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PREFACE

December , . Like many scientists on that day, I awoke
feeling anxious. John Jones III, a federal judge in Harris-
burg, Pennsylvania, was due to issue his ruling in the case

of Kitzmiller et al. vs. Dover Area School District et al. It had been
a watershed trial, and Jones’s judgment would decide how American
schoolchildren would learn about evolution.
The educational and scientific crisis had begun modestly enough,

when administrators of the Dover, Pennsylvania, school district met
to discuss which biology textbooks to order for the local high school.
Some religious members of the school board, unhappy with the current
text’s adherence to Darwinian evolution, suggested alternative books
that included the biblical theory of creationism. After heated wrangling,
the board passed a resolution requiring biology teachers at Dover High
to read the following statement to their ninth-grade classes:

The Pennsylvania Academic Standards require students to learn about
Darwin’s Theory of Evolution and eventually to take a standardized
test of which evolution is a part. Because Darwin’s Theory is a theory,
it continues to be tested as new evidence is discovered. The Theory
is not a fact. Gaps in the Theory exist for which there is no evi-
dence. . . . Intelligent design is an explanation of the origin of life that
differs fromDarwin’s view. The reference book,Of Pandas and People,
is available for students to see if they would like to explore this view in
an effort to gain an understanding of what intelligent design actually
involves. As is true with any theory, students are encouraged to keep
an open mind.
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This ignited an educational firestorm. Two of the nine school board
members resigned, and all the biology teachers refused to read the state-
ment to their classes, protesting that “intelligent design” was religion
rather than science. Since offering religious instruction in public schools
violates the United States Constitution, eleven outraged parents took the
case to court.
The trial began on September , , lasting six weeks. It was a

colorful affair, justifiably billed as the “Scopes Trial of our century,” after
the famous  trial in which high school teacher John Scopes, from
Dayton, Tennessee, was convicted for teaching that humans had evolved.
The national press descended on the sleepy town of Dover, much as
it had eighty years earlier on the even sleepier town of Dayton. Even
Charles Darwin’s great-great-grandson, Matthew Chapman, showed up,
researching a book about the trial.
By all accounts it was a rout. The prosecution was canny and well pre-

pared, the defense lackluster. The star scientist testifying for the defense
admitted that his definition of “science” was so broad that it could
include astrology. And in the end,Of Pandas and Peoplewas shown to be
a put-up job, a creationist book in which the word “creation” had simply
been replaced by the words “intelligent design.”
But the case was not open and shut. Judge Jones was a George W.

Bush appointee, a devoted churchgoer, and a conservative Republican—
not exactly pro-Darwinian credentials. Everyone held their breath and
waited nervously.
Five days before Christmas, Judge Jones handed down his decision—

in favor of evolution. He didn’t mince words, ruling that the school
board’s policy was one of “breathtaking inanity,” that the defendants
had lied when claiming they had no religious motivations, and, most
importantly, that intelligent design was just recycled creationism:

It is our view that a reasonable, objective observer would, after review-
ing both the voluminous record in this case, and our narrative, reach
the inescapable conclusion that ID is an interesting theological argu-
ment, but that it is not science. . . . In summary, the [school board’s]
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disclaimer singles out the theory of evolution for special treatment,
misrepresents its status in the scientific community, causes students
to doubt its validity without scientific justification, presents students
with a religious alternative masquerading as a scientific theory, directs
them to consult a creationist text [Of Pandas and People] as though
it were a science resource, and instructs students to forego scientific
inquiry in the public school classroom and instead to seek out religious
instruction elsewhere.

Jones also brushed aside the defense’s claim that the theory of evolution
was fatally flawed:

To be sure, Darwin’s theory of evolution is imperfect. However, the
fact that a scientific theory cannot yet render an explanation on every
point should not be used as a pretext to thrust an untestable alternative
hypothesis grounded in religion into the science classroom to misrep-
resent well-established scientific propositions.

But scientific truth is decided by scientists, not by judges. What Jones
had done was simply prevent an established truth from being muddled
by biased and dogmatic opponents. Nevertheless, his ruling was a splen-
did victory for American schoolchildren, for evolution, and indeed for
science itself.
All the same, it wasn’t a time to gloat. This was certainly not the last

battle that we would have to fight to keep evolution from being censored
in the schools. During more than twenty-five years of teaching and
defending evolutionary biology, I’ve learned that creationism is like the
inflatable roly-poly clown I played with as a child: when you punch it,
it briefly goes down, but then pops back up. And while the Dover trial
is an American story, creationism isn’t a uniquely American problem.
Creationists—who aren’t necessarily Christians—are establishing
footholds in other parts of the world, especially the United Kingdom,
Australia, and Turkey. The battle for evolution seems never-ending.
And the battle is part of a wider war, a war between rationality and
superstition. What is at stake is nothing less than science itself and all
the benefits it offers to society.
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The mantra of evolution’s opponents, whether in America or else-
where, is always the same: “The theory of evolution is in crisis.” The
implication is that there are some profound observations about nature
that conflict with Darwinism. But evolution is far more than a “theory,”
let alone a theory in crisis. Evolution is a fact. And far from casting doubt
on Darwinism, the evidence gathered by scientists over the past century
and a half supports it completely, showing that evolution happened, and
that it happened largely as Darwin proposed, through the workings of
natural selection.
This book lays out the main lines of evidence for evolution. For those

who oppose Darwinism purely as a matter of faith, no amount of evi-
dence will do—theirs is a belief not based on reason. But for the many
who find themselves uncertain, or who accept evolution but are not sure
how to argue their case, this volume gives a succinct summary of why
modern science recognizes evolution as true. I offer it in the hope that
people everywhere may share my wonder at the sheer explanatory power
of Darwinian evolution, and may face its implications without fear.

