren is a
genus of living lungfishes, a group that is closely related to the ancestor of the tetrapod (four-
legged) vertebrates, and which is known from ancient fossils.
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Proteobacteria

Mitochondria FIGURE 2.5 A phylogeny of some
Cyanobacteria major groups of organisms. “LUCA"
means Last Universal Common An-

Chloroplasts
cestor. The letters are keyed fo de-

|

|

|

I

| .

| |

I | Archaea . . .
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Fungi

Choanoflagellates
Sponges

Coelenterates (jellyfishes)
Echinoderms (sea urchins)

Bony fishes

Birds

Crocodiles

Whales
Rodents
Primates

Molluscs

® Arthropods

evolved from a symbiotic association (B) between an archaean and a bacterium
that evolved into the mitochondrion. So the mitochondria in each of our cells are
more closely related to E. coli bacteria than they are to the nuclei in the same cells!
Early eukaryotes evolved into diverse lineages. One of these became the green
algae, which acquired symbiotic photosynthetic cyanobacteria that evolved into
chloroplasts (C). Green algae gave rise to the true plants (D).

Remarkably, complex multicellular life forms evolved many times. Among
these groups are plants, brown algae (E), some fungi (F), and animals (G). Fungi
and animals stem from a single ancestor (H), so we are more closely related
to mushrooms than to plants. The closest relatives of animals are single-celled
choanoflagellates (I), which closely resemble some of the cells in sponges (see
Figure 17.6).

Several groups of animals have no heads. Some, such as jellyfishes, never had
one in their evolutionary past (J). Others had a head but then lost it. The echi-
noderms, such as starfishes, evolved radial symmetry from ancestors that were
bilaterally symmetric, and in doing so became headless (K).

The vertebrates (L) are most closely related to echinoderms (K) in this tree.
Among the tetrapod (four-limbed) vertebrates, research using fossils, compara-
tive anatomy, and DNA has revealed some unexpected relations. Birds are more
closely related to crocodiles than to any other living animals (M). Primates—
including people—are more closely related to rodents than to most other orders
of mammals. Whales are clearly mammals rather than fishes, and it turns out
that they are related to hippopotamuses (N).

The diversity of species within different groups is wildly uneven. With about
33,000 species, bony fishes (O) are the most diverse group of vertebrates. All the
other vertebrates combined sum to about 30,000 known species. But the diversity

Hippopotamus
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Classification, Taxonomic Practice, and Nomenclature

The scheme of classification that is used foday was devel-
oped by the Swedish botanist Carolus Linnaeus (1707-
1778). Linnaeus introduced binomial nomenclature, a
system of two-part names consisting of a genus name and
a specific epithet (such as Homo sapiens). He proposed a
system of grouping species in a hierarchical classification of
groups nested within larger groups (such as genera nested
within families). The levels of classification—such as king-
dom, phylum, class, order, family, genus, and species—are
referred to as faxonomic categories, whereas a particular
group of organisms assigned to any of these levels is a
taxon (plural: faxa). Higher faxa are those above the species
level. Thus the species rhesus monkey (Macaca mulattay) is
placed in the genus Macaca, in the family Cercopithecidae;
Macaca and Cercopithecidae are higher taxa that exemplify
the tfaxonomic categories genus (plural: genera) and family,
respectively. Several infermediate taxonomic categories,
such as superfamily and subspecies, are sometimes used in
addition to the more familiar and universal ones.

To ensure that names are standardized, faxonomy has de-
veloped rules of procedure. For example, the genus name
and specific epithet ordinarily agree in gender: Rattus
norvegicus, not Rattus norvegica, for the brown rat. No two
species of animals, or of plants, can bear the same name.
The valid name of a taxon is the oldest available name that
has been applied to it. Thus it sometimes happens that two
authors independently describe the same species under
different names; in this case, the valid name is the older one.
Sometimes two or more species have masqueraded under
one name; in this case, the name is applied fo the species
that the author used in his or her description. To prevent the
obvious ambiguity that could arise in this way, it is standard
practice for the author fo designate a single specimen (the
fype specimen, or holofype) as the “name bearer"” so that
later workers can determine which of several similar species

rightfully bears the name. The holotype, usually accompa-
nied by other specimens (paratypes) that exemplify the
range of variation, is deposited and carefully preserved in a
museum or herbarium.

The rules for naming higher taxa are not all as strict as
those for species and genera. In zoology (and increasingly
in botany), names of subfamilies, families, and sometimes
orders are formed from the name of the type genus (the
first genus described). Most family names of plants end in
-aceae. In zoology, subfamily names end in -inae and fam-
ily names in -idae. Thus Columba (Latin for “pigeon”), the
genus of the familiar pigeon, is the type genus of the family
Columbidae and the subfamily Columbinae; Rosa (rose) is
the type genus of the family Rosaceae. Names of genera
and species are always ifalicized; faxa above the genus level
are nof italicized, but are always capitalized.

Systematists today rely on phylogeny when classifying
organisms. A monophyletic faxon is one that includes all the
named descendants of a particular common ancestor (for
example, the traditional class Aves, which includes all birds,
is monophyletic). Most systematists foday hold the opinion
that classifications should consist of monophyletic taxa only
and thus reflect phylogenetic relationships. A paraphyletic
faxon includes some, but not all, of the descendants from
a particular ancestor. (The fraditional class Reptilia is para-
phyletic because it did not include the birds, which share a
common ancestor with dinosaurs and crocodiles. Reptilia is
monophyletic if we abolish the class Aves and include the
birds in the class Reptilia.) A polyphyletic taxon includes
species that do not exclusively share a common ancestor.
(The falcons, hawks, and eagles were included in the order
Falconiformes, but DNA evidence indicates that falcons are
more closely related fo parrots and songbirds. They are
now recognized as a distinct order from hawks and eagles,
which are now called Accipitriformes.)

prize goes to the single insect order Coleoptera: there are about 350,000 known
species of beetles (P). Among the families of flowering plants (angiosperms), the
sunflowers (23,000 species) and orchids (19,500 species) are fantastically diverse.
At the other end of the diversity spectrum, the most ancient lineage of all angio-
sperms is now represented by just a single species, Amborella trichopoda, which
survives only in remote rainforests on the South Pacific island of New Caledonia.
(Notice that here and elsewhere we use terms from taxonomy, the classification of
organisms. BOX 2A provides a review of some important aspects of classification.)

These are only a few of the fascinating glimpses into the history of life that phy-
logenetic studies have revealed. We must ask, though, how the relationships among
diverse species can be determined, how events in evolutionary history, such as the
echinoderms’ losing their heads, can be inferred from these relationships, and what



else we can learn from phylogenetic studies. This
chapter and Chapter 16 delve into these questions.

Phylogenetic Trees

There are two major processes in the evolution of
a higher taxon, which is a named group of organ-
isms above the level of species. These are ana-
genesis, which is evolutionary change of features
within a single lineage (species), and cladogenesis,
or branching of a lineage into two or more descen-
dant lineages. Following cladogenesis, anagenesis
in each of the descendant lineages results in their
becoming more different from each other (diver-
gence, or divergent evolution). A phylogeny is the
history of the events by which species or other taxa
have successively arisen from common ancestors.
The branching diagram that portrays this history
is called a phylogenetic tree (FIGURE 2.6). Other
kinds of evolutionary events are sometimes also
represented in such diagrams, such as extinction
(e.g. taxon F in Figure 2.6) and reticulation, which
occurs when two lineages merge or form a hybrid
descendant, so that the tree has a netlike structure.
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FIGURE 2.6 A phylogenetic tree of three taxa, human (A), chimpanzee (B),
and bonobo (C), illustrating major phylogenetic ferms. The time scale in most
phylogenetic trees is a relative one, but the free always implies the passage of
time from the root of the tree toward the tips of the branches.

We will focus on branching trees here.

The phylogenetic tree in Figure 2.6 shows three
living species: human (A), chimpanzee (B), and bonobo (C). (A similar tree could also
represent three higher taxa, such as lizards [A], crocodiles [B], and birds [C].) Each
segment in the tree is a lineage, or branch, which may split at an internal branch point
or node (such as D), representing the formation of two descendant lineages (B and
C) by speciation from their common ancestor. All the descendants of any one ances-
tor form a clade (also called a monophyletic group); thus B and C form a clade that is
“nested” within the larger clade A + B + C. Two clades that originate from a common
ancestor are called sister groups. (If B and C are species, they are sister species.)

The tree in Figure 2.6 represents the genealogical relationships among the taxa,
meaning the temporal order of branching by which they have originated from the
common ancestor (E in this case). The lineage leading to the most recent com-
mon ancestor (MRCA) of all the species in the phylogeny is called the root of the
tree. Thus a tree has an implicit time scale from past (at the root) to more recent
time (e.g., the present). This time scale (which is often omitted from published
phylogenetic diagrams) is often relative, implying only the order of branching. In
some cases, however, an absolute time scale is used, and branch points are drawn
to match the dates at which the branching events are thought to have occurred.
As we will see, phylogenetic trees can convey information not only about the rela-
tionships among species and their time of divergence, but also about evolutionary
changes in phenotypic and genetic characteristics and geographic distributions.

The order of branching in a phylogenetic tree defines which species are more
closely and which are more distantly related. Two species are more closely related
to each other than to a third species if they are derived from a more recent com-
mon ancestor. By analogy, two siblings are more closely related to each other
than they are to a cousin because they share more recent common ancestors
(their parents) with each other than with their cousin (a grandparent).

Closeness of relationship is not the same as similarity. A person might more closely
resemble her cousin than her sister with respect to eye color or many other features,
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FIGURE 2.7 Similarity versus relationship.
(A) Chimpanzees and monkeys are more
closely related to each other than to ro-
dents, and they are also more similar.

(B) Dolphins are closely related to hip-
popotamuses and other mammals, even
though they superficially look more like
sharks. (C) Crocodiles and birds share a
more recent common ancestor than either
does with lizards, but birds look very differ-
ent because they have undergone more
evolutfionary changes than crocodiles.

FIGURE 2.8 (A) These three trees are
equivalent: they all show that species 2
and 3 are the closest relatives. (B) These
three frees are equivalent to each other,
but they differ in the direction in which
the flow of time is shown (upward, to
the right, and down). These trees are
also equivalent to those in (A) since
again species 2 and 3 are the closest
relatives. The trees in (A) and (B) differ in
how the shapes of the branching events
are shown. (C) These two trees are not
equivalent fo each other, or to the frees
in (A) and (B), because they show dif-
ferent species as each other's closest
relatives.

but she is still more closely related to her sister. Likewise, two closely related spe-
cies may be less similar to each other than one is to a more distantly related species
(FIGURE 2.7). For instance, dolphins are more closely related to hippopotamuses and
humans than they are to sharks, even though they resemble sharks in some ways.
Dolphins have independently evolved fins and a body form adapted for swimming.
Crocodiles and lizards are superficially more similar to each other than they are to
birds, but crocodiles are more closely related to birds than they are to lizards. The
MRCA of lizards, crocodiles, and birds certainly had a lizardlike body form, but
birds evolved more differences from that ancestral form than crocodiles did. Even
though certain aspects of similarity may be used as data to determine the relationships
among species, a phylogeny portrays relationship (common ancestry), not similarity.

A phylogenetic tree may be drawn in any of several equivalent ways. The
junctions may be angular (FIGURE 2.8A) or rectangular (FIGURE 2.8B). Figure
2.8B illustrates three equivalent trees that differ in the orientation of the implied
time axis. Figure 2.8A shows that the clades arising from a branch point may
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be rotated without any change in the diagram’s meaning. Relationships among
the taxa are defined by the order of branching, not by the linear order of the tips of the
tree. However, the trees in FIGURE 2.8C represent relationships different from the
relationships portrayed in Figures 2.8A and B.

The lengths of the branches in a phylogenetic tree may or may not have any
meaning, depending on what information a researcher means to convey. If the
tree conveys only branching order, the relative lengths of branches have no sig-
nificance. If the tree is accompanied by an absolute time scale, however, the posi-
tions of branch points indicate when those events occurred. In some phylogenies,
the length of a branch indicates the number of evolutionary changes (e.g., DNA
nucleotide substitutions) that occurred on that branch.

Inferring phylogenies: An introduction

It can be difficult to determine phylogenetic relationships, and so evolutionary biolo-
gists are developing increasingly sophisticated methods. We will touch on some of
the difficulties and methods in Chapter 16. At this point we consider one simplified
approach, in order to convey the basic ideas.

Our estimate of how taxa are related to one another is based on characteristics
that are homologous among the taxa, such as the forelimb bones of tetrapod
(four-legged) vertebrates (FIGURE 2.9). Features are homologous among species if
they have been inherited from common ancestors. Homology describes not only
morphological and other phenotypic features, but also DNA sequences.

Adapted for swimming Adapted for running Adapted for grasping

___—Humerus

. _—Ulna
Radlus\’

__—Carpals
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000
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3 4°

Early tetrapod

Horse

Pterosaur (extinct) Bird

FIGURE 2.9 Forelimb skeletons of some tetrapod vertebrates. Compared with the
"ground plan,” as seen in the early tetrapod, bones have been lost or fused (e.g., horse,
bird) or modified in relative size and shape. Modifications for swimming evolved in the
seal, for running in the horse, for grasping in the human, and for flight in the bird, baf, and
pterosaur. All the bones shown are homologous among these organisms except for the
sesamoid bone (S) in the pterosaur; this bone has a different developmental origin from
the rest of the limb skeleton. (After [7].)
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In some cases, fossils provide very important information about the evolution-
ary history of a group, including relationships among its members (see Chapter
16). But many groups of organisms have left no fossil record at all, and even in the
best cases, the fossil record is incomplete. We will concern ourselves mostly with
how to infer phylogenies from data on living organisms. Each trait of an organ-
ism (e.g., the number of toes on a hindlimb) is called a character, which may have
various character states (e.g., five toes in humans, three in rhinoceroses, one in
horses). All kinds of phenotypic characters have been used, especially morpho-
logical features (which are usually the only features we can use for fossilized
extinct taxa). Phylogenetic study has been revolutionized by DNA sequencing,
which reveals variation at thousands or even millions of base pair positions in
homologous DNA sequences. Each position (“site”) on one strand of the double
helix represents a character, and the identity of its nucleotide base (A, T, C, or G)
represents a character state.

Homologous character states that are shared among species provide evidence of
common ancestry if they evolved only once. Using DNA sequence data, we begin
our discussion of how phylogenies are estimated with an example. Imagine that we
want to find the phylogeny showing the evolutionary relations among three species
of squirrels in the genus Sciurus. We have sequenced part of the hemoglobin gene
from an individual of each of four species: the eastern gray squirrel (Sciurus caroli-
nensis), western gray squirrel (S. griseus), fox squirrel (S. niger), and ground squirrel
(Spermophilus citellus) (FIGURE 2.10A). The homologous sequence fragments from
the hemoglobin gene are shown in FIGURE 2.10B. The ground squirrel serves as
an outgroup. This is a taxon that we are quite sure (based on prior evidence) is
more distantly related to the three species of interest. Those three species are the
ingroup. The outgroup/ingroup distinction immediately gives us a basic framework
for the phylogenetic tree: the outgroup and the ingroup form two branches from the
common ancestor of all the species. Given this framework, there are three possible
evolutionary trees for these species (FIGURE 2.10C).

We know from many studies of the hemoglobin gene that changes to the
sequence are rare over short evolutionary time spans. This means that if we
compare possible phylogenies, those that require fewer evolutionary changes are
more likely to reflect actual relationships than are those with more changes. That
logic makes it simple to find the evolutionary tree that most likely represents the
history of the four DNA sequences and hence the four species of squirrels.

Look at tree 1 in Figure 2.10C. At site 3, the eastern and western gray squirrels
share an A, and they differ from the other two species, which share a T. Starting
with the DNA sequence at the root of the tree, the evolution from T to A (shown
by the red bar on the tree) happened in the common ancestor of these two spe-
cies. At site 9, the evolution from A to T occurred in the ancestor of the fox squir-
rel (shown by the blue bar). Tree 2 therefore involves two evolutionary changes.

Now consider tree 2. At site 3, there were two changes from T to A (shown by
the two red bars) and again one change at site 9, for a total of three changes. The
same conclusion applies to tree 3: at least three changes must have occurred to
produce the data at the tips of the tree, that is, the DNA sequences from the four
species. (We can imagine other scenarios for where and when changes occurred
on the tree, but they all require at least three changes.)

To sum up, the phylogeny that requires the fewest evolutionary changes is tree 1.
Given our assumption that evolutionary changes to the hemoglobin sequence are
rare, this is the most likely phylogeny. This logic for estimating phylogenies is called
parsimony. A final question you may have is how we could possibly have known the
DNA sequence of the ancestor at the root of the tree. For example, that species could
have had an A rather than a T at site 1. But if it did, all three phylogenies require at
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FIGURE 2.10 A simple example illustrates the logic of one method of inferring phy-
logenies. (A) Four species of squirrels. The aim is to determine relationships among
three species of Sciurus (species 2, 3, and 4). The ground squirrel (Spermophilus citellus;
species 1) is an outgroup. (B) Hypothetical sequences of a small part of a hemoglobin
gene in the four species. Note the differences among the species at sites 3 and 9. (C)
There are three possible relationships (frees 1, 2, and 3) among the three ingroup faxa
(fox, eastern gray, and western gray squirrels). In tree 1, the red bar indicates the single
evolutionary change at site 3 from T to A in the ancestor of species 3 and 4 (eastern and
western gray squirrels). The blue bar in the species 2 lineage marks evolution from A to
T at site 9. Trees 2 and 3 would require us to suppose that evolutionary changes hap-
pened fwice af sife 3, shown by two red bars. Based on the assumption that each base
pair difference among the species evolved only once, free 1is the correct tree.

least three evolutionary changes. (Convince yourself by trying it out!) So the most
likely hypothesis is that the ancestor had the sequence shown at the root, and that
species then gave rise to four living species by the phylogeny shown in tree 1.

This example touches on two points that we will explore in detail in Chapter
16. First, the logic behind our approach here is to find the most likely tree. In this
example, it is the tree in which a change at any given base happens only once.
With other cases, however, that is no longer true. (The same mutation is likely
to happen more than once when mutation rates are very high, the evolutionary
time scale is very long, or there are many species in the phylogeny.) Second, the
evolutionary tree of the hemoglobin gene probably reflects the evolutionary tree
of the squirrel species, but there are situations in which it will not. For example,
if two distantly related squirrel species hybridized in the past, the hemoglobin
gene from one species might have spread through the other. That would cause
the sequences of their hemoglobin genes to make the species seem more closely
related than they really are.

THE TREE OF LIFE
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H. niveus

H. neglectus

H. petiolaris

H. annuus

H. argophyllus
FIGURE 2.11 Hybrid origin of some diploid
species of sunflowers. The phylogeny,
based on sequences of chloroplast DNA
and nuclear ribosomal DNA, shows that Heli-
anthus anomalus, H. paradoxus, and H. de-

serticola have arisen from hylbrids between
H. annuus and H. petiolaris. (After [11].)

FIGURE 2.12 Genes that encode the
enzymes that synthesize carotenoid com-
pounds are found in one group of aphids,
but not in any other animal that has been
studied. This phylogeny of copies of a gene
found in aphids and of the homologous
gene in fungi shows that the ancestor of
these aphids acquired the gene from a fun-
gus. The photo shows pea aphids (Acyrtho-
siphon pisum) that have this gene. (After [27];
photo courtesy of Nancy Moran, University
of Texas at Austin.)

Sometimes the information about DNA
sequences or other characteristics simply is
insufficient to resolve the relationships among
taxa. (Often the tree will then be shown with
a polytomy, a node from which three or more
lineages emerge.) That often is the case if suc-
cessive speciation events happened so rapidly
that there was not enough time for many
mutations to become fixed in between succes-
sive branching points.

H. anomalus (sand dune)
H. deserticola (desert floor)

H. paradoxus (salt marsh)

Variations on the Phylogenetic Theme
Branches of a phylogenetic free sometimes rejoin

The results of phylogenetic studies are often consistent with the assumption that the
various lineages that arise from common ancestors remain separate and diverge from
each other—that the tree consists only of bifurcations. But branches sometimes rejoin,
in whole or in part, so that relationships among organisms may form a network rather
than just a branching tree. For example, some species have evolved from hybrid
crosses between two different ancestors, a pattern that is especially common in plants
(FIGURE 2.11). In these cases of hybrid speciation, various phenotypic features and
DNA markers throughout the genome reveal two ancestral sources.

More commonly, analysis of one or a few genes suggests a radically differ-
ent phylogeny than most other genes. For example, aphids are obviously insects,
based on both their morphology and almost all DNA sequences. A few species
of aphids, unlike almost all other animals, can synthesize carotenoid pigments.
A phylogenetic analysis of the genes that enable this biosynthesis placed these
aphids among the fungi—clear evidence that they acquired these genes from
a fungus (FIGURE 2.12). In contrast to “vertical” inheritance of genes by off-
spring from parents, such nonreproductive passage of genes among organisms is
horizontal gene transfer (HGT; see Chapter 4). The genome of most eukaryotes,
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including humans, includes at least a few genes that have been horizontally
acquired during their ancestry [4].

Among prokaryotes, both during the early evolution of life and among living bac-
teria, HGT has played a major evolutionary role [1, 6]. Bacteria acquire genes from
other species by many mechanisms, including transfer of plasmids and other mobile
genetic elements, and natural transformation: uptake of DNA that has been released
into the environment by the death of other bacterial cells. HGT among some bacteria
can be so frequent that their relationships may look more netlike than treelike. HGT
has enabled some bacteria to metabolize new nutritional substrates and to adapt to
toxic environments, including antibiotics. Methicillin-resistant Staphylococcus aureus
(MRSA) is a dangerous pathogen, especially prevalent in hospitals, that has evolved
resistance to almost all antibiotics, partly by HGT from other bacteria. Pathogenic
Clostridium difficile and Escherichia coli are among the other species that have acquired
antibiotic resistance by HGT [17]. A major concern is that human pathogens can
acquire antibiotic resistance from the bacteria that inhabit cattle and other livestock
that are routinely treated with antibiotics in order to promote rapid growth [25].

Not only organisms have “phylogenies”

So far we have been concerned with inferring phylogenetic trees of species. But the
same methods can shed light on the history of any diverse objects that have arisen
by a history of divergence from common ancestors. For example, different copies of
a gene, whether within a single species or in more than one species, have a history
of descent from common ancestral genes. (We already have encountered this notion
in using hypothetical squirrel genes to understand a basic phylogenetic method.) A
branching tree that portrays the history of DNA sequences of a gene (haplotypes) is
often called a gene tree or a gene genealogy (see Chapter 7). For example, the tree
that portrays a gene acquired by aphids from fungi (see Figure 2.12) is a gene tree. A
more usual kind of gene tree is illustrated for the mitochondrial cytochrome b gene in
MacGillivray’s warbler (FIGURE 2.13). It shows that most of the haplotypes in Mexi-
can populations of this species are more closely related to one another than they are
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FIGURE 2.13 A gene tree showing the relation-

H ships among haplotypes (different sequences) of

G the mitochondrial cytochrome b gene in MacGilli-
vray's warbler (Geothlypis tolmiei), using a se-

J o ~UsA quence from the mourning warbler (G. philadel-

A phia) as an outgroup. Haplotypes are more closely

I related within a region than between regions,
implying that there is little mixture between war-

B D bler populations in Mexico and the United States.

G. philadelphia (outgroup) (After [26].)
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to haplotypes in birds from the United States. For several reasons (such
as HGT), different genes sometimes have had different phylogenetic
histories—different gene trees (see Chapter 16). Thus, a gene tree can
differ from the species free, the phylogeny of the species from which
the genes are sampled.

Organisms vary greatly in the number of functional genes in
their genome; for example, eukaryotes usually have far more genes
than prokaryotes (see Chapter 14). One of the most important pro-
cesses by which genomes have increased in size is gene duplica-
tion (see Chapter 8). A new copy of a locus (say, p) arises by dupli-
cation of a pre-existing gene (o), so that a single gene locus in an
ancestor is represented by two loci in the descendant. These two
genes will subsequently undergo different evolutionary changes in
sequence and can therefore be distinguished. If two species (1 and
2) both inherit the duplicated pair o, f from their common ancestor,
the relationships among the genes represent two forms of homol-
ogy, and so warrant different terms. The genes that originate from

an ancestral gene duplication are paralogous, whereas the genes
that diverge from a common ancestral gene by phylogenetic split-
FIGURE 2.14 When gene duplication is followed by spe- ting at the organismal level are orthologous (i.e,, homologous in
ciation, two types of relationship exist among fthe four cop- the usual sense) (FIGURE 2.14). This process may occur repeatedly
ies of the locus. The loci .in differem species that descend- over evolutionary time, generating a gene family. The history of
ed from fhe same IOCUSIRREIFmOst recent ancesfor (al gene duplication and sequence divergence—the relationships

and a2, shown in red, or 1 and B2, shown in green) are .
called orthologous. Loci in the same species or in different among the ortholog(?us and paralogous genes m.two of more spe-
cies—can be determined by standard phylogenetic methods. In the

species that descended from different duplicate genes in e th p lobi
the ancestral species are shown as differing in color, such human genome, for example, the 12 members of the globin gene

Species 1 Species 2
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as al and 2. They are called paralogous genes. Homolo- family include genes that encode myoglobin and several a- and
gous loci in different species are more closely related than p-hemoglobin chains (FIGURE 2.15). The origin of myoglobin and
are paralogous loci within the same species. hemoglobin by duplication of an ancestral globin gene occurred
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ized by . (After [13, 22].)

FIGURE 2.15 Phylogeny of genes in the globin




during the ancestry of the vertebrates, all of which have both genes. The a- and
B-hemoglobins arose by gene duplication in the ancestor of jawed vertebrates,
all of which have a functional hemoglobin composed of both a- and f-chains,
whereas the jawless vertebrates (e.g., lampreys) have only a single hemoglobin
chain. The origin of the other globin genes can be similarly traced based on their
sequences and phylogenetic distribution. A more extended description of the evo-
lution of gene families, and of genome size, is provided in Chapter 14.

Cells give rise to lineages of cells by division, and these lineages can be traced
by the somatic mutations that arise and are inherited by descendant cells. Biolo-
gists are beginning to use the “phylogeny” of cells to trace the developmental
history of the brain and other organs [24], and phylogenies of tumor cells are
important for studying the source and spread of metastatic cancers [28]. And the
applications of phylogenetic methods extend beyond biology. French, Spanish, and
the other Romance languages evolved from Latin, an example of nongenetic cul-
tural evolution. Students of cultural evolution are increasingly using phylogenetic
methods, borrowed from evolutionary biology, to analyze the history of languages
and other cultural traits (see Chapter 16).

Phylogenetic Insights into Evolutionary History

Phylogenetic studies, sometimes in concert with information from the fossil record,
enable biologists to piece together the evolutionary history of organisms and their
characteristics, ranging from DNA sequences to geographic distributions. They doc-
ument patterns of evolution—aspects of change that are common to many groups of
organisms. Some of these patterns were already known to Darwin and his followers,
but have been studied in depth using phylogenetic and other methods.

Inferring the history of character evolution

One of the most important uses of phylogenetic information is to reconstruct the
history of evolutionary change in interesting characteristics by “mapping” character
states on the phylogeny and inferring the state in each common ancestor, right back to the
root of the entire tree. In the simplest methods, we assign to ancestors those character
states that require us to postulate the fewest evolutionary changes for which we lack
independent evidence. This method enables us to infer when (i.e., on which branch
or segment of a phylogeny) changes in characters occurred, and thus to trace their
history.

Humans, for example, have nonopposable first (great) toes, while the orangutan,
gorilla, and chimpanzee have opposable first toes (like our thumbs). In FIGURE 2.16
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FIGURE 2.16 Inferring ancestral charac-
ter states. Two possible histories of the
evolution of opposable (O) versus nonop-
posable (N) toes in the Hominoidea (O,
orangutan; G, gorilla; C, chimpanzee; H,
human) are shown. At left, if nonopposable
toes (open circles) are hypothesized for

A;, the common ancestor of chimpanzee
and human, two stafe changes must be
postulated. At right, opposable toes are
hypothesized for A;, and only one change
need be postulated. Assuming that charac-
fer state changes are rare, the more likely
hypothesis is that humans evolved from an
ancestor with opposable toes.
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we consider two possible evolutionary histories. The common ancestors are labeled
A, A, and A, from older to younger. If we assume that A; and A, had opposable
toes and that A, the immediate common ancestor of chimpanzees and humans, had
nonopposable toes, we have to postulate two changes, with the chimpanzee revert-
ing to the ancestral state (see left figure). If, however, we assume that A, like A, and
A,, had opposable toes, we need to infer only one evolutionary change, namely the
shift to nonopposable toes in the human lineage that is shown in the right figure. If
we assume that changes between these states are very rare, the tree with the fewest
changes is the most likely. This leads to the conclusion that the common ancestor of
humans and chimpanzees had opposable toes.