Any book on evolutionary biology is necessarily a collaboration, for
the field enfolds areas as diverse as paleontology, molecular biology,
population genetics, and biogeography; and no one person could ever
master them all. I am grateful for the help and advice of many colleagues
who have patiently instructedme and correctedmy errors. These include
Richard Abbott, Spencer Barrett, Andrew Berry, Deborah Charlesworth,
Peter Crane, Mick Ellison, Rob Fleischer, Peter Grant, Matthew Harris,
Jim Hopson, David Jablonski, Farish Jenkins, Emily Kay, Philip Kitcher,
Rich Lenski, Mark Norell, Steve Pinker, Trevor Price, Donald Prothero,
Steve Pruett-Jones, Bob Richards, Callum Ross, Doug Schemske, Paul
Sereno, Neil Shubin, Janice Spofford, Douglas Theobald, Jason Weir,

xii
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Steve Yanoviak, and Anne Yoder. I apologize to those whose names have
been inadvertently omitted, and exculpate all but myself for any remain-
ing errors. I am especially grateful to Matthew Cobb, Naomi Fein, Hopi
Hoekstra, and Brit Smith, who read and critiqued the entire manuscript.
The book would have been substantially poorer without the hard work
and artistic acumen of the illustrator, Kalliopi Monoyios. Finally, I am
grateful for to my agent, John Brockman, who agreed that people needed
to hear the evidence for evolution, and to my editor at Oxford University
Press, Latha Menon, for her unflagging help, advice, and support.
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INTRODUCTION

Darwin matters because evolution matters. Evolution matters
because science matters. Science matters because it is the pre-
eminent story of our age, an epic saga about who we are, where
we came from, and where we are going.

—Michael Shermer

Among the wonders that science has uncovered about the uni-
verse in whichwe dwell, no subject has causedmore fascination
and fury than evolution. That is probably because no majestic

galaxy or fleeting neutrino has implications that are as personal. Learn-
ing about evolution can transform us in a deep way. It shows us our
place in the whole splendid and extraordinary panoply of life. It unites us
with every living thing on the Earth today and with myriads of creatures
long dead. Evolution gives us the true account of our origins, replacing
the myths that satisfied us for thousands of years. Some find this deeply
frightening, others ineffably thrilling.
Charles Darwin, of course, belonged to the second group, and

expressed the beauty of evolution in the famous final paragraph of the
book that started it all—On the Origin of Species ():

There is grandeur in this view of life, with its several powers, having
been originally breathed into a few forms or into one; and that, whilst
this planet has gone cycling on according to the fixed law of gravity,
from so simple a beginning endless forms most beautiful and most
wonderful have been, and are being, evolved.
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But there is even more cause for wonder. For the process of
evolution—natural selection, the mechanism that drove the first naked,
replicating molecule into the diversity of millions of fossil and living
forms—is a mechanism of staggering simplicity and beauty. And only
those who understand it can experience the awe that comes with realiz-
ing how such a straightforward process could yield features as diverse as
the flower of the orchid, the wing of the bat, and the tail of the peacock.
Again in The Origin, Darwin—imbued with Victorian paternalism—
described this feeling:

When we no longer look at an organic being as a savage looks at a
ship, as something wholly beyond his comprehension; when we regard
every production of nature as one which has had a long history; when
we contemplate every complex structure and instinct as the summing
up of many contrivances, each useful to the possessor, in the same way
as any great mechanical invention is the summing up of the labour, the
experience, the reason, and even the blunders of numerous workmen;
when we thus view each organic being, how far more interesting—I
speak from experience—does the study of natural history become!

Darwin’s theory that all of life was the product of evolution, and that
the evolutionary process was driven largely by natural selection, has
been called the greatest idea that anyone ever had. But it is more than
just a good theory, or even a beautiful one. It also happens to be true.
Although the idea of evolution itself was not original to Darwin, the
copious evidence he mustered in its favor convinced most scientists and
many educated readers that life had indeed changed over time. This
took only about ten years after The Origin was published in . But
for many years thereafter, scientists remained skeptical about Darwin’s
key innovation: the theory of natural selection. Indeed, if ever there was
a time when Darwinism was “just a theory,” or was “in crisis,” it was the
latter half of the nineteenth century, when evidence for themechanism of
evolution was not clear, and the means by which it worked—genetics—
was still obscure. This was all sorted out in the first few decades of the
twentieth century, and since then the evidence for both evolution and
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natural selection has continued to mount, crushing the scientific oppo-
sition to Darwinism. While biologists have revealed many phenomena
that Darwin never imagined—how to discern evolutionary relationships
fromDNA sequences, for one thing—the theory presented in The Origin
of Species has, in the main, held up steadfastly. Today scientists have as
much confidence in Darwinism as they do in the existence of atoms, or
in microorganisms as the cause of infectious disease.
Why then do we need a book that gives the evidence for a theory

that long ago became part of mainstream science? After all, nobody
writes books explaining the evidence for atoms, or for the germ theory
of disease. What is so different about evolution?
Nothing—and everything. True, evolution is as solidly established as

any scientific fact (it is, as we will learn, more than “just a theory”),
and scientists need no more convincing. But things are different outside
scientific circles. To many, evolution gnaws at their sense of self. If
evolution offers a lesson, it seems to be that we’re not only related to
other creatures, but, like them, also the product of blind and impersonal
evolutionary forces. If humans are just one of many outcomes of natural
selection, maybe we aren’t so special after all. You can understand why
this doesn’t sit well with many people who think that we came into being
in a different way from other species, as the special goal of a divine inten-
tion. Does our existence have any purpose or meaning that distinguishes
us from other creatures? Evolution is also thought to erode morality. If,
after all, we are simply beasts, then why not behave like beasts? What
can keep us moral if we’re nothing more than monkeys with big brains?
No other scientific theory produces such angst, or such psychological
resistance.
It’s clear that this resistance stems largely from religion. You can find