Estimating time of divergence

In the 1970s, when DNA sequencing was very difficult, researchers compared
the amino acid sequences of proteins in pairs of species that were known to have
diverged from their common ancestors at various times in the past. For example, pigs
and cows belong to groups that are first recorded as fossils in the Eocene, about 50
million years ago (Mya), so they diverged from their common ancestor at least that
long ago. When a few proteins were sequenced from different species, and the corre-
sponding DNA sequence differences were plotted against such estimated divergence
times, a close relationship was found (FIGURE 2.17). That is, the proportion of base
pairs that differ between homologous DNA sequences in two species increases with
the amount of time that has elapsed since the species originated from their common
ancestor. As long as the increase is linear with time (as shown in Figure 2.17), the
difference in sequence can serve as molecular clock. Figure 2.17 shows that if you
were to sequence the same genes for two species of mammals and find 45 nucleotide
differences, you could read horizontally across to the best-fit line, and then down to
the time axis. Even if the mammal species belong to lineages that lack a fossil record,
you might estimate that they diverged about 74 Mya—as long as you assume that the
genes in these lineages have evolved at the same rate as in the mammals with fossil
records that were used to determine the original correlation of sequence difference
with time. The fossils have been used to calibrate the rate, r, at which these genes
have evolved in mammals. If r is roughly constant within a clade of organisms, the
expected difference D between two species, each evolving at rate 7, is D = 2rtf, where
tis time since they split from their common ancestor; hence t is estimated as t = D/2r.
(The factor 2 appears because the genes have evolved along each of the two lineages
that descended from the most recent common ancestor.)

Rates of evolution differ among the different positions in codons and among dif-
ferent genes in the genome (see Chapter 7). Rates of sequence evolution also differ

75
FIGURE 2.17 This plot of base pair differences against time since
divergence was some of the earliest evidence that the rate of
sequence evolution might be approximately constant. Each point
represents a pair of living mammal species whose most recent
common ancestor, based on fossil evidence, occurred at the time
indicated on the x-axis. (The fossil would indicate the minimal age of
the lineage to which a living species belongs.) The y-axis shows the
number of base pair differences between the species, inferred from
the amino acid sequences of seven proteins. The three green circles
represent pairs of primate species, which have diverged more
slowly than other mammal groups. The arrows show how we would 0 | v | |
estimate that a pair of species with 45 base pair differences shared a 25 50 75 100 125
common ancestor about 74 Mya. (After [21].) Mya (millions of years ago)
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among groups of organisms, especially distantly related taxa: there is not a universal
molecular clock. For example, sequence evolution among hominoid primates (apes,
including humans) has been slower than among other primates and mammals (see
Figure 2.17). Differences in generation time and in mutation rate are among the fac-
tors that have been proposed to explain why rates of sequence evolution vary among
taxa [8, 9, 23].

Patterns of evolution

Data on morphological and other characteristics of organisms were used to infer
phylogenetic inferences before DNA sequences were available, and these charac-
teristics are still used in some studies. A phylogenetic perspective on the diversity of
organisms and their characteristics enables biologists to trace patterns of evolution of
various characteristics. The inferred patterns provide massive evidence that species
have evolved from common organisms; that is, they are very strong evidence for the
fact of evolution (BOX 2B).

MOST FEATURES OF ORGANISMS HAVE BEEN MODIFIED FROM PRE-EXISTING FEA-
TURES Phylogenetic analysis is based on homologous features, those derived from
common ancestors. It is made possible by one of the most important principles of
evolution: the features of organisms almost always evolve from pre-existing features
of their ancestors; they do not arise de novo, from nothing. By analyzing homologous
characters, biologists have documented many fascinating evolutionary changes in
form and function. The middle-ear bones of mammals evolved from jaw bones of
reptiles (see Chapter 20). The wings of birds, bats, and pterosaurs are highly modi-
fied forelimbs (see Figure 2.9); they do not arise from the shoulders (as in angels
and dragons), presumably because the ancestors of these animals had no shoulder
structures that could be modified for flight. Homologous morphological characters in
different species generally have similar genetic and developmental underpinnings,
but these foundations have sometimes undergone greater divergence than have the
finished products. Likewise, existing proteins have been modified from ancestral
proteins and have new functions (see Chapter 14).

A character may be homologous among species (e.g., toes), but a given character
state may not be (e.g., a certain number of toes). The pentadactyl (five-toed) state is
homologous in humans and crocodiles (both have an unbroken history of pentadac-
tyly as far back as their common ancestor), but the three-toed state in guinea pigs
and rhinoceroses is not homologous, for this condition has evolved independently in
these animals by modification from a five-toed ancestral state.

Determining whether or not characters of two species are homologous can
be difficult. The most common criteria for hypothesizing homology of anatomical
characters are correspondence of position relative to other parts of the body and
correspondence of structure (the parts of which a complex feature is composed).
Correspondence of shape or of function is not a useful criterion for homology
(consider the forelimbs of a horse and an eagle). Embryological studies are
often important for hypothesizing homology. For example, the structural cor-
respondence between the hindlimbs of birds and crocodiles is more evident in
the embryo than in the adult because many of the bird’s bones become fused
as development proceeds. Homology between DNA sequences is determined by
finding an alignment that maximizes the match between nucleotides; often there
are “gaps,” caused by past deletions or duplications (see Chapter 16).

RATES OF CHARACTER EVOLUTION DIFFER  Like DNA sequences, different phe-
notypic characters evolve at different rates, as is evident from the simple observation
that any two species differ in some features but not in others. Some characters, often

THE TREE OF LIFE

43



44 CHAPTER 2

Evidence for Evolution

Both before and since Darwin, systematists have classified
organisms by comparing characteristics among them. Dar-
win drew on much of this information as evidence for his
theory of descent from common ancestors. Since Darwin'’s
fime, the amount of comparative information has increased
greatly, and today it includes data not only from the tra-
ditional realms of morphology and embryology, but also
from cell biology, biochemistry, and molecular biology.

All of this information is consistent with Darwin’s hypoth-
esis that living organisms have descended from common
ancestors. Indeed, innumerable biological observations
are hard fo reconcile with the alternative hypothesis, that
species have been individually created by a supernatu-
ral being, unless that being is credited with arbitrariness,
whimsy, or a devious intent to make organisms /ook as if
they have evolved. From the comparative dafta amassed
by systematists, we can idenfify several patterns that
confirm the historical reality of evolution and which make
sense only if evolution has occurred.

1. The hierarchical organization of life. Linnaeus discov-
ered fthat organisms fall "nafurally” into the hierarchical
system of groups-within-groups. A historical process of
branching and divergence will yield objects that can
be hierarchically ordered, but few other processes will
do so. Forinstance, languages can be classified in a
hierarchical manner, but elements and minerals cannot.

N
.

Homology. Similarity of structure despite differences

in function follows from the hypothesis that the char-
acteristics of organisms have been modified from the
characteristics of their ancestors, but it is hard fo recon-
cile with the hypothesis of intelligent design. Design
does not require that the same bony elements form the
frame of the hands of primates, the digging forelimbs

of moles, the wings of bats, birds, and pterosaurs, and
the flippers of whales and penguins (see Figure 2.9).
Modification of pre-existing structures, not design,
explains why the stings of wasps and bees are modi-
fied ovipositors and why only females possess them. All
protfeins are composed of “left-handed” (L) amino ac-
ids, even though the "right-handed” (D) optical isomers
would work just as well if proteins were composed
only of those. But once the ancestors of all living things
adopted L amino acids, their descendants were com-
mitted fo them; infroducing D amino acids would be as
disadvantageous as driving on the right in the United
Kingdom or on the leff in the United States. Likewise,
the nearly universal, arbitrary genetic code makes sense
only as a consequence of common ancestry.

Embryological similarities. Homologous characters
include some features that appear during develop-
ment, but would be unnecessary if the development
of an organism were not a modification of its ances-
fors' ontogeny. For example, tooth primordia appear
and then are lost in the jaws of fetal anteaters. Early in
development, human embryos briefly display bran-
chial pouches similar to the gill slits of fish embryos,
and they have a long fail that mostly undergoes cell
death and is lost.

Vestigial characters. The adaptations of organisms
have long been, and still are, cited by creationists as
evidence of the Creator's wise beneficence, but no
such claim can be made for the features, displayed
by almost every species, that served a function in the
species’ ancestors, but do so no longer. Cave-dwell-
ing fishes and other animals display eyes in every
stage of degeneration. Flightless beetles retain rudi-

called conservative characters, are retained with little or no change over long peri-
ods among the many descendants of an ancestor. For example, humans retain the
pentadactyl (five-toed) limb that first evolved in early amphibians (see Figure 2.9).
All amphibians and reptiles have paired systemic aortic arches, and all mammals
have only the left systemic arch. Body size, in contrast, evolves more rapidly; within
orders of mammals, it may vary at least 100-fold.

Evolution of different characters at different rates within a lineage is called
mosaic evolution (FIGURE 2.18). It is one of the most important principles of evo-
lution, for it says that a species evolves not as a whole, but piecemeal: many of its
features evolve more or less independently. Every species is a mosaic of plesiomor-
phic (ancestral, or “primitive”) and apomorphic (derived, or “advanced”) charac-
ters. For example, the amphibian lineage leading to frogs split from the lineage
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mentarywings, concealed in some species beneath
fused wing covers that would not permit the wings
fo be spread even if there were reason to do so. In
The Descent of Man, Darwin listed a dozen vestigial
features in the human body, including the appendix,
the coccyx (four fused tail vertebrae), and the poste-
rior molars, or wisdom teeth, that fail fo erupt, or do
so aberrantly, in many people. At the molecular level,
every eukaryotfe's genome confains numerous non-
functional DNA sequences, including pseudogenes:
sequences that retain some similarity to the functional
genes from which they have been derived (see Chap-
ter 13).

Convergence. There are many examples, such as

the eyes of vertebrates and cephalopod molluscs, in
which functionally similar features actually differ pro-
foundly in structure (see Figure 2.20). Such differences
are expected if structures are modified from very
different ancestral features, but are inconsistent with
the notion that an omnipotent Creator, who should be
able to adhere to an optimal design, provided them.
Likewise, evolutionary history is a logical explana-

fion (and creation is not) for cases in which different
organisms use very different structures for the same
function, such as the various modified structures that
enable different vines to climb.

Suboptimal design. Evolutionary history explains
many features that no intelligent engineer would be
expected to design. For example, the paths followed
by food and air cross in the human pharynx, so that
we risk choking on food. The human eye has a “blind
spot,” which you can find at about 15° fo the right or
left of your line of sight. It is caused by the functionally
nonsensical arrangement of the axons of the retinal
cells, which run forward info the eye and then con-

7.

by extending back through it toward the brain (see
Figure 2.20).

Geographic distributions. The study of systematics
includes the geographic distributions of species and
higher taxa. This subject, known as biogeography, is
freated in Chapter 18. Suffice it to say that the distri-
butions of many taxa make sense only if they have
arisen from common ancestors. For example, islands
have few species, even though the habitats there are
suitable for a great many species that occur only on
continents. We know this because many continen-

fal species thrive on islands fo which humans have
inadvertently carried them. They must have originated
on the continent, but failed to colonize the islands
without human aid.

Intermediate forms. The hypothesis of evolution by
successive small changes predicts the innumerable
cases in which characteristics vary by degrees among
species and higher taxa. Among living species of
birds, we see gradations in beaks; among snakes,
some retain a vestige of a pelvic girdle and others
have lost it altogether. At the molecular level, the dif-
ference among DNA sequences for the same protein
ranges from almost none among very closely related
species through increasing degrees of difference as
we compare more remotely related taxa.

For each of these lines of evidence, hundreds or thou-
sands of examples could be cited from studies of living

species. Even if there were no fossil record, the evidence

from living species would be more than sufficient to
demonstrate the historical reality of evolution: all organ-
isms have descended, with modification, from common
ancestfors. We can be even more confident than Darwin
and assert that all organisms we know of are descended
from a single original form of life.

verge into the optic nerve, which interrupts the retina

leading to mammals before the mammalian orders diversified, so in terms of
order of branching, frogs are an older branch than cows or humans. In that sense,
frogs might be assumed to be more ancestral. But frogs have some ancestral fea-
tures (e.g., five toes on the hind foot, multiple bones in the lower jaw) and some
features (e.g., lack of teeth in the lower jaw) that are more derived than those
of many mammals, in that they have changed further from the ancestral state.
Moreover, numerous differences among frog species have evolved in the recent
past. For example, some frogs give birth to live young. Humans also have both
ancestral characters (e.g., five fingers; teeth in the lower jaw) and derived char-
acters compared with those of frogs (e.g., a single lower jawbone, a much more
complex brain). Because of mosaic evolution, it is inaccurate or even wrong to consider
one living species more “advanced” than another.




Ancestral features include
short ribs, small cranium

and multiple bones in the
lower jaw (not visible).

Derived features include
loss of teeth in lower jaw and
reduction of 5 to 4 fingers

(B)

Derived features
include large cranial size
and single jaw bone

Ancestral features include

FIGURE 2.18 Mosaic evolution. The skel-
eton of a frog (A) shows ancestral (“primi-
five") characters such as short ribs, a small
cranium, and multiple bones in the lower
jaw (noft visible in photo). In mammals such
as humans (B), the ribs connect to a breast
bone, the lower jaw has a single bone, and
the enlarged cranium houses a large brain—
derived characters. Characters that are more
derived in frogs than in humans include loss
of teeth in the lower jaw, reduction from
five to four fingers, fused tibia and fibula in
the hind leg, and fusion of fail bones into a
rod (urostyle).

A

FIGURE 2.19 Graded differences in bill length in these closely
related members of the sandpiper family suggest that evolution
has been gradual. (A) Upland sandpiper (Bartramia longicauda).
(B) Whimbrel (Numenius phaeopus). (C) Eurasian curlew (Numenius
arquata). (D) Long-billed curlew (Numenius americanus).

5 fingers on the hand.

EVOLUTION IS OFTEN GRADUAL Darwin argued that evolution proceeds by
small successive changes (gradualism) rather than by large “leaps” (saltations).
How often phenotypes evolve by discrete rather than gradual change is debated.
Many higher taxa that diverged in the distant past (e.g., the animal phyla; many
orders of insects and of mammals) are very different and are not bridged by inter-
mediate forms, either among living species or in the fossil record. However, the
fossil record does document intermediates in the evolution of some higher taxa
(see Chapters 17 and 20). Gradations among living species are very common, as
we would expect if characters evolve gradually. For example, the length and shape
of the bill differ greatly among species of sandpipers, but the most extreme forms
are bridged by species with intermediate bills (FIGURE 2.19).