religions without creationism, but you never find creationism without
religion. Many religions not only deem humans as special, but deny
evolution by asserting that we, like other species, were objects of an
instantaneous creation by a deity. While many religious people have
found a way to accommodate evolution with their spiritual beliefs, no
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such reconciliation is possible if one adheres to the literal truth of a
special creation. That is why opposition to evolution is so strong in the
United States and Turkey, where fundamentalist beliefs are pervasive.
Statistics show starkly how resistant we are to accepting the plain

scientific fact of evolution. Despite incontrovertible evidence for evolu-
tion’s truth, year after year polls show that Americans are depressingly
suspicious about this single branch of biology. In , for example,
adults in thirty-two countries were asked to respond to the assertion,
“Human beings, as we know them, developed from earlier species of
animals,” by answering whether they considered it true, false, or were
unsure. Now, this statement is flatly true: as we will see, genetic and fossil
evidence shows that humans descend from a primate lineage that split off
from our common ancestor with the chimpanzees roughly seven million
years ago. And yet only  percent of Americans—four in ten people—
judge the statement true (down  percent from ). This figure is nearly
matched by the proportion of people who say it’s false:  percent. And
the rest,  percent, are simply unsure.
This becomes evenmore remarkable when we compare these statistics

to those from other Western countries. Of the thirty-one other nations
surveyed, only Turkey, rife with religious fundamentalism, ranked lower
in accepting evolution ( percent accept,  percent reject). Europeans,
on the other hand, score much better, with over  percent of French,
Scandinavians, and Icelanders seeing evolution as true. In Japan, 
percent of people agree that humans evolved. Imagine if America ranked
next to last among countries accepting the existence of atoms! People
would immediately go to work improving education in the physical
sciences.
And evolution gets bumped down even further when it comes to

deciding not whether it’s true, but whether it should be taught in the
public schools. Nearly two-thirds of Americans feel that if evolution is
taught in the science classroom, creationism should be as well. Only
 percent—one in eight people—think that evolution should be taught
without mentioning a creationist alternative. Perhaps the “teach all
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sides” argument appeals to the American sense of fair play, but to an edu-
cator it’s truly disheartening. Why teach a discredited, religiously based
theory, even one widely believed, alongside a theory so obviously true?
It’s like asking that shamanism be taught in medical school alongside
Western medicine, or astrology be presented in psychology class as an
alternative theory of human behavior. Perhaps the most frightening sta-
tistic is this: despite legal prohibitions, nearly one in eight American high
school biology teachers admits to presenting creationism or intelligent
design in their classroom as a valid scientific alternative to Darwinism.
(This may not be surprising given that one in six teachers believes that
“God created human beings pretty much in their present form within
the past , years”).
Sadly, anti-evolutionism, often thought to be a peculiarly American

problem, is now spreading to other countries, including Germany and
the United Kingdom. In the UK, a  poll by the BBC asked ,
people to describe their view of how life formed and developed. While
 percent accepted the evolutionary view,  percent opted for either
creationism or intelligent design, and  percent didn’t know. More
than  percent of the respondents thought that either creationism or
intelligent design should be taught in school science classes. That isn’t
so different from the statistics for America. And some schools in the UK
do present intelligent design as an alternative to evolution, an educa-
tional tactic illegal in the United States. With evangelical Christianity
gaining a foothold in mainland Europe, and Muslim fundamentalism
spreading through the Middle East, creationism follows in their wake.
As I write, Turkish biologists are fighting a rearguard action against
well-funded and vociferous creationists in their own country. And—
the ultimate irony—creationism has even established a foothold on the
Galápagos archipelago. There, on the very land that symbolizes evo-
lution, the iconic islands that inspired Darwin, a Seventh-day Adven-
tist school dispenses undiluted creationist biology to children of all
faiths.
Aside from its conflict with fundamentalist religion, much confusion

and misunderstanding surrounds evolution because of a simple lack of
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awareness of the weight and variety of evidence in its favor. Doubtless
some simply aren’t interested. But the problem is more widespread than
this: it’s a lack of information. Even many of my fellow biologists are
unacquainted with the many lines of evidence for evolution, and most
of my university students, who supposedly learned evolution in high
school, come to my courses knowing almost nothing of this central orga-
nizing theory of biology. In spite of the wide coverage of creationism and
its recent descendant, intelligent design, the popular press gives almost
no background onwhy scientists accept evolution. Nowonder, then, that
many people fall prey to the rhetoric of creationists and their deliberate
mischaracterizations of Darwinism.
Although Darwin was the first to compile evidence for the theory,

since his time scientific research has uncovered a stream of new exam-
ples showing evolution in action. We are observing species splitting
into two, and finding more and more fossils capturing change in the
past—dinosaurs that have sprouted feathers, fish that have grown limbs,
reptiles turning into mammals. In this book I weave together the many
threads of modern work in genetics, paleontology, geology, molecu-
lar biology, anatomy, and development that demonstrate the “indelible
stamp” of the processes first proposed by Darwin. We will examine what
evolution is, what it is not, and how one tests the validity of a theory that
inflames so many.
We will see that while recognizing the full import of evolution cer-

tainly requires a profound shift in thinking, it does not inevitably lead
to the dire consequences that creationists always paint when trying to
dissuade people from Darwinism. Accepting evolution needn’t turn you
into a despairing nihilist, or rob your life of purpose and meaning. It
won’t make you immoral, or give you the sentiments of a Stalin or Hitler.
Nor must it promote atheism, for enlightened religion has always found
a way to accommodate the advances of science. In fact, understanding
evolution should surely deepen and enrich our appreciation of the living
world and our place in it. The truth—that we, like lions, redwoods, and
frogs, all resulted from the slow replacement of one gene by another, each
step conferring a tiny reproductive advantage—is surely more satisfying
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than the myth that we were suddenly called into being from nothing. As
so often happens, Darwin put it best:

When I view all beings not as special creations, but as the lineal descen-
dants of some few beings which lived long before the first bed of the
Cambrian systemwas deposited, they seem tome to become ennobled.

xx



 

WHAT IS EVOLUTION?

A curious aspect of the theory of evolution is that everybody
thinks he understands it.

—Jacques Monod

If anything is true about nature, it is that plants and animals
seem intricately and almost perfectly designed for living their lives.
Squids and flatfish change color and pattern to blend in with their

surroundings, becoming invisible to predator and prey. Bats have radar
to home in on insects at night. Hummingbirds, which can hover in place
and change position in an instant, are far more agile than any human
helicopter, and have long tongues to sip nectar lying deep within flowers.
And the flowers they visit also appear designed—to use hummingbirds
as sex aids. For, while the hummingbird is busy sipping nectar, the flower
attaches pollen to its bill, enabling it to fertilize the next flower that the
bird visits. Nature resembles a well-oiled machine, with every species an
intricate cog or gear.
What does all this seem to imply? A master mechanic, of course.

This conclusion was most famously expressed by the eighteenth-century
English philosopher William Paley. If we came across a watch lying on
the ground, he said, we would certainly recognize it as the work of a
watchmaker. Likewise, the existence of well-adapted organisms and their
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intricate features surely implied a conscious, celestial designer—God.
Let’s look at Paley’s argument, one of the most famous in the history
of philosophy:

When we come to inspect the watch, we perceive . . . that its several
parts are framed and put together for a purpose, e.g. that they are
so formed and adjusted as to produce motion, and that motion so
regulated as to point out the hour of the day; that, if the different parts
had been differently shaped from what they are, if a different size from
what they are, or placed after any other manner, or in any other order
than that in which they are placed, either no motion at all would have
been carried on in the machine, or none which would have answered
the use that is now served by it. . . . Every indication of contrivance,
every manifestation of design, which existed in the watch, exists in the
works of nature; with the difference, on the side of nature, of being
greater and more, and that in a degree which exceeds all computation.

The argument Paley put forward so eloquently was both common-
sensical and ancient. When he and his fellow “natural theologians”
described plants and animals, they believed that they were cataloging
the grandeur and ingenuity of God manifested in his well-designed
creatures.
Darwin himself raised the question of design—before disposing of it—

in .

How have all those exquisite adaptations of one part of the orga-
nization to another part, and to the conditions of life, and of one
distinct organic being, been perfected? We see these beautiful co-
adaptations most plainly in the woodpecker and missletoe; and only
a little less plainly in the humblest parasite which clings to the hairs of
a quadruped or feathers of a bird; in the structure of the beetle which
dives though the water; in the plumed seed which is wafted by the
gentlest breeze; in short, we see beautiful adaptations everywhere and
in every part of the organic world.

Darwin had his own answer to the conundrum of design. A keen nat-
uralist, who originally studied to be a minister at Cambridge University
(where, ironically, he occupied Paley’s former rooms), Darwin well knew
the seductive power of arguments like Paley’s. Themore one learns about
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plants and animals, the more one marvels at how well their designs fit
their ways of life. What could be more natural than inferring that this
fit reflects conscious design? Yet Darwin looked beyond the obvious,
suggesting—and supporting with copious evidence—two ideas that for-
ever dispelled the idea of deliberate design. Those ideas were evolution
and natural selection. He was not the first to think of evolution—several
before him, including his own grandfather Erasmus Darwin, floated the
idea that life had evolved. But Darwin was the first to use data from
nature to convince people that evolution was true, and his idea of natural
selection was truly novel. It testifies to his genius that the concept of
natural theology, accepted bymost educatedWesterners before , was
vanquished within only a few years by a single -page book. On the
Origin of Species turned the mysteries of life’s diversity from mythology
into genuine science.
So what is “Darwinism”? This simple and profoundly beautiful the-

ory, the theory of evolution by natural selection, has been so often mis-
understood, and even on occasion maliciously misstated, that it is worth
pausing for a moment to set out its essential points and claims. We’ll be
coming back to these repeatedly as we consider the evidence for each.
In essence, the modern theory of evolution is easy to grasp. It can

be summarized in a single (albeit slightly long) sentence: Life on Earth
evolved gradually beginning with one primitive species—perhaps a self-
replicating molecule—that lived more than . billion years ago; it then
branched out over time, throwing off many new and diverse species; and
the mechanism for most (but not all) of evolutionary change is natural
selection.
When you break that statement down, you find that it really consists

of six components: evolution, gradualism, speciation, common ancestry,
natural selection, and nonselective mechanisms of evolutionary change.
Let’s examine what each of these parts means.
The first is the idea of evolution itself. This simply means that a species

undergoes genetic change over time. That is, over many generations a
species can evolve into something quite different, and those differences
are based on changes in the DNA, which originate as mutations. The
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species of animals and plants living today weren’t around in the past,
but are descended from those that lived earlier. Humans, for example,
evolved from a creature that was ape-like, but not identical to modern
apes.
Although all species evolve, they don’t do so at the same rate. Some,

like horseshoe crabs and gingko trees, have barely changed over mil-
lions of years. The theory of evolution does not predict that species
will constantly be evolving, or how fast they’ll change when they do.
That depends on the evolutionary pressures they experience. Groups
like whales and humans have evolved rapidly, while others, like the
coelacanth “living fossil,” look almost identical to ancestors that lived
hundreds of millions of years ago.
The second part of evolutionary theory is the idea of gradualism. It

takes many generations to produce a substantial evolutionary change,
such as the evolution of birds from reptiles. The evolution of new fea-
tures, like the teeth and jaws that distinguish mammals from reptiles,
does not occur in just one or a few generations, but usually over hun-
dreds or thousands—even millions—of generations. True, some change
can occur very quickly. Populations of microbes have very short gener-
ations, some as brief as twenty minutes. This means that these species
can undergo a lot of evolution in a short time, accounting for the
depressingly rapid rise of drug resistance in disease-causing bacteria
and viruses. And there are many examples of evolution known to occur
within a human lifetime. But when we’re talking about really big change,
we’re usually referring to change that requires many thousands of years.
Gradualism does not mean, however, that each species evolves at an even
pace. Just as different species vary in how fast they evolve, so a single
species evolves faster or slower as evolutionary pressures wax and wane.
When natural selection is strong, as when an animal or plant colonizes
a new environment, evolutionary change can be fast. Once a species
becomes well adapted to a stable habitat, evolution often slows down.
The next two tenets are flip sides of the same coin. It is a remarkable

fact that while there are many living species, all of us—you, me, the
elephant, and the potted cactus—share some fundamental traits. Among





  ?

these are the biochemical pathways that we use to produce energy, our
standard four-letter DNA code, and how that code is read and trans-
lated into proteins. This tells us that every species goes back to a single
common ancestor, an ancestor who had those common traits and passed
them on to its descendants. But if evolution meant only gradual genetic
change within a species, we’d have only one species today—a single
highly evolved descendant of the first species. Yet we have many: well
over ten million species inhabit our planet today, and we know of a
further quarter million as fossils. Life is diverse. How does this diversity
arise from one ancestral form? This requires the third idea of evolution:
that of splitting, or, more accurately, speciation.

Look at figure , which shows a sample evolutionary tree that illus-
trates the relationships between birds and reptiles. We’ve all seen these,
but let’s examine one a bit more closely to understand what it really

FIGURE . An example showing common ancestors in reptiles. X and Y are species
that were the common ancestors between later-evolved forms.
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means. What exactly happened when node X, say, split into the lineage
that leads to modern reptiles like lizards and snakes on the one hand
and to modern birds and their dinosaurian relatives on the other? Node
X represents a single ancestral species, an ancient reptile, that split into
two descendant species. One of the descendants went on its own merry
path, eventually splitting many times and giving rise to all dinosaurs and
modern birds. The other descendant did the same, but produced most
modern reptiles. The common ancestor X is often called the “missing
link” between the descendant groups. It is the genealogical connection
between birds and modern reptiles—the intersection you’d finally reach
if you traced their lineages all the way back. There’s a more recent
“missing link” here, too: node Y, the species that was the common
ancestor of bipedal meat-eating dinosaurs like Tyrannosaurus rex (all
now extinct) and modern birds. But although common ancestors are no
longer with us, and their fossils nearly impossible to document (after all,
they represent but a single species out of thousands in the fossil record),
we can sometimes discover fossils closely related to them, species having
features that show common ancestry. In the next chapter, for example,
we’ll learn about the “feathered dinosaurs” that support the existence of
node Y.
What happened when ancestor X split into two separate species?

Nothing much, really. As we’ll see later, speciation simply means the
evolution of different groups that can’t interbreed—that is, groups that
can’t exchange genes. What we would have seen had we been around
when this common ancestor began to split is simply two populations of
a single reptilian species, probably living in different places, beginning
to evolve slight differences from one another. Over a long time, these
differences gradually grew larger. Eventually the two populations would
have evolved sufficient genetic difference that members of the different
populations could not interbreed. (There are many ways this can hap-
pen: members of different animal species may no longer find each other
attractive asmates or, if they domate with each other, the offspring could
be sterile. Different plant species can use different pollinators or flower
at different times, preventing cross-fertilization.)
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Millions of years later, and after more splitting events, one of the
descendant dinosaur species, node Y, itself split into two more species,
one eventually producing all the bipedal, carnivorous dinosaurs and the
other producing all living birds. This critical moment in evolutionary
history—the birth of the ancestor of all birds—wouldn’t have looked
so dramatic at the time. We wouldn’t have seen the sudden appear-
ance of flying creatures from reptiles, but merely two slightly different
populations of the same dinosaur, probably no more different than
members of diverse human populations are today. All the important
changes occurred thousands of generations after the split, when selection
acted on one lineage to promote flight and on the other to promote
the traits of bipedal dinosaurs. It is only in retrospect that we can
identify species Y as the common ancestor of T. rex and birds. These
evolutionary events were slow, and seem momentous only when we
arrange in sequence all the descendants of these diverging evolutionary
streams.
But species don’t have to split. Whether they do depends, as we’ll see,

on whether circumstances allow populations to evolve enough differ-
ences that they are no longer able to interbreed. The vast majority of
species—more than  percent of them—go extinct without leaving any
descendants. Others, like gingko trees, live millions of years without pro-
ducingmany new species. Speciation doesn’t happen very often. But each
time one species splits into two, it doubles the number of opportunities
for future speciation, so the number of species can rise exponentially.
Although speciation is slow, it happens sufficiently often, over such long
periods of history, that it can easily explain the stunning diversity of
living plants and animals on Earth.
Speciation was so important to Darwin that he made it the title of his

most famous book. And that book did give some evidence for the split-
ting. The only diagram in the whole of The Origin is a hypothetical evolu-
tionary tree resembling figure . But it turns out that Darwin didn’t really
explain how new species arose, for, lacking any knowledge of genetics,
he never really understood that explaining species means explaining
barriers to gene exchange. Real understanding of how speciation occurs
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began only in the s. I’ll have more to say about this process, which is
my own area of research, in chapter .