B) (©)
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The nerve cells leaving
the retina gather into a
single optic nerve.

Retina

Photoreceptor

The photoreceptors point

toward the incoming light. Retinal nerve cells form networks

that extensively process visual
information before signals go
to the brain.

HOMOPLASY IS COMMON Homoplasy—the independent evolution of a char-
acter or character state in different taxa—includes convergent evolution (conver-
gence), parallel evolution (parallelism), and evolutionary reversal. The eyes of
vertebrates and cephalopod molluscs (such as squids and octopuses) are a spec-
tacular example of convergence. Both have a lens and a retina, but their many
profound differences indicate that they evolved independently from ancestors
without eyes. For example, the axons arise from the back of the retinal cells in
cephalopods, but from the front in vertebrates (FIGURE 2.20).

Parallel evolution is a term that has been used to describe cases in which
independent evolution of a character state is thought to have similar genetic and
developmental bases, especially in closely related species. For example, muta-
tional change in a specific gene, Pitx1, is the basis of independent loss of the
pelvic girdle and fins in many freshwater populations of a small fish, the three-
spined stickleback (see Chapter 15). But the distinction between parallel evolu-
tion and convergent evolution may not be very meaningful because, as we will
see, the same gene often contributes to similar evolutionary changes in distantly
related organisms.

Evolutionary reversals constitute a return from a derived character state to
a more ancestral state [29]. For example, winged insects evolved from wingless
ancestors, but many lineages of insects have lost their wings in the course of
subsequent evolution. It was long assumed that complex characters, once lost,
are unlikely to be regained, a principle known as Dollo’s law. However, there are

The photoreceptors point away
from the incoming light,

so the light must pass through the
retinal tissue to stimulate the
photoreceptors.

FIGURE 2.20 The eyes of (A) octopus
(cephalopod mollusc) and (B) a vertebrate
are an extraordinary example of conver-
gent evolution. Despife the many simi-
larities in the two eyes, note the several
differences, including interruption of the
retina by the optic nerve in the vertebrate,
but not in the cephalopod. (A after [34, 35];
B after [33].)
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CHAPTER 2

Other families
(e.g., Salamandridae) A

Plethodon cinereus
P. serratus

P. ouachitae

P. yonahlossee

P. welleri

P. elongatus

P. vehiculum

P. vandykei

Ensatina eschscholtzii m

Plethodontidae Aneides lugubris

A. aeneus

Phaeognathus hubrichti

Desmognathus wrighti (w

D. aeneus
D. quadramaculatus

D. brimleyorum

D. monticola f

FIGURE 2.21 A violation of Dollo's law is illustrated by the larval stage in salamanders.
Red lineages have an aquatic larval stage; green lineages lack this stage and undergo
direct development to the adult form. Most families of salamanders (e.g., Salamandri-
dae) have an aquatic larval stage, an ancestral feafure of salamanders. It is absent—a
derived state—in most members of the family Plethodontidae (green lineages). But one
lineage of this family has aquatic larvae, as shown in red: Desmognathus quadramacu-
latus, D. brimleyorum, and D. monticola. Because this lineage is phylogenetically
nested within a large group of taxa that lack the larval stage, we can infer that the
aquatic larval stage has re-evolved. (After [2].)

exceptions to Dollo’s law [3]. The ancestral life history pattern of salamanders
includes an aquatic larval stage with features such as gills and parts of the skele-
ton that differ from the adult stage. The aquatic larval stage, characteristic of most
salamanders, has been lost in the evolution of the terrestrial subfamily Plethod-
ontinae, but phylogenetic analysis showed that it has been regained in one lin-
eage of this subfamily, the dusky salamanders (Desmognathus; FIGURE 2.21).
However, the terrestrial plethodontines develop certain features of the aquatic
larval skeleton as they develop in the egg, even though they have adult features
when they hatch [19]. This observation suggests that the genetic and develop-
mental potential for producing a “lost” character may persist for a long time, and
be capable of again generating the lost phenotype under some conditions.
Convergent features are often adaptations by different lineages to similar
environmental conditions. In fact, a correlation between a particular convergent
character in different groups and a feature of those organisms’ environment or



FIGURE 2.22 Examples of convergent evolution. Many groups of birds have indepen-
dently evolved long, slender bills for feeding on nectar produced at the base of long
tubular flowers. (A) Hummingbirds, family Trochilidae. This violet sabrewing (Campy-
lopterus hemileucurus) is from Costa Rica. (B) Sunbirds, family Nectariniidae. The greater
double-collared sunbird (Nectarinia afra) is native to South Africa. Bird-pollinated
plants also have converged, in flower characteristics. A long tubular flower, often red
or orange, has evolved independently in many groups of bird-pollinated plants.

(C) Erythrina, a member of the pea family, Fabaceae. (D) Many species of Aloe (Aspho-
delaceae) are visited by sunbirds in Africa and the Middle East.

niche is often the best initial evidence of the feature’s adaptive significance. For
example, a long, thin beak has evolved independently in at least six different lin-
eages of nectar-feeding birds. Such a beak enables these birds to reach nectar in
the bottom of the long tubular flowers in which they often feed (FIGURE 2.22A,B).
Likewise, long tubular flowers have evolved independently in many lineages of
bird-pollinated plants (FIGURE 2.22C,D).

Convergence is also observed at the molecular level. Cardiac glycosides (CGs)
are toxic compounds that are synthesized and used for defense by several lin-
eages of plants (e.g., milkweeds, family Apocynaceae) and animals (e.g., toads,
family Bufonidae). They inhibit the sodium-potassium pump protein, and so
upset cell membrane potentials by disrupting ion transport. Many insects that
feed on plants with CGs are resistant to them and actually achieve protection
by storing them in their own tissues. Toads are resistant to their own toxin, and
resistance has also evolved independently in some rodents, hedgehogs, and four
lineages of snakes and lizards that eat toads or CG-containing insects (FIGURE
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Glutamine (Q) changed
independently to arginine (R)
in these four lineages.

FIGURE 2.23 Rampant convergent
evolution in a protein. A diagram of
part of the sodium-potassium pump
protfein, showing the four positions

at which amino acids in the extracel-
lular domain (open circles) have been
independently substituted in diverse
animals. For example, a change

from glutamine to arginine occurred
independently in four lineages (red
arrows). Amino acids are designated
by their single-letter abbreviations: D,
aspartic acid; E, glutamate; G, glycine;
H, histidine; L, leucine; N, asparagine;
Q, glutamine; R, arginine. (After [32].)

Extracellular
Membrane

Cytoplasmic

2.23). In all of these cases, only four of the amino acids that compose the pro-
tein have been replaced, with exactly the same amino acid substitutions in some
cases. The Australasian lineage of Varanus lizards, including the giant Komodo
dragon, has lost resistance, and the two amino acid positions have reverted pre-
cisely to their ancestral states (glutamine and glycine) [32].

PHYLOGENIES DESCRIBE PATTERNS OF DIVERSIFICATION If the time of each
branching point in a phylogeny has been estimated by a calibrated molecular
clock, the phylogeny may suggest whether new lineages arose steadily over a
long period, or episodically, in one or more bursts of diversification. Divergent
evolution of numerous related lineages within a relatively short time is called
evolutionary radiation. In most cases, the lineages become modified for different
ways of life, and the evolutionary radiation may be called an adaptive radiation
[31]. The characteristics of the members of an evolutionary radiation usually
do not show a trend in any one direction. Evolutionary radiation, rather than
sustained, directional evolutionary trends, is probably the most common pattern
of long-term evolution. The most famous example is the adaptive radiation of
finches in the Galapagos Islands. These finches, descendants of a single ances-
tor that colonized the archipelago from South America, differ in the morphol-
ogy of the bill, which provides adaptation to different diets (see Figure 2.2).
The vangas, a family of birds restricted to Madagascar, provide an even more
dramatic example, in which species differ greatly in bill morphology, foraging
behavior, diet, and habitat (FIGURE 2.24) [16, 30]. Another example of adaptive
radiation is the Hawaiian silverswords and their close relatives, members of the
sunflower family. They occupy habitats ranging from exposed lava rock to wet
forest, and their growth forms include shrubs, vines, trees, and creeping mats

(FIGURE 2.25).
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FIGURE 2.24 A spectacular adapfive radia-
tion, the vangas of Madagascar. (After [30],
bird illustrations by Velizar Simeonowski.)

(A) Argyroxiphium sandwicense (B) Wilkesia gymnoxiphium (C) Dubautia menziesii

FIGURE 2.25 Some members of the Hawaiian silversword alliance:
closely related species with different growth forms. (A) Argyroxiphium
sandwicense, a rosette plant that lacks a stem except when flowering
(as it is here). (B) Wilkesia gymnoxiphium, a stemmed rosette plant. (C)
Dubautia menziesii, a small shrub.




SUMMARY

B Modern biology has affirmed Darwin’s hypothe-

sis that all the organisms we know of, present and

past, have descended from one ancient common
ancestor. Current understanding of the hisfory
by which diverse groups have originated reveals
fascinating events, such as the symbiotic origin of
eukaryotic cells and the multiple origins of multi-
cellular organisms from single-celled ancestors.

B A phylogeny is the history of the events by
which species or other taxa have successively
originated from common ancestors. It may be
depicted by a phylogenetic tree, in which each
branch point (hode) represents the division of
an ancestral lineage into two or more lineages.
Closely related species have more recent com-
mon ancestors than distantly related species. The
group of species descended from a particular
common ancestor is a monophyletic group, or

clade; a phylogenetic tree portrays nested sets of

monophyletic groups.

W The phylogeny of a focal group of species can be
readily estimated by using characters that change

so rarely that those species that share a derived
("advanced") character state can safely be as-
sumed fo have inherited it from their common
ancestor. A character state that occurs within the
group of species can be judged to be derived
rather than ancestral if it does not occur among
other lineages (outgroups) that are related to the
focal group.

M In some cases, a phylogeny is not strictly dichoto-

mous (branching), but may include reticulation
(joining of separate lineages into one). This can
occur if some species have originated by hy-
bridization between different ancestral species
or if genes have moved "horizontally” between
organisms.

adaptive radiation evolutionary

TERMS AND CONCEPTS

B Phylogenetic methods can be used to describe
the history not only of species, but also of DNA
sequences, gene families, tumors and other cell
lineages, and cultural fraits such as languages.

B Phylogenetic analyses have many uses. An im-
portant one is inferring the history of evolution
of interesting characters by “mapping" changes
in a character onto a phylogeny that has been
derived from other data. Such systematic studies
have yielded information on common patterns
and principles of character evolution.

H The rate of evolution of DNA sequences can be
shown in some cases to be fairly constant (pro-
viding an approximate molecular clock), such
that sequences in different lineages diverge
at a roughly constant rate. The absolute rate of
sequence evolution can sometimes be calibrated
if the ages of fossils of some lineages are known.
The rate of sequence evolution can then be used
to estimate the absolute age of some evolution-
ary events, such as the origin of other taxa.

B New features almost always evolve from pre-
existing characters. Homologous characters in
different organisms are those that have been
inherited from their common ancestors, with or
without evolutionary change.

MW Different characters commonly evolve at differ-
ent rates (mosaic evolution).

B Homoplasy, including convergent evolution and
reversal, is often a result of similar adaptations in
different lineages.

M In an adaptive radiation, numerous related lin-
eages arise in a relatively short time and evolve in
many different directions as they adapft to differ-
ent habitats or ways of life. Radiation, rather than
directional trends, is perhaps the most common
pattern of long-term evolution.

reversal (reversal)

anagenesis
character gene duplication
character state gene family
clade gene tree (gene
cladogenesis genealogy)
common ancestor hf’Pl°TYPe
conservative higher taxon
character homology
convergence (homologous)
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evolution) (homoplasious)
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(divergent gene transfer
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hybrid speciation parsimony
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lineage phylogeny
molecular clock polyphyletic
monophyletic root
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Tree Thinking: An Introduction to Phylogenetic
Biology, by D. A. Baum and S. D. Smith (Rob-
erts and Company, Greenwood Village, CO,
2012), is a comprehensive introduction fo the
concepts, methods, and uses of phylogenetics
in biology, for non-specialists.

These journal articles provide infroductions to
some of the topics in this chapter:

Omland, K. E., L. G. Cook, and M. D. Crisp. 2008.
Tree thinking for all biology: The problem with

1. Suppose species 1, 2, and 3 are endemic to a
group of islands (such as the Galapagos) and are
all descended from species 4 on the mainland
(which will serve as an outgroup; its very large
population size means that no new mutations
have become fixed in its population in the fime
since the islands were colonized). We sequence
a gene and find ten nucleotide sites that differ
among the four species (among many other loci
that do not vary). The nucleotide bases at these
sites are

Species 1: GCTGATGAGT

Species 2: ATCAATGAGT
Species 3: GTTGCAACGT
Species 4: GTCAATGACA

Estimate the phylogeny of these taxa by plot-
ting the changes on each of the three possible
unrooted frees and determining which tree
requires the fewest evolutionary changes.

. Suppose the species in the previous question
are birds that differ in diet: species 1 and 3 are
insectivorous (they eat insects), and species 2
and 4 are frugivorous (they eat fruit). We also
happen to know that another frugivorous spe-
cies, species 5, is a mainland relative of species
4. Given your best estimate of the phylogenetic
history, what has been the probable history of
the evolution of diet in this clade of birds?

. Phylogenetic information is the basis for describ-
ing patterns of evolution, yet some examples of
patterns were presented without phylogenetic
trees in the text. Consider the following exam-
ples and discuss what phylogenetic evidence

SUGGESTIONS FOR FURTHER READING

PROBLEMS AND DISCUSSION TOPICS

reading phylogenies as ladders of progress.
BioEssays 30: 854-867.
Bromham, L., and D. Penny. 2003. The modern
molecular clock. Nat. Rev. Genet. 4: 216-224.
Pagel, M. 1999. Inferring the historical patterns

of biological evolution. Philos. Trans. R. Soc., B
352: 519-529.

or inference was left unstated: (a) The fusion of
hindlimb bones during embryonic development
of birds is a derived frait, not an ancestral trait,
relative to the unfused condition in crocodiles.
(b) Pentadactyly (five digits) is homologous in
humans and crocodiles. (c) The sting of a wasp

is derived from an ovipositor but is modified in
both structure and function. (d) Insects evolved
wings, but the character was lost for many wing-
less insect groups. (€) Frogs have some fraits that
are very similar to those of their deep ances-
tors (five toes on the hindlimb, multiple bones

in the lower jaw) but others that are relatively
advanced (lack of teeth in the lower jaw).