It stands to reason that if the history of life forms a tree, with all
species originating from a single trunk, then one can find a common
origin for every pair of twigs (existing species) by tracing each twig
back through its branches until they intersect at the branch they have
in common. This node, as we’ve seen, is their common ancestor. And if
life began with one species and split into millions of descendant species
through a branching process, it follows that every pair of species shares
a common ancestor sometime in the past. Closely related species, like
closely related people, had a common ancestor that lived fairly recently,
while the common ancestor of more distantly related species, like that
of distant human relatives, lived farther back in the past. Thus, the idea
of common ancestry—the fourth tenet of Darwinism—is the flip side of
speciation. It simply means that we can always look back in time, using
either DNA sequences or fossils, and find descendant lineages fusing at
their ancestors.
Let’s examine one evolutionary tree, that of vertebrates (figure ).

On this tree I’ve put some of the features that biologists use to deduce
evolutionary relationships. For a start, fish, amphibians, mammals, and
reptiles all have a backbone—they are “vertebrates”—so they must have
descended from a common ancestor that also had vertebrae. But within
vertebrates, reptiles and mammals are united (and distinguished from
fish and amphibians) by having an “amniotic egg”—the embryo is sur-
rounded by a fluid-filled membrane called the amnion. So reptiles and
mammals must have had a more recent common ancestor that itself
possessed such an egg. But this group also contains two subgroups, one
with species that all have hair, are warm-blooded, and producemilk (that
is, mammals), and another with species that are cold-blooded, scaly, and
produce watertight eggs (that is, reptiles). Like all species, these form
a nested hierarchy: a hierarchy in which big groups of species whose
members share a few traits are subdivided into smaller groups of species
sharing more traits, and so on down to species, like black bears and
grizzly bears, that share nearly all their traits.
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FIGURE . A phylogeny (evolutionary tree) of vertebrates, showing how evolution
produces a heirarchical grouping of features, and thus of species containing these
features. The dots indicate where on the tree each trait arose.

Actually, the nested arrangement of life was recognized long before
Darwin. Starting with the Swedish botanist Carl Linnaeus in , biol-
ogists began classifying animals and plants, discovering that they con-
sistently fell into what was called a “natural” classification. Strikingly,
different biologists came up with nearly identical groupings. This means
that these groupings are not subjective artifacts of a human need to
classify, but that they tell us something real and fundamental about
nature. But nobody knew what that something was until Darwin came
along, and showed that the nested arrangement of life is precisely what
evolution predicts. Creatures with recent common ancestors share many
traits, while those whose common ancestors lay in the distant past are
more dissimilar. The “natural” classification is itself strong evidence for
evolution.
Why? Because we don’t see such a nested arrangement if we’re try-

ing to arrange objects that haven’t arisen by an evolutionary process
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of splitting and descent. Take cardboard books of matches, which I
used to collect. They don’t fall into a natural classification in the same
way as living species. You could, for example, sort matchbooks hier-
archically beginning with size, and then by country within size, color
within country, and so on. Or you could start with the type of product
advertised, sorting thereafter by color and then by date. There are many
ways to order them, and everyone will do it differently. There is no
sorting system that all collectors agree on. This is because rather than
evolving, so that eachmatchbook gives rise to another that is only slightly
different, each design was created from scratch by human whim.
Matchbooks resemble the kinds of creatures expected under a cre-

ationist explanation of life. In such a case, organisms would not have
common ancestry, but would simply result from an instantaneous cre-
ation of forms designed de novo to fit their environments. Under this
scenario, we wouldn’t expect to see species falling into a nested hierarchy
of forms that is recognized by all biologists.

Until about thirty years ago, biologists used visible features like
anatomy and mode of reproduction to reconstruct the ancestry of living
species. This was based on the reasonable assumption that organisms
with similar features also have similar genes, and thus are more closely
related. But now we have a powerful new and independent way to estab-
lish ancestry: we can look directly at the genes themselves. By sequencing
the DNA of various species and measuring how similar these sequences
are, we can reconstruct their evolutionary relationships. This is done
by making the entirely reasonable assumption that species having more
similar DNA are more closely related—that is, their common ancestors
lived more recently. These molecular methods have not produced much
change in the pre-DNA-era trees of life: both the visible traits of organ-
isms and their DNA sequences usually give the same information about
evolutionary relationships.
The idea of common ancestry leads naturally to powerful and testable

predictions about evolution. If we see that birds and reptiles group
together based on their features and DNA sequences, we can predict
that we should find common ancestors of birds and reptiles in the fossil
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record. Such predictions have been fulfilled, giving some of the strongest
evidence for evolution. We’ll meet some of these ancestors in the next
chapter.
The fifth part of evolutionary theory is what Darwin clearly saw as

his greatest intellectual achievement: the idea of natural selection. This
idea was not in fact unique to Darwin—his contemporary, the naturalist
Alfred Russel Wallace, came up with it at about the same time, leading
to one of the most famous simultaneous discoveries in the history of
science. Darwin, however, gets the lion’s share of credit because in The
Origin he worked out the idea of selection in great detail, gave evidence
for it, and explored its many consequences.
But natural selection was also the part of evolutionary theory con-

sidered most revolutionary in Darwin’s time, and it is still unsettling
to many. Selection is both revolutionary and disturbing for the same
reason: it explains apparent design in nature by a purely materialistic
process that doesn’t require creation or guidance by supernatural forces.
The idea of natural selection is not hard to grasp. If individuals within

a species differ genetically from one another, and some of those dif-
ferences affect an individual’s ability to survive and reproduce in its
environment, then in the next generation the “good” genes that lead to
higher survival and reproduction will have relatively more copies than
the “not so good” genes. Over time, the population will gradually become
more and more suited to its environment as helpful mutations arise and
spread through the population, while deleterious ones are weeded out.
Ultimately, this process produces organisms that are well adapted to
their habitats and way of life.
Here’s a simple example. The woolymammoth inhabited the northern

parts of Eurasia andNorth America, andwas adapted to the cold by bear-
ing a thick coat of hair (entire frozen specimens have been found buried
in the tundra). It probably descended from mammoth ancestors that
had little hair—likemodern elephants. Mutations in the ancestral species
led to some individual mammoths—like some modern humans—to be
hairier than others. When the climate became cold, or the species spread
into more northerly regions, the hirsute individuals were better able
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to tolerate their frigid surroundings and left more offspring than their
balder counterparts. This enriched the population in genes for hairiness.
In the next generation, the average mammoth would be a bit hairier than
before. Let this process continue over some thousands of generations,
and your smoothmammoth gets replaced by a shaggy one. And let many
different features affect your resistance to cold (for example, body size,
amount of fat, and so on), and those features will change concurrently.
The process is remarkably simple. It requires only that individuals

of a species vary genetically in their ability to survive and reproduce
in their environment. Given this, natural selection—and evolution—are
inevitable. As we shall see, this requirement is met in every species that
has ever been examined. And since many traits can affect an individual’s
adaptation to its environment (its “fitness”), natural selection can, over
eons, sculpt an animal or plant into something that looks designed.
It’s important to realize, though, that there’s a real difference in what

you expect to see if organisms were consciously designed rather than if
they evolved by natural selection. Natural selection is not a master engi-
neer, but a tinkerer. It doesn’t produce the absolute perfection achievable
by a designer starting from scratch, but merely the best it can do with
what it has to work with. Mutations for a perfect design may not arise
because they are simply too rare. The African rhinoceros, with its two
tandemly placed horns, may be better adapted at defending itself and
sparring with its brethren than is the Indian rhino, graced with but a
single horn (actually, these are not true horns, but compacted hairs).
But a mutation producing two horns may simply not have arisen among
Indian rhinos. Still, one horn is better than no horns. The Indian rhino
is better off than its hornless ancestor, but accidents of genetic history
may have led to a less than perfect “design.” And, of course, every
instance of a plant or animal that is parasitized or diseased represents
a failure to adapt. Likewise for all cases of extinction, which represent
well over  percent of species that ever lived. (This, by the way, poses
an enormous problem for theories of intelligent design. It doesn’t seem
so intelligent to design millions of species that are destined to go extinct,
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and then replace themwith other, similar species, most of which will also
vanish. ID supporters have never addressed this difficulty.)
Natural selection must also work with the design of an organism as a

whole, which is a compromise among different adaptations. Female sea
turtles dig their nests on the beach with their flippers—a painful, slow,
and clumsy process that exposes their eggs to predators. Having more
shovel-like flippers would help them do a better and faster job, but then
they couldn’t swim as well. A conscientious designer might have given
the turtles an extra pair of limbs, with retractable shovel-like appendages,
but turtles, like all reptiles, are stuck with a developmental plan that
limits their limbs to four.
Organisms aren’t just at the mercy of the luck of the mutational draw,

but are also constrained by their development and evolutionary history.
Mutations are changes in traits that already exist; they almost never
create brand-new features. This means that evolution must build a new
species starting with the design of its ancestors. Evolution is like an archi-
tect who cannot design a building from scratch, but must build every
new structure by adapting a preexisting building, keeping the structure
habitable all the while. This leads to some compromises. We men, for
example, would be better off if our testes formed directly outside the
body, where the cooler temperature is better for sperm. The testes, how-
ever, begin development in the abdomen. When the fetus is six or seven
months old, they migrate down into the scrotum through two channels
called the inguinal canals, removing them from the damaging heat of the
rest of the body. Those canals leave weak spots in the body wall that make
men prone to inguinal hernias. These hernias are bad: they can obstruct
the intestine, and sometimes caused death in the years before surgery. No
intelligent designer would have given us this tortuous testicular journey.
We’re stuck with it because we inherited our developmental program
for making testes from fish-like ancestors, whose gonads developed, and
remained, completely within the abdomen. We begin development with
fish-like internal testes, and our testicular descent evolved later, as a
clumsy add-on.
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So natural selection does not yield perfection—only improvements
over what came before. It produces the fitter, not the fittest. And although
selection gives the appearance of design, that design may often be imper-
fect. Ironically, it is in those imperfections, as we’ll see in chapter , that
we find important evidence for evolution.
This brings us to the last of evolutionary theory’s six points: processes

other than natural selection that can cause evolutionary change. Themost
important is simple random changes in the proportion of genes caused
by the fact that different families have different numbers of offspring.
This leads to evolutionary change that, being random, has nothing to do
with adaptation. The influence of this process on important evolutionary
change, though, is probably minor, because it does not have the molding
power of natural selection. Natural selection remains the only process
that can produce adaptation. Nevertheless, we’ll see in chapter  that
genetic drift may play some evolutionary role in small populations and
probably accounts for some nonadaptive features of DNA.
These, then, are the six parts of evolutionary theory. Some parts are