. There is evidence that many of the differences in

DNA sequence among species are not adaptive.
Other differences among species, both in DNA
and in morphology, are adaptive (as you will see
in Chapters 3, 5, and 7). Do adaptive and non-
adaptive variations differ in their usefulness for
phylogenetic inference? Can you think of ways in
which knowledge of a character’s adaptive func-
tion would influence your judgment of whether
or not that character provides evidence for rela-
tionships among taxa?

. It is possible for two different genes to imply

different phylogenetic relationships among a
group of species. What are the possible reasons
for this? If there is only one true history of forma-
tion of these species, what might we do in order
to determine which (if either) gene accurately
portrays that history? Is it possible for both phy-
logenetic trees to be accurate even if there has
been only one history of species divergence?
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Some people are thrilled by snakes, while others are repelled and fearful, but
no one can deny that they are fascinating animals. Depending on the spe-
cies, they can crawl, burrow, swim, climb trees, and even glide, all without
benefit of legs. Perhaps most amazing, they can swallow prey, whole, that are
much larger than their heads (FIGURE 3.1A). Snakes can do this because, unlike
humans, they have movable skull bones. Their lower jawbones (mandibles)
are joined to a long, movable bone so that they can drop away from the skull,
and their front ends are nof fused, but are joined by a sfretchable ligament.
The tooth-bearing maxilla bones of the upper jaw can be flexed outward, fur-
ther increasing the mouth opening. The upper and lower jaw bones on both
sides can be independently moved forward and backward to pull the prey
into the throat (FIGURE 3.1B). Ratftlesnakes and other vipers take this appara-
fus a step further: their maxilla is short and bears only a long, hollow fang—a
natural hypodermic needle—to which a duct leads from the massive poison
gland (@ modified salivary gland). The fang lies against the roof of the mouth
when the mouth is closed. When the snake opens its mouth, the short maxilla
is rotated 90 degrees, so that the fang is fully erected (FIGURE 3.1C,D).
Snakes' skulls, like many anatomical feafures, are complex mechanisms that
look as if they had been designed by engineers to perform a specified function.
They are said fo be adapted to the animal's way of life: swallowing large prey
whole. Every species has features—adapfations—that are thought to enhance
survival in its environment. For example, cacti that grow in arid environments
lack leaves and have thick, sometimes globular stems that reduce the ratio of

Wallace's flying frog (Rhacophorus nigropalmatus), which inhabits the rain forest canopy in
southeastern Asia, glides befween trees with the aid of its extensive foe webbing. This adap-
tation resulted from natural selection among individuals in ancestral populations that varied
genetically in the extent of their webbing. Modification of ancestral features to serve new
functions—such as gliding—is a common theme in evolution.
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FIGURE 3.1 (A) Most snakes, such as this
egg-eating snake (Dasypeltis), can eat prey
much larger than their heads. (B) This ability is
enabled by loose connections among many
skull bones. The movable bones of the upper
jaw are shown in blue. (C) The head of a red
diamondback rattlesnake (Crotalus ruber) in
strike mode. (D) In vipers such as rattlesnakes,
rofation of the shortened maxilla erects its
single tooth, a hollow fang. (B and D after [41].) ®) D)
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surface area (over which water is lost by evaporation) to volume (FIGURE 3.2). In
some species, a coat of hair that reflects sunlight reduces body temperature.

An adaptation is a characteristic that enhances the survival or reproduction of
organisms that bear it, relative to alternative character states. Adaptations have
evolved by natural selection, which is the centerpiece of On the Origin of Species and
of evolutionary theory, and is perhaps the most important idea in biology. It is also
one of the most important ideas in the history of human thought—"Darwin’s dan-
gerous idea,” as the philosopher Daniel Dennett [10] has called it—for it explains
the apparent design of the living world without recourse to a supernatural, omnip-
otent designer.

For hundreds of years, it seemed that adaptive design could be explained only
by an intelligent designer. In fact, this “argument from design” was considered one
of the strongest proofs of the existence of God. The Reverend William Paley wrote

(A) (B)

FIGURE 3.2 Many plants that live in arid environments have adaptations fo
reduce water loss, as in these cacti, which lack leaves. The stems, where photo-
synthesis takes place, are thick, with a low ratio of surface area to volume. This
adaptation is faken to an extreme in almost globular barrel cacti (A; Echinocac-
tus grusonii). Some cacti, such as this cholla (B; Opuntia bigelovii), have hairs
that reflect light and so reduce the temperature of the plant bodly.
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in Natural Theology [39] that, just as the intricacy of a watch implies an intelligent,
purposeful watchmaker, so every aspect of living nature, such as the human eye,
displays “every indication of contrivance, every manifestation of design, which
exists in the watch,” and must, likewise, have had a designer. When Darwin
offered a purely natural, materialistic alternative to the argument from design, he
not only shook the foundations of theology and philosophy, but also brought every
aspect of the study of life into the realm of science. His alternative to intelligent design
was design by the completely mindless process of natural selection. This process
cannot have a goal, any more than erosion has the goal of forming canyons, for
the future cannot cause material events in the present. Thus the concepts of goals or
purposes have no place in biology (or in any of the other natural sciences), except
in studies of human behavior.

Adaptive biological processes appear to have goals: animals engage in many
adaptive behaviors, and a morphological feature, such as a flower, develops
toward a suitable shape and stops developing when that shape is attained. We
may loosely describe such features by teleological statements, which express goals
(e.g., “She studied in order to pass the exam”; “Wasps sting to defend themselves
from predators”). But no conscious anticipation of the future resides in the cell
divisions that shape a flower or, as far as we can tell, in the behavior of wasps
or birds. Rather, the apparent goal-directedness is caused by the operation of a
program—coded or prearranged information, residing in DNA sequences—that
when activated by external or internal stimuli controls a process [33]. A program
likewise resides in a computer chip, but whereas that program has been shaped by
an intelligent designer, the information in DNA has been
shaped by a historical process of natural selection. Modern
biology views the development, physiology, and behavior
of organisms as the results of purely mechanical processes,
resulting from interactions between programmed instruc-
tions and environmental conditions or triggers.

Adaptive Evolution Observed

Darwin could not point to any cases in which evolutionary
change of a population or species had actually been observed,
and he supposed that evolution was much too slow for us to
see it in action. But today we can cite hundreds of examples
of adaptive evolution of morphological, physiological, and
behavioral traits that have been directly observed. Adaptive
evolution can be rapid, especially in species that have been
introduced into new regions or subjected to human altera-
tions of their environment [26, 40, 47]. For instance, several
species of insects, such as the soapberry bug (Jadera haema- 6
toloma) [5, 6], have adapted rapidly to new food plants. The o
bug feeds on seeds of plants in the soapberry family (Sapin-
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daceae) by piercing the enveloping seedpod with its slender
beak. In the last 50 years, related species of Asian trees have
been so abundantly planted in Texas and Florida that the bug
populations feed mostly on these species. Compared with the
original native host plants, the Asian tree species in Texas has
alarger pod, and the Asian tree species in Florida has a much
smaller pod. Corresponding to this difference, soapberry bug
populations in Texas have evolved a longer beak, and those in
Florida, a shorter beak (FIGURE 3.3).

2 4 6 8 10 12
Pod radius (mm)

FIGURE 3.3 Soapberry bugs (Jadera haematoloma) and the
seedpods of their native and introduced host plants in Texas and
Florida, drawn to scale. The bug's beak is the needlelike organ
projecting from the head at a right angle to the body. The average
pod radius of each host species is plotted against the average beak
length of associated Jadera populations. Beak length has evolved
rapidly as an adaptation fo the new host plants. (After [5].)
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FIGURE 3.4 Cumulative numbers of arthropod
pest species known to have evolved resistance
to five classes of insecticides. The upper curve
shows the fofal number of insecticide-resistant
species. The number has increased since these
data were tabulated. (After [34].)
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We have already seen (in Chapter 1) that bacteria can evolve resistance to anti-
biotics very rapidly. Similarly, resistance to chemical pesticides has evolved in hun-
dreds of species of insects (FIGURE 3.4), and many species of weeds have evolved
resistance to herbicides within 1020 years of field exposure. Copper, zinc, and other
heavy metals are toxic to plants, but in several species of grasses and other plants,
metal-tolerant populations have evolved where soils have been contaminated by
mine works less than 100 years old. When tolerant and nontolerant genotypes of
a species are grown in competition with other plant species in the absence of the
metal, the growth of the tolerant genotypes is often much lower than that of the
nontolerant genotypes, implying that adaptation has costly side effects [1, 32].

Commercial overexploitation has severely depleted populations of many species
of fish and has resulted in evolutionary changes as well [30]. In many species there
has been a trend toward earlier sexual maturation at a smaller size, as we predict
when larger age classes are more subject to predation (see Chapter 14). In some
species, such as Atlantic cod (Gadus morhua), these changes clearly have a genetic
basis (FIGURE 3.5A). Similarly, trophy hunting for bighorn sheep (Ovis canadensis)
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FIGURE 3.5 Evolutionary changes caused by human harvesting. (A) The age at which
50 percent of Atlantic cod reached maturity declined until 1994 when the fishery was
closed because of overfishing. Body length at 5 years of age also declined until 1994
(B) Mean horn length of 4-year-old bighorn sheep rams declined because of selection
imposed by hunting. (A after [38]; B after [8].)
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1.27
FIGURE 3.6 In North America, the critical photope-
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with the largest horns has resulted in the evolution of smaller horns (FIGURE 3.5B).
In both instances, the very quality that adds value to the resource has been dimin-
ished by the response to selection.

Some species show adaptation to the ongoing climate change caused by human
production of CO, and other greenhouse gases. In many insects, the cue for enter-
ing diapause, a state of low metabolic activity that is necessary for surviving the
winter, is a critical photoperiod (day length). Northern populations are genetically
programmed to enter diapause at a longer day length than southern populations
because cold weather arrives at northern latitudes sooner, when days are still long.
William Bradshaw and Christina Holzapfel [3] sampled populations of the pitcher-
plant mosquito (Wyeomyia smithii) from southern Canada to Florida four times
between 1972 and 1996 and experimentally measured the day length at which the
insects entered diapause. They found that during this time, the critical photope-
riod became shorter: the insects became programmed to enter diapause later in
autumn (FIGURE 3.6). The change was greatest in the most northern populations,
as expected because the increase in temperature has been greater at higher lati-
tudes. The speed of evolution was amazing, having taken as little as 5 years.

These evolutionary changes can be so rapid because populations in altered
environments, especially those altered by human activities, can experience strin-
gent natural selection, and because they contain genetic variation in many charac-
teristics—a necessary ingredient of evolution.

Natural Selection
The meaning of natural selection

In The Origin of Species, Darwin introduced natural selection with these words:

Can it ...be thought improbable, seeing that variations useful to man have
undoubtedly occurred [in domesticated animals and plants], that other
variations useful in some way to each being in the great and complex battle of
life, should sometimes occur in the course of thousands of generations? If such
do occur, can we doubt (remembering that many more individuals are born than
can possibly survive), that individuals having any advantage, however slight,
over others, would have the best chance of surviving and procreating their kind?
On the other hand, we may feel sure that any variation in the least degree
injurious would be rigidly destroyed. This preservation of favoured variations
and the rejection of injurious variations, I call Natural Selection.
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FIGURE 3.7 Two genotypes of a plant are
growing tfogether. Genotype A has a fitness
of 3, while genotype B has a fitness of 4. Both
genotypes start with 10 individuals. (A) The
population size of genotype B grows much
more rapidly. (B) Plotting the frequencies of
the two genotypes shows that genotype B,
which starts at a frequency of 0.5, makes up
almost 90% of the population just 7 genera-
fions later.
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Among several slightly different definitions of natural selection used by biologists
today [12], we use this one: natural selection is any consistent difference in fitness among
different classes of biological entities. A simple way to think of fitness is as the number
of offspring an individual leaves in the next generation. Suppose, for example, that
in a species of annual plant, only 1 of every 1000 seeds survives to reproductive age,
and that those that survive produce an average of 3000 seeds. The average fitness of
that type of individual is 0.001 x 3000 = 3. The components of fitness are survival
and reproduction. Fitness is sometimes called reproductive success, which includes
survival because organisms do not reproduce when they are dead.

If evolution by natural selection is to occur, there must be a change in the popu-
lation across generations, and this requires that the phenotypic differences among
the entities be inherited. Thus, evolution by natural selection occurs if (1) there is
a correlation between an individual’s phenotype and its fitness, and (2) variation
in the phenotype is correlated between parents and their offspring. Suppose, for
example, that in an asexually reproducing annual plant, genotypes A and B differ
in a characteristic that affects their fitness (e.g., susceptibility versus resistance to
a herbicide), and that their average fitnesses are 3 and 4, respectively. If these val-
ues are constant from generation to generation, genotype B increases in number
much faster than A, and will make up the great majority of the population within a
few generations (FIGURE 3.7). We say that the frequency (proportion) of genotype
B has increased (and conversely, that the frequency of A has declined). In sexu-
ally reproducing organisms, fitness is more complicated. Males vary in survival
and reproduction. In particular, they vary in mating success, which Darwin called
sexual selection. (In some species, females also experience sexual selection.) In
sexual species, moreover, individuals” genes replicate, but because of recombina-
tion their genotypes do not. So it can be useful to think about the fitness of a type
of gene (i.e., an allele), and consequently of selection among genes, even though
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the “entities” that differ in survival and reproduction in most discourse about evo-
lution are individual organisms with different phenotypes (individual selection).
Evolution by natural selection in sexually reproducing populations entails changes
in the frequencies of alleles at the locus (or loci) that underlies variation in the
phenotypic characteristic that influences fitness.

We will almost always discuss natural selection among genes and among heri-
table individual phenotypes because selection has no lasting evolutionary effect
without inheritance. Most of our discussion will assume that inheritance of a trait
is based on genes. However, many of the principles of evolution by natural selec-
tion also apply if inheritance is epigenetic (based on, for example, differences in
DNA methylation; see Chapter 4) or is based on cultural transmission, especially
from parents to offspring. Culture has been defined as “information capable of
affecting individuals’ behavior that they acquire from other members of their spe-
cies through teaching, imitation, and other forms of social transmission” [44].

We must be very careful to understand that natural selection is not an agent or
active power, and certainly not a purposeful one, even though the language we use
often seems to personify it, or suggest that it is an agent. Darwin coined the term
“natural selection” to parallel the selection that breeders of crops and domestic
animals use to improve desirable characteristics. In later editions of The Origin of
Species, he wrote that “it has been said that I speak of natural selection as an active
power or Deity; but who objects to an author speaking of the attraction of gravity
as ruling the movements of the planets? Every one knows what is meant and is
implied by such metaphorical expressions; and they are almost necessary for brev-
ity.” Likewise, evolutionary biologists often say that selection “favors” a certain
characteristic, or they refer to selection as a “force.” This is metaphorical language,
used for brevity. Natural selection is a name for statistical differences in reproductive
success among genes, organisms, or populations—and nothing more.

Natural selection and chance

“Natural selection” is not synonymous with “evolution.” Natural selection can occur
without any evolutionary change, as when natural selection maintains the status
quo by eliminating deviants from the optimal phenotype. And processes other than
natural selection can cause evolution.

One of those processes is genetic drift: random fluctuations in the frequencies of
genotypes within a population. (Genetic drift is the subject of Chapter 7.) Neutral
alleles are those that do not alter fitness: the average reproductive success does not
differ between individuals that carry one neutral allele or the other. The frequen-
cies of these neutral alleles may change in a population by genetic drift. If this
occurs, the bearers of one allele have had a greater rate of increase than the bearers
of the other allele, but natural selection has not occurred, because the genotypes
do not differ consistently in fitness: the alternative allele could just as well have
been the one to increase. There is no average difference between the alleles, no bias
toward the increase of one relative to the other. Fitness differences, in contrast,
are average differences, biases, differences in the probability of reproductive suc-
cess. Natural selection is the antithesis of chance. In practice, we can ascribe genetic
changes to natural selection rather than random genetic drift only if we measure
numerous individuals of each genotype or phenotype, and find an average differ-
ence in reproductive success.

The effective environment depends on the organism

The environmental factors that impose natural selection on a species are greatly
influenced by the characteristics of the species itself: the evolutionary history of a
species affects its relationship to the environment [31]. The branching structure of
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(A) (B)

FIGURE 3.8 The evolutionary histories of some animals have made them less reliant
on vision, so selection for visual acuity has been relaxed. (A) Army anfs (genus Ecifon)
rely almost entirely on chemical information. In these ants, the compound eyes have
been highly reduced, consisting of a single unit (ommatidium) rather than the many
that compose most insects’ eyes. (B) Similarly, burrowing blind snakes (Typhlopidae)
have highly reduced eyes that perceive light but cannot form an image.

trees in a forest is important for many tree-nesting birds such as orioles, but almost
irrelevant for ground-nesting species such as partridges; the viscosity of water, which
varies with temperature, is much more important for a ciliate than for a fish. To some
extent, organisms construct their ecological niches [36], literally (as does a beaver)
or more metaphorically. Organisms “screen off” some aspects of their environment,
which may then cease to exert natural selection. Many species of ants, rodents, and
other animals have become so reliant on chemical signals that they have become
blind, because natural selection for sight has become reduced or even negative: well-
developed eyes may be disadvantageous if they conflict with other important func-
tions (FIGURE 3.8). Likewise, humans have lost the function of many olfactory recep-
tor genes, having become so much more reliant on vision than smell.

Levels of Selection

By “natural selection,” both Darwin and present-day evolutionary biologists usually
mean consistent differences in fitness among phenotypically and genetically differ-
ent individual organisms within populations. But our definition of natural selection
applies to any classes of variable entities that can change in number. Selection can
occur among genes, cell types, individual organisms, populations, or species, a hier-
archy of levels of selection.

Natural selection at the level of the gene (genic selection) is illustrated by trans-
posable elements, which replicate and proliferate within the genome, irrespective
of whether their proliferation affects the organisms for good or ill. Transposable
elements are among the many kinds of selfish genetic elements, which are trans-
mitted at a higher rate than the rest of an individual’s genome and may be detri-
mental (or at least not advantageous) to the organism [4, 27]. Some selfish alleles
exhibit segregation distortion, and are passed to a heterozygous individual’s
gametes more than 50 percent of the time. Segregation distortion can result from
meiotic drive (in which meiosis does not follow Mendel’s laws; see Chapter 12) and
from other processes that happen after the gametes are formed.
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An example of a selfish genetic element that exhibits segregation distortion is
the tlocus of the house mouse (Mus musculus). In a male heterozygous for a t allele
and for the normal allele T, the t allele kills sperm that carry the normal allele. As a
result, more than 90 percent of the male’s sperm carry . Embryos that are t# homo-
zygotes, however, die or are sterile. Despite these disadvantages to the individual,
segregation distortion is so great that the disadvantageous t allele reaches a high
frequency in many populations of mice.

Selfish genetic elements forcefully illustrate the nature of natural selection: it is
nothing more than differential reproductive success (of genes in this case), which
need not result in adaptation or improvement in any sense. Selection among indi-
viduals is at a “higher level” than selection among genes [37]. Selection at the gene
level may act in opposition to individual selection: it may be harmful to individual
organisms, and might even cause the extinction of populations or species.

Selfish genes and unselfish behaviors

Evolutionary geneticists have long recognized that natural selection will cause an
allele to increase in frequency if it consistently leaves more copies of itself to sub-
sequent generations, no matter how it causes its greater success. For example,
plants that produce more pollen are likely to fertilize more ovules, so any allele that
increases pollen production is likely to spread. J. B. S. Haldane wrote in 1932 [24] that
“No sufferer from hay fever will doubt that more pollen is produced than is needed
to assure that almost every ovule should be fertilised.” In the same book, he wrote
that “in a beehive the workers [which do not reproduce] and young queens are sam-
ples of the same set of genotypes, so any form of behaviour in the former (however
suicidal it may be) which is of advantage to the hive will promote the survival of the
latter, and thus tend to spread through the species.”

The key issue is that it is often useful think of selection among genes, based
on the effects that change their frequencies—whether these effects are on the
number of pollen grains, behavior that enhances the survival of relatives that
share the same gene, or many other biological features. In a sense, then, any
gene that has successfully increased in frequency is a selfish gene, as biologist
Richard Dawkins has famously written [9]. The evolution of many puzzling fea-
tures of organisms can be understood by considering the rates at which differ-
ent variants of a gene that affects the trait would change in frequency over the
course of generations.

An important example of this approach is the topic that Haldane addresses
in accounting for the behavior of worker bees: what he called “socially valuable
but individually disadvantageous characters.” Many such altruistic traits are best
explained by the principle Haldane described, which has come to be called kin
selection. An allele for altruistic behavior can increase in frequency in a population
if the beneficiaries of the behavior are usually related to the individual who per-
forms it. Since the altruist’s relatives are more likely to carry copies of the altruistic
allele than are members of the population at large, when the altruist enhances the
fitness of its relatives, even at some cost to its own fitness, it can increase the fre-
quency of the allele. We may therefore define kin selection as a form of selection in
which alleles differ in fitness by influencing the effect of their bearers on the repro-
ductive success of individuals (kin) who carry the same allele by common descent.
The simplest example of a trait that has evolved by kin selection is parental care:
alleles that enhance a parent’s care-giving behavior have increased in frequency
because they promote the survival of identical copies of those same alleles that the
offspring carry.
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FIGURE 3.9 A popular myth about the self-sacrificial
behavior of lemmings holds that they rush en masse
into the sea to prevent overpopulation. This cartoon
illustrates the "cheater” principle and shows why such
altruistic behavior would not be expected o evolve.

Selection of organisms and groups

Do oysters have a high reproductive rate “to ensure the survival of the
species,” as we often hear? Do antelopes with sharp horns refrain from
physical combat because combat would lead to the species” extinction? Is
there any truth to the myth that lemmings (small Arctic rodents) commit
suicide by drowning, in order to relieve the pressure of high population
density on the food supply (FIGURE 3.9)?

If traits evolve by individual selection—Dby the replacement of less
fit by more fit individuals, generation by generation—the possibility
of future extinction cannot possibly affect the course of evolution. The
process of natural selection lacks forethought (or any thought at all): the
future cannot affect the present. It is unlikely that kin selection would
result in the evolution of suicide in lemmings, since the entire popula-
tion, not just the suicides’ relatives, would benefit from the food made
available. An altruistic trait cannot evolve if it reduces the fitness of an
individual that bears it, even if it benefits the population or species as a
whole. An altruistic genotype amid selfish genotypes would necessar-
ily decline in frequency, simply because it would leave fewer offspring
per capita than the others. Conversely, if a population were to consist of
altruistic genotypes, a selfish mutant—a “cheater”—would increase to
fixation, even if a population of such selfish organisms had a higher risk
of extinction.

So it would seem impossible that a trait could evolve that benefits the
population at a cost to the individual. However, there is one conceivable
way it might evolve, namely by group selection: differential production
or survival of groups that differ in genetic composition. For instance,
populations made up of selfish genotypes, such as those with high

(Carfoon © Mark Godfrey/www.Cartoonstock.com.) reproductive rates that exhaust their food supply, might have a higher

extinction rate than populations made up of altruistic genotypes that
have lower reproductive rates. If so, then the species as a whole might
evolve altruism through the greater survival of groups of altruistic indi-
viduals, even though individual selection within each group would act
in the opposite direction (FIGURE 3.10A).

This hypothesis of group selection was criticized by George Wil-
liams in his influential book Adaptation and Natural Selection [51]. Williams
argued that supposed adaptations that benefit the population or species, rather
than the individual, can be plausibly explained by benefit to the individual or
the individual’s genes, or may not be adaptations at all. For example, females
of many species lay fewer eggs when population densities are high and food
is scarce, not to ensure a sufficient food supply for the good of the species, but
simply because they cannot form as many eggs. Williams based his opposition
to group selection on a simple argument. Individual organisms are much more
numerous than the populations into which they are aggregated, and they turn
over—are born and die—much more rapidly than populations are formed or
become extinct. Thus the rate of replacement of less fit (altruistic) by more fit
(selfish) individuals is potentially much greater than the rate of replacement
of less fit by more fit populations, so individual selection will generally prevail
over group selection (FIGURE 3.10B). Among evolutionary biologists, the major-
ity view is that few characteristics have evolved because they benefit the population
or species, and that cooperation and seeming altruism are most likely to have
evolved by other causes, especially kin selection. Some prominent biologists,
however, hold that group selection is important in evolution [11], as we will
describe in Chapter 12.
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Wynne-Edwards: Altruistic behavior Williams: Within-population selection favors
will evolve because group selection the “selfish” allele and increases it more
favors it (i.e., more “selfish” rapidly than whole-population selection can
populations go extinct). act, so the “selfish” allele will become fixed.
FIGURE 3.10 Conflict between group and individual selection. als. (A) An altruistic trait may evolve by group selection if the rate of
The rectangles represent four populations of a species (1-4), fraced extinction of populations of the selfish genotype is very high. (B) Wil-
through four time intervals; each circle is an individual organism in a liams's argument: Because individual selection operates so much more
population: open if the individual is an altruistic genotype, filled if it is rapidly than group selection, the selfish genotype increases rapidly
a selfish genotype. Some new populations are founded by colonists within populations and may spread by gene flow into populations
from established populations (shown by diagonal arrows), and some of alfruists, and replaces them. Thus the selfish genotype becomes

populations become extinct (marked by X). Individuals with the selfish  fixed, even if it increases the chance of population extinction.

genotype are assumed to have higher fitness than altruistic individu-

Species selection

Selection among groups of organisms is called species selection when the groups
involved are species and there is a correlation between some characteristic and the
rate of speciation or extinction [19, 28, 42]. Species selection does not shape adapta-
tions of organisms, but it does affect the disparity—the diversity of biological charac-
teristics—of the world’s organisms. The consequence of species selection is that the
proportion of species that have one character state rather than another changes over
time (FIGURE 3.11). A likely example of the effects of species selection is the preva-
lence of sexual species compared with closely related asexual forms. Many groups of
plants and animals have given rise to asexually reproducing lineages, but with some
interesting exceptions, asexual lineages tend to be young, as indicated by their close
genetic similarity to sexual forms. This observation implies that asexual forms have a
higher rate of extinction than sexual populations, since few asexual forms that arose
long ago have persisted (see Chapter 10) [35].

FIGURE 3.11 Species selection caused by a correlation between speciation rate and a
morphological character, such as body size (x-axis). Larger-bodied species persist longer
before becoming extinct, and so give rise to large-bodied species more often than
small-bodied species produce other small-bodied species. The lower extinction rate of
lineages with large body sizes is analogous to a lower mortality rate of individual organ-
isms in individual selection. The character value, averaged across species (red dofts), is
greater at time 1, (upper dashed line) than at time 1, (lower dashed line). (After [18].)
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FIGURE 3.12 The long sharp bill of
the kea (Nestor notabilis) evolved for
functions such as cracking seeds, but
it can be used for many other things,
such as slicing info sheep skin and
ripping windshield wipers, rubber
gaskets, and other removable pieces
from parked automobiles. At sev-
eral sites in New Zealand, tourists are
warned fo protect their cars against
keas. Why keas do this is not clear.

The Nature of Adaptations

Adaptation is a central concept in biology. The word has two related meanings.
“Adaptation” means the evolutionary process by which, over the course of generations,
organisms are altered to become improved with respect to features that affect survival
or reproduction. “An adaptation” is a characteristic of an organism that evolved by
natural selection. Both meanings are difficult to define precisely [29, 43]. Most evo-
lutionary biologists think that for a character to be regarded as an adaptation, it must
be a derived character that conferred higher fitness than the ancestral character state
from which it evolved [25].

A preadaptation is a feature that fortuitously serves a new function. For instance,
parrots have strong, sharp beaks, used for feeding on fruits and seeds. When
domesticated sheep were introduced into New Zealand, some were attacked by an
indigenous parrot, the kea (Nestor notabilis), which pierced the sheeps’ skin and fed
on their fat (FIGURE 3.12). The kea’s beak happened to be useful for this new activ-
ity. Such a feature, if co-opted for a new function during evolution, is sometimes
called an exaptation [20]. For example, the wings of auks are exaptations for swim-
ming: these birds “fly” under water as well as in air (FIGURE 3.13A). An exaptation
may be further modified by selection so that the modifications are adaptations for
the feature’s new function: the wings of penguins have been modified into flippers

A) (B)

FIGURE 3.13 Exaptation and adaptation. (A) The wing might be called an exaptation for un-
derwater "flight” in members of the auk family, such as this Atlantic puffin (Fratercula arctica).
(B) The modifications of the wing for efficient underwater locomotion in penguins (these are
Humboldt penguins, Spheniscus humboldti) may be considered adaptations.



NATURAL SELECTION AND ADAPTATION 67

that enhance swimming but cannot support flight in air (FIGURE 3.13B). Exaptation
is a very common early stage in the evolution of new adaptations.

Selection of and selection for

To say that a feature is adaptive is unsatisfying unless we have some idea of what it is
adaptive for: by what mechanism did it increase fitness? What is its function?

In the child’s “selection toy” pictured in FIGURE 3.14, the holes in each partition
are smaller than in the one above. Balls of several sizes, when placed in the top com-
partment, fall through the holes in the partitions. If the smallest balls in the toy are
all red, and the larger ones are all other colors, the toy will select the small, red balls.
Thus we must distinguish selection of objects from selection for properties [48]. Balls are
selected for the property of small size—that is, because of their small size. They are not
selected for their color, or because of their color; nonetheless, there is selection of red
balls. Natural selection may similarly be considered a sieve that selects for a certain
body size, mating behavior, or other feature. There may be incidental selection of
other features that are correlated with that feature. We will return several times in
the book to the theme that selection on one trait has side effects on others.

The importance of this semantic point is that when we speak of the function
of a feature, we imply that there has been natural selection for the feature itself:
that the feature caused its bearers to have higher fitness. The feature may have side
effects, other consequences that were not its function, and for which there was no
selection. For instance, a fish species may be selected for coloration that makes
it less conspicuous to predators. The function of the coloration, then, is predator
avoidance. An effect of this evolutionary change might well be a lower likelihood
that the population will become extinct, but avoidance of extinction is not a cause of
evolution of the coloration.

Recognizing adaptations

Not all traits are adaptations. There are at least four other possible explanations of
organisms’ characteristics. First, a trait may be a necessary consequence of physics or
chemistry. Hemoglobin gives blood a red color, but the redness is not an adaptation;
itis a by-product of the protein’s structure. (However, this feature has been co-opted
for various functional roles in the evolution of many species of vertebrates, such as
the white-winged chough [FIGURE 3.15]))

A (B)

FIGURE 3.14 A child's toy that selects
small balls, which drop through smaller and
smaller holes from top to bottom. In this
case there is selection of red balls, which
happen to be the smallest, but selection is
for small size. (After [48].)

FIGURE 3.15 (A) The Australian white-winged chough (Corcorax melanorhamphos) normally has
predominantly yellow eyes. (B) During aggressive displays, the bird shows brilliant red, bulging eyes,

using the red color that is a nonadaptive property of hemoglobin for an adaptive function.
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The pecten is a highly
vascularized structure ==
that projects into the
vitreous body.

Second, the trait may have evolved by other mechanisms (such as random
genetic drift) rather than by natural selection (see Chapter 7).

Third, the feature may have evolved not because it conferred an adaptive advan-
tage, but because it was correlated with another feature that did. (As we will see,
genetic linkage and pleiotropy—the phenotypic effect of a gene on multiple char-
acters—are important causes of such correlations.)

Fourth, a character state may be a consequence of phylogenetic history. Darwin
saw clearly that a feature might be beneficial, yet not have evolved for the function
it serves today, or for any function at all: “The sutures in the skulls of young mam-
mals have been advanced as a beautiful adaptation for aiding parturition [birth],
and no doubt they facilitate, or may be indispensable for this act; but as sutures
occur in the skulls of young birds and reptiles, which have only to escape from a
broken egg, we may infer that this structure has arisen from the laws of growth,
and has been taken advantage of in the parturition of the higher animals” (On the
Origin of Species, chapter 6). Whether or not we should postulate that a trait is an
adaptation depends on such insights. For example, we know that pigmentation
varies in many species of birds, so it makes sense to ask whether there is an adap-
tive reason for color differences among closely related species. But it is not sensible
to ask whether it is adaptive for a hummingbird to have four toes rather than five,
because the ancestor of birds lost the fifth toe and it has never been regained in any
bird since. Five toes are probably not an option for hummingbirds.

For all these reasons, many authors hold that we should not assume that a fea-
ture is an adaptation unless the evidence favors this interpretation [51]. This is
not to deny that a great many of an organism’s features, probably the majority,
are adaptations. Several methods are used to infer that a feature is an adaptation
for some particular function. We will note these methods only briefly and incom-
pletely at this point, exemplifying them more extensively in later chapters. The
approaches described here apply to phenotypic characters; in Chapter 5 we will
describe how selection can be inferred from DNA sequence data.

COMPLEXITY Even if we cannot immediately guess the func-
tion of a feature, we often suspect it has an adaptive function if it is
complex, for complexity cannot evolve except by natural selection.
For example, a peculiar, highly vascularized structure called a
pecten projects in front of the retina in the eyes of birds (FIGURE
3.16). Only recently has evidence been developed to show that
the pecten supplies oxygen to the retina, but it has always been
assumed to play some important functional role because of its
complexity and because it is ubiquitous among bird species.

DESIGN  The function of a character is often inferred from its
correspondence with the design an engineer might use to accom-
plish some task, or with the predictions of a model about its func-
tion. For instance, many plants that grow in hot environments
have leaves that are finely divided into leaflets, or which tear
along fracture lines (FIGURE 3.17). These features conform to
a model in which the thin, hot “boundary layer” of air at the
surface of a leaf is more readily dissipated by wind passing over
a small than a large surface, so that a divided leaf is more effec-
tively cooled. The fields of functional morphology and ecological

FIGURE 3.16 The pecten of a bird's eye, shown in sagit- physiology are concerned with analyses of this kind.
tal section. About 30 hypotheses were proposed for the
pecten'’s function. It was finally shown to supply oxygen to EXPERIMENTS Experiments may show that a feature enhances

the retina. (After [17].)

survival or reproduction, or enhances performance (e.g.,



NATURAL SELECTION AND ADAPTATION

A (B)

FIGURE 3.17 Functional morphological analyses have shown
that small surfaces shed the hot "boundary layer” of air that forms
around them more readily than do large surfaces. Many tropical
and desert-dwelling plants have large leaves that are broken up
into leaflets, as in Acacia karroo (A), or split intfo small sections, as
in the banana (B). The form of these leaves is therefore believed
to be an adaptation for reducing leaf temperature.

locomotion or defense) in a way that is likely to increase fitness, relative to indi-
viduals with other features. For example, several floral characters have evolved
convergently in the many plant lineages that have shifted from insect pollination
to bird pollination (FIGURE 3.18A). Maria Castellanos and colleagues tested the
hypothesis that some of these features are advantageous because they facilitate
bird pollination, and others because they discourage bees, which are less effec-
tive pollinators because they comb much of the pollen into a mass that they feed
to their larvae [7]. The researchers surgically altered several features of flowers
on a bee-pollinated plant to resemble those of related hummingbird-pollinated
species (FIGURE 3.18B-E). They then measured pollen transfer from the altered
flowers by bumblebees and hummingbirds. The researchers concluded that the
lower “lip” typical of bee-pollinated flowers, which bees use as a landing plat-
form (see Figure 3.18B), has been reduced or lost in some bird-pollinated species
because its absence discourages bees (see Figure 3.18C). The projecting anthers of
bird-pollinated plants also seem to be an “anti-bee” adaptation (see Figure 3.18D),
and the narrowly constricted corolla tube (see Figure 3.18E) is both “pro-bird” and
“anti-bee”: it forces hummingbirds to remove more pollen, but prevents bees from
easily obtaining nectar.

THE COMPARATIVE METHOD A powerful means of inferring the adaptive sig-
nificance of a feature is the comparative method, which consists of comparing
sets of species to pose or test hypotheses on adaptation and other evolutionary phe-
nomena [13]. This method takes advantage of “natural evolutionary experiments”
provided by convergent evolution. If a feature evolves independently in many
lineages because of a similar selection pressure, we can often infer the function of
that feature by determining the ecological or other selective factor with which it is
correlated. For instance, a long, slender beak has evolved in at least six lineages of
birds that feed on nectar, and many plants that are pollinated by such birds have
independently evolved attractive red or orange coloration and a tubular form that
restricts access by bees (see Figure 2.22). Among fishes, open-water, fast-moving
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FIGURE 3.18 Experimental test of a hypothesis of
adaptation. (A) Bee-pollinated Penstemon strictus
(fop) and hummingbird-pollinated P. barbatus
(bottom). (B—E) Experimental modifications of
flowers of a bee-pollinated species (Penstemon
strictus) fo mimic features of hummingbird-
pollinated species of Penstemon. (B) The normal
flower of P. strictus. Modifications included (C)
removal of the lower lip "landing platform,” (D) re-
aftaching stamens so that the anthers project from
the flower, and (E) constriction to form a narrower
corolla tube. (B-E after [7].)

(B) Normal flower

(C) Lower lip removed

(D) Projecting anthers

P. barbatus

predators in many families commonly have a streamlined shape, a forked tail fin,
and a slender tail base (caudal peduncle), whereas fishes that live in complicated
environments, such as among corals or vegetation, have a deep, compressed body
that enables them to change direction rapidly (FIGURE 3.19).

Biologists often predict such correlations by postulating, perhaps on the basis
of a model, the adaptive features we would expect to evolve repeatedly in response
to a given selective factor. For example, in species in which a female mates with
multiple males, the several males” sperm compete to fertilize eggs. Males that pro-
duce more abundant sperm should therefore have a reproductive advantage. In
primates, the quantity of sperm produced is correlated with the size of the testes,
so large testes should be expected to provide a greater reproductive advantage in
polygamous than in monogamous species. Paul Harvey and Mark Pagel compiled
data from prior publications on the mating behavior and testes size of various pri-
mates [25]. They confirmed that, as predicted, the weight of the testes, relative to
body weight, is significantly higher among polygamous than monogamous taxa
(FIGURE 3.20).

An important aspect of this example is that although all the data needed to test
this hypothesis already existed, the relationship between the two variables was
not known until Harvey and Pagel compiled the data, because no one had had any
reason to do so until an adaptive hypothesis had been formulated. Hypotheses
about adaptation can be fruitful because they suggest investigations that would
not otherwise occur to us.

Also, notice that because the consistent relationship between testes size and
mating system was not known a priori, the hypothesis generated a prediction. The
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FIGURE 3.19 Body form of fishes is adapted for different modes of swimming. Open-
water, fast-moving predators such as (A) jacks (Carangidae) and (B) swordfishes (Xiphi-
idae) have a slender body, narrow caudal peduncle, and narrow, forked fail fin. Fishes
that maneuver in small spaces have a deep body, as in (C) angelfishes (Pomacanthidae)
and (D) the Moorish idol (Zanclidae), both inhabitants of coral reefs. (C and D courtesy

of Michael D. Bryant.)

predictions made by evolutionary theory, like those in
many other scientific disciplines, are usually predictions
of what we will find when we collect data. (Prediction in
evolutionary theory does not usually mean that we predict
the future course of evolution of a species.) Predictions of
what we will find, deduced from hypotheses, constitute
the hypothetico-deductive method, of which Darwin
was one of the first effective exponents [16, 45].

Imperfections and Constraints

Darwin noted that “natural selection will not produce
absolute perfection, nor do we always meet, as far as we
can judge, with this high standard in nature” (On the Origin
of Species, chapter 6). Selection can fix only those genetic
variants with a higher fitness than other genetic variants in
a particular population at a particular time. It cannot fix the
best of all conceivable variants if they do not arise, or have
not yet arisen, and the best possible variants often fall short
of perfection because of various constraints [14, 49]. Among
these constraints are trade-offs (following the maxim
“There is no such thing as a free lunch”). For example, with

200 -

1005
3 r
=
> -
()
=
o 10
=
? =
i C

= Monogamous &
[ ]
1 | |||||||? | L1 rrn | L1 iiill |
1 100 200

Body weight (kg)

FIGURE 3.20 Relationship between weight of the testes and body
weight in polygamous and monogamous primate faxa. The data
support the prediction, based on the theory of natural selection,
that males in polygamous species have relatively larger testes, which
produce more sperm, than do males in monogamous species. The
photos show polygamous mating bonobos (Pan paniscus) and a
monogamous pair of yellow-cheeked giblbons (Nomaseus gabriel-
lae). (After [25].)
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FIGURE 3.21 Almost all mammals,
including the long-necked giraffe and
the short-necked aquatic dugong, have
seven neck vertebrae, a likely example of
a phylogenetic constraint.

a fixed amount of available energy or nutrients, a plant species
might evolve higher seed numbers, but only by reducing the
size of its seeds or some other part of its structure. If genotypes
differ in reproductive output, one would see a negative correla-
tion between seed number and seed size: the greater the num-
ber, the lower the average size (see Chapter 11).

In some cases, it appears that adaptations have not
evolved because of a shortage of suitable mutations [2]. For
example, although some species of grasses have rapidly
evolved tolerance to heavy metals in the vicinity of mines,
other species have not. In large samples of seeds collected
from grass populations on normal soils, far from copper
mines, a small percentage of seeds produced copper-tolerant
seedlings in every one of eight species that have evolved
copper tolerance near mines, but in none of seven species
that have failed to do so [2]. These species apparently lack
the genetic variation in tolerance that would be necessary for
adaptive evolution. Lack of suitable genetic variation may
explain cases of so-called phylogenetic constraints, in which

Ry species retain nonadaptive features or are unable to evolve

adaptive traits. It makes adaptive sense that birds such as

swans have more neck vertebrae than birds with shorter

necks. But almost all mammals have seven neck vertebrae,
including giraffes, the aquatic dugongs, and whales, despite the extreme differ-
ence in the lengths of their necks (FIGURE 3.21). Individual mice and humans
with an aberrant number of cervical vertebrae show various skeletal abnormali-
ties and a high incidence of embryonic cancer—harmful side effects that prob-
ably prevented the evolution, in other mammals, of what might otherwise have
been advantageous changes in vertebral number [15, 50].

Natural Selection and the Evolution of Diversity

A mechanic uses a variety of different wrenches because each is suited to a dif-
ferent task. Likewise, any characteristic of an organism is likely to be advanta-
geous under some circumstances but not others. That is, the optimal feature, the
character that maximizes fitness, depends on the context in which it functions. A
simple, even obvious, example is provided by many instances of cryptic coloration
(camouflage) in animals, whereby colors and patterns that match the background
lower the likelihood that an animal will be detected by predators. For example,
darker populations of many species of animals inhabit areas with darker rocks
than do pale populations. In a species of pocket mouse, this difference is based
on a single gene, McIr (see Figure 6.29).

Both on the land and in the sea, the variety of different environments organ-
isms face is immense. There are major differences in physical conditions among
geographic regions and over even short distances, in which a species may encoun-
ter different sets of prey, predators, parasites, and competitors. Different parts of
the human body are different environments for bacteria, and support very differ-
ent, diverse bacterial communities. Any of these variables may be relevant to a
particular species and impose natural selection on many of its features, so natural
selection is the ultimate cause of divergence among populations and species: it is
the source of the immense diversity of life.

Darwin, in considering why the various species descended from a common
ancestor should become different from one another, drew special attention to
the role of competition for limiting resources, such as food. He postulated that
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if different closely related species coexist, those individuals that use
different resources from the other species would suffer less competi-
tion and have higher fitness. Consequently, the species will diverge
from the others. It took nearly a century for biologists to show that
Darwin was right. Today we know many cases of what is now called

FIGURE 3.22 Bill size in Galapagos ground finches
(Geospiza) is adapted to feeding on seeds, but com-
petition among species affects what kinds of seeds a
species eats. (A) Because of differences in abundance of
plant species with different seed sizes, different islands
would be expected to differ in the density that various
populations of finches would be expected to sustain,

as a function of their bill size. For example, Wolf Island
has only two abundant kinds of seeds, one small and
the other large; the jagged curve shows the theoretical
population density of a finch population, depending on
its log bill depth (a measure of size). This island has two
species of finches, with the predicted small and large
bill depths. (B) On the island of Daphne Major, the aver-
age bill size of G. fortis increased after a 1977 drought
that made smaller seeds less abundant than large seeds.
Bill size then evolved back to ifs original level unfil the
population of the large ground finch (G. magnirostris)
became large enough to deplete the supply of large
seeds. (A after [46]; B after [22].)

character displacement: divergence of species as a consequence of their interaction
(see Chapter 13). For example, Peter and Rosemary Grant and their collaborators
have studied certain of the ground finches in the Galapagos Islands for more than
35 years (see Figure 2.2) [21, 23]. Among the seed-eating ground finches, those with
larger, deeper bills feed more efficiently on larger, harder seeds. Species with differ-
ent bill depth differ accordingly in diet, and the species that coexist on any island
differ, matching the availability of different seeds (FIGURE 3.22A). In a population
of one species, Geospiza fortis, there was high mortality of individuals with smaller
bills during a drought, in 1977, that caused a dearth of plants with small seeds. The
result was an increase in average bill size (FIGURE 3.22B). A few years later, Geospiza
magnirostris, with the large bill denoted by its name, invaded the island and slowly
grew in numbers until, in 2004, it depleted the supply of large seeds. The G. fortis
population then evolved smaller average bill size, as Darwin would have predicted.

The finch example shows the first stages of the evolution of diversity that is
seen in adaptive radiations, such as those described in Chapter 2 (see Figures 2.2,
2.24, 2.25). In each of those cases, the morphological differences are associated
with using different resources. The huge diversity seen among higher taxa, such as
the immense variety of flowers among plant families and of bills, legs, and wings
among the families and orders of birds, may be ascribed partly to the same principle.
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FIGURE 3.23 (A) An orchid (Oph-
rys scolopax) that is pollinated by
"pseudocopulation.” (B) Male bees
of certfain species are attracted to
the flower by its scent (which mim-
ics a female bee's sex pheromone)
and color pattern (which imper-
fectly mimics a bee), and "mate"
with it. The male bee shown here
carries the yellow pollen mass of a
previously visited orchid flower on
its forehead.

(A)

(B)

What Not To Expect of Natural Selection

Selection at the level of genes and individual organisms is inherently “selfish”: the
gene or genotype with the highest rate of increase spreads at the expense of oth-
ers. The variety of selfish behaviors that organisms inflict on conspecific individu-
als, ranging from territory defense to parasitism and infanticide, is truly stunning.
Indeed, cooperation among organisms requires special explanations, such as kin
selection (see Chapter 12). Natural selection—or simply “nature”—has often been
invoked to justify codes of human behavior that we might agree are admirable and
others that are pernicious. But natural selection is just a name for differences among
organisms or genes in reproductive success. Therefore it cannot be described as moral
or immoral, just or unjust, kind or cruel, any more than wind, erosion, or entropy can.
Hence it cannot be used as a justification or model for human morality or ethics.

Because the principle of kin selection cannot operate across species, “natural
selection cannot possibly produce any modification in a species exclusively for the
good of another species” (Darwin, On the Origin of Species, chapter 6). If a species
exhibits behavior that benefits another species, either the behavior is profitable to
the individuals performing it, as in bees that obtain food from the flowers they
pollinate, or else one species is duped by another, as are insects that copulate with
sexually deceptive orchids (FIGURE 3.23).

The equilibrium we may observe in ecological communities—the so-called bal-
ance of nature—likewise does not reflect any striving for harmony [52]. We observe
coexistence of predators and prey not because predators restrain themselves, but
because prey species are well enough defended to persist, or because the abundance
of predators is limited by some factor other than food supply. Nitrogen and min-
eral nutrients are rapidly and “efficiently” recycled within tropical rainforests not
because ecosystems are selected for or strive for efficiency, but because under com-
petition for sparse nutrients, microorganisms have evolved to decompose litter rap-
idly, while plants have evolved to capture the nutrients released by decomposition.
Selection of individual organisms for their ability to capture nutrients has the effect,
in aggregate, of producing a dynamic that we measure as ecosystem “efficiency.”
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SUMMARY

B A feature is an adaptation for a particular func-

tion if it has evolved by natural selection for
that function by enhancing the relative rate of
increase—the fitness—of biological entities with
that featfure.

B Because many characteristics are genetically
variable in natural populations, they may evolve
rapidly if selection pressures change. Especially
because humans drastically alter environments
and move species into new environments, many
historical examples of rapid adaptive evolution
have been documented, often within much less
than a century.

W Natural selection is a consistent difference in

fitness among phenotypically different biologi-
cal entifies. It is the antithesis of chance. Natural
selection may occur at different levels, such as
genes, individual organisms, populations, and

species.

B Selection at the level of genes or organisms
is likely to be the most important because the
numbers and turnover rates of these entities
are greater than those of populations or spe-
cies. Therefore most features are unlikely to
have evolved by group selection, the one form
of selection that could in theory promote the
evolution of features that benefit the species
even though they are disadvantageous to the
individual organism. Both genic and individual
selection can be viewed as fitness differences

among genes, with "“selfish genes” being those
that prevail.

B Species selection is a correlation between a trait
and the rate of speciation or extinction. It can
result in variation among clades in diversity of
species.

B Not all features are adaptations. Methods for
identifying and elucidating adaptations include
studies of function and design, experimental
studies of the correspondence between fitness
and variation within species, and correlations
between the traits of species and environmen-
fal or other features (the comparative method).
Phylogenetic information may be necessary for
proper use of the comparative method.

B Organisms may not have perfect adaptations be-
cause of functional compromises or trade-offs, or

because mutations enabling perfect adaptation
have not been available.

H As a consequence of adaptation of species to
different environments and ways of life, natural
selection is the basis of adaptive radiations and
adaptive diversity. Competition for resources
is one of many factors that can select for differ-
ences among species.

B Natural selection need not promote harmony or

balance in nature, and utterly lacking any moral

content, it provides no foundation for morality or

ethics in human behavior.
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Adaptation and Natural Selection by G. C. Wil-
liams (Princeton University Press, Princeton,
NJ, 1966) is a classic, and still worth reading for
its clear, insightful analysis of individual and
group selection.

The Selfish Gene (Oxford University Press, Ox-
ford, 1989) and The Blind Watchmaker (W. W.
Norton, New York, 1986), both by R. Dawkins,
explore the nature of natural selection in
depth, as well as freating many other topics in
a vivid style for general audiences.

The Evolution Explosion: How Humans Cause
Rapid Evolutionary Change by S. R. Palumbi
(W. W. Norton, New York, 2001) is an informa-

1. Discuss criteria or measurements by which

you might conclude that a population is better
adapted after a certain evolutionary change than
before.

. Consider the first copy of an allele for insecticide
resistance that arises by mutation in a population
of insects exposed to an insecticide. Is this muta-
tion an adaptation? If, after some generations,
we find that most of the population is resistant,
is the resistance an adaptation? If we discover
genetic variation for insecticide resistance in a
population that has had no experience of insec-
ticides, is the variation an adaptation? If an insect
population is polymorphic for two alleles, each
of which confers resistance against one of two
pesticides that are alternately applied, is the
variation an adaptation? Or is each of the two
resistance traits an adaptation?

. It is often proposed that a feature that is advan-
tageous to individual organisms is the reason for
the great number of species in certfain clades.
For example, wings have been postulated to be
a cause of the great diversity of winged insects
compared with the few species of primitively
wingless insects. How could an individually
advantageous feature cause greater species
diversity? How can one test a hypothesis that a
certain feature has caused the great diversity of
certain groups of organisms?

4. Provide an adaptive and a nonadaptive hypoth-

esis for the evolutionary loss of useless organs,
such as eyes in many cave-dwelling animals.
How might these hypotheses be tested?

SUGGESTIONS FOR FURTHER READING

PROBLEMS AND DISCUSSION TOPICS

5. Could natural selection, at any level of organiza-

tion-packed treatment of this important topic,
written for a general audience.

Levels of selection and related topics are treated
aft an advanced level in two books by phi-
losophers of science: The Nature of Selection:
Evolutionary Theory in Philosophical Focus by
E. Sober (MIT Press, Cambridge, MA, 1984),
and Evolution and the Levels of Selection by
S. Okasha (Oxford University Press, Oxford,
20006). Biologists treat this fopic in Levels of Se-
lection in Evolution, edited by L. Keller (Princ-
eton University Press, Princeton, NJ, 1992).

tion, ever cause the extinction of a population or
species?

. If natural selection has no foresight, how can it

explain features that seem fo prepare organ-
isms for future events? For example, deciduous
trees at high latitudes drop their leaves before
winter arrives, male birds establish territories
before females arrive in the spring, and animals
such as squirrels and jays store food as winter
approaches.

. An exaptation is a pre-existing trait used for a

new, seemingly adaptive function. The term
was coined by Stephen Jay Gould and Elisabeth
Vrba, to improve clarity of language when
discussing the co-opting of a trait for a new
function—and to distinguish this from “pread-
aptation,” as used by George Gaylord Simpson,
referring to a structure that undergoes a change
of function followed by tinkering by natural
selection. Both terms are used by biologists, with
subftly different meanings. Find some examples
of pre-existing traits being used by organisms
for a new function and discuss whether exapta-
tion or preadaptation would be an appropriate
label. Many criticisms exist for both terms. Find
some examples of these criticisms and discuss
whether they apply to your examples.



UNIT I

How Evolution
Works







Mutation
and Variation

The people around you differ in the color of their hair, the shape of their
noses, the length of their fingers, and in countless other ways. If you knew
their DNA sequences, you would also see that they differ from you at millions
of places in their genomes. Variation among individuals is universal across all
species on Earth (FIGURE 4.1).

Unlike physics and chemistry, evolution depends on variation. All electrons
are identical, but no two living organisms are. Without that variation, evolution—
and so life itself—would not be possible.

Understanding how fraits and genes vary and how this variafion is inherited is
fundamental fo understanding evolution. Genetics also provides us with a vast
trove of information about the history of life on Earth and albout the evolutionary
factors acting on living species. Before delving into those topics, this chapter
starts with a short review of key concepts in genetics that should be familiar to
you from earlier courses in biology.

The Machinery of Inheritance

The genetic material of almost all organisms on Earth is DNA (deoxyribonucleic
acid). This is a very long molecule made up of pairs of bases. Each base takes
one of four forms: adenine (A), guanine (G), cytosine (C), or thymine (T). In each
pair of bases, an A is mafched with a T, or a C is matched with a G. The aver-
age chromosome in humans has more than 100 million base pairs (abbreviated
bp), and the entire human genome consists of 3.2 billion bp. Our genome

The zigzag nerite (Neritina communis), a marine snail that lives among
mangroves in the Western Pacific, has extremely variable shells.
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FIGURE 4.1 The sfrawberry poison dart
frog (Dendrobates pumilio) has conspicu-
ous coloration that warns predators it is toxic.
Why this species is so variable, however,

is not understood. Central questions in
evolutionary biology include what maintains
variation, and how variafion is shaped by se-
lection and other evolutionary factors. (Frog
fop views from [25b].)
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is neither exceptionally big or small. Some bacteria have genomes that are thou-
sands of times smaller, with less than 200,000 bp. At the other extreme are some
plants, salamanders, and protozoa that have genomes that are hundreds of times
larger than ours. A surprising observation is that there is little correlation between
the complexity of an organism and the size of its genome. We'll return to this puz-
zling fact in Chapter 14.

Some viruses use RNA (ribonucleic acid) rather than DNA for their genetic
material. To replicate themselves, these viruses convert their genome into DNA by
a process called reverse transcription. This DNA is then inserted into the genome
of the host cell that the virus has infected, and offspring viruses are made using
that cell’s biochemical machinery. Thus, despite the difference in the genetic mate-
rial of RNA- and DNA-based life forms, they share much of the apparatus that
expresses their genes.

An organism’s genetic material is carried by one or more chromosomes. Chro-
mosomes in eukaryotes are long strings of DNA bases bound together with pro-
teins. In diploid species such as humans, chromosomes come in pairs, one inher-
ited from each parent. In prokaryotes, chromosomes are unpaired (haploid). Genes
are segments of chromosomes that perform a function. Many code for proteins that
comprise tissues and catalyze reactions. A smaller number have other functions,
for example coding for the RNA of ribosomes and the microRNAs that are impor-
tant to gene regulation. The human genome has roughly 20,000 protein-coding
genes, some plants and fish have many more, and some bacteria have hundreds of
times fewer.

To make a protein, the cellular machinery reads a gene’s DNA in sets of three
bases. These sets, called codons, represent the amino acids that make up the pro-
tein. The genetic code is a set of rules that relates the codons to the amino acids
they represent (FIGURE 4.2). A profound and wonderful fact is that the genetic
code is shared by virtually all life on Earth, from viruses to bacteria to pineapples
to humans. This is powerful evidence that all life evolved from a single common
ancestor.

Since there are four types of DNA bases, there are 4 x 4 x 4 = 64 different
codons. But because there are only 20 types of amino acids, most amino acids are
represented by more than one codon. For example, the codons CCT, CCC, CCA,
and CCG all specify the amino acid proline. Changes to a codon that do not alter an
amino acid, for e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>