intimately connected. If speciation is true, for instance, then common
ancestry must also be true. But some parts are independent of oth-
ers. Evolution might occur, for example, but it need not occur gradu-
ally. Some “mutationists” in the early twentieth century thought that a
species could instantly produce a radically different species via a sin-
gle monster mutation. The renowned zoologist Richard Goldschmidt,
for example, once argued that the first creature recognizable as a bird
might have hatched from an egg laid by an unambiguous reptile. Such
claims can be tested. Mutationism predicts that new groups should arise
instantly from old ones, without transitions in the fossil record. But
the fossils tell us that this is not the way evolution works. Neverthe-
less, such tests show that different parts of Darwinism can be tested
independently.
Alternatively, evolution might be true, but natural selection might not

be its cause. Many biologists, for instance, once thought that evolution
occurred by a mystical and teleological force: organisms were said to
have an “inner drive” that made species change in certain prescribed
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directions. This kind of drive was said to have propelled the evolution of
the huge canine teeth of saber-toothed tigers, making the teeth get larger
and larger, regardless of their usefulness, until the animal could not close
its mouth and the species starved itself to extinction. We now know
that there’s no evidence for teleological forces—saber-toothed tigers did
not in fact starve to death, but lived happily with oversized canines for
millions of years before they went extinct for other reasons. Yet the fact
that evolution might have different causes was one reason why biologists
accepted evolution many decades before accepting natural selection.
So much for the claims of evolutionary theory. But here’s an impor-

tant and commonly heard refrain: evolution is only a theory, isn’t it?
Addressing an evangelical group in Texas in , presidential candidate
Ronald Reagan characterized evolution this way: “Well, it is a theory. It
is a scientific theory only, and it has in recent years been challenged in
the world of science and is not yet believed in the scientific community
to be as infallible as it once was believed.”
The key word in this quote is “only.”Only a theory. The implication is

that there is something not quite right about a theory—that it is a mere
speculation, and very likely wrong. Indeed, the everyday connotation of
“theory” is “guess,” as in, “My theory is that Fred is crazy about Sue.”
But in science the word “theory” means something completely different,
conveying far more assurance and rigor than the notion of a simple
guess.
According to the Oxford English Dictionary, a scientific theory is “a

statement of what are held to be the general laws, principles, or causes
of something known or observed.” Thus we can speak of the “theory of
gravity” as the proposition that all objects with mass attract each other
according to a strict relationship involving the distance between them.
Or we talk of the “theory of relativity,” whichmakes specific claims about
the speed of light and the curvature of space-time.
There are two points I want to emphasize here. First, in science, a

theory is much more than just a speculation about how things are: it is
a well-thought-out group of propositions meant to explain facts about
the real world. “Atomic theory” isn’t just the statement that “atoms
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exist”: it’s a statement about how atoms interact with one another, form
compounds, and behave chemically. Similarly, the theory of evolution is
more than just the statement that “evolution happened”: it is an exten-
sively documented set of principles—I’ve described six major ones—that
explain how and why evolution happens.
This brings us to the second point. For a theory to be considered

scientific, it must be testable and make verifiable predictions. That is,
we must be able to make observations about the real world that either
support it or disprove it. Atomic theory was initially speculative, but
gained more and more credibility as data from chemistry piled up, sup-
porting the existence of atoms. Although we couldn’t actually see atoms
until scanning-probe microscopy was invented in  (and under the
microscope they do look like the little balls we envision), scientists were
already convinced long before that atoms were real. Similarly, a good
theory makes predictions about what we should find if we look more
closely at nature. And if those predictions are met, it gives us more
confidence that the theory is true. Einstein’s general theory of relativity,
proposed in , predicted that light would be bent as it passed by a
large celestial body. (To be technical, the gravity of such a body distorts
space-time, which distorts the path of nearby photons.) Sure enough,
Arthur Eddington verified this prediction in  by showing, during a
solar eclipse, that light coming from distant stars was bent as it went by
the Sun, shifting the stars’ apparent positions. It was only when this pre-
diction was verified that Einstein’s theory began to be widely accepted.
Because a theory is accepted as “true” only when its assertions and

predictions are tested over and over again, and confirmed repeatedly,
there is no one moment when a scientific theory suddenly becomes a
scientific fact. A theory becomes a fact (or a “truth”) when so much
evidence has accumulated in its favor—and there is no decisive evidence
against it—that virtually all reasonable people will accept it. This does
not mean that a “true” theory will never be falsified. All scientific truth
is provisional, subject to modification in light of new evidence. There is
no alarm bell that goes off to tell scientists that they’ve finally hit on the
ultimate, unchangeable truths about nature. As we’ll see, it is possible
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that despite thousands of observations that support Darwinism, new
data might show it to be wrong. I think this is unlikely, but scientists,
unlike zealots, can’t afford to become arrogant about what they accept as
true.
In the process of becoming truths, or facts, scientific theories are

usually tested against alternative theories. After all, there are usually
several explanations for a given phenomenon. Scientists try to make key
observations, or conduct decisive experiments, that will test one rival
explanation against another. For many years, the position of the Earth’s
landmasses was thought to have been the same throughout the history
of life. But in , the German geophysicist Alfred Wegener came up
with the rival theory of “continental drift,” proposing that continents had
moved about. Initially, his theory was inspired by the observation that
the shapes of continents like South America and Africa could be fitted
together like pieces of a jigsaw puzzle. Continental drift then became
more certain as fossils accumulated and paleontologists found that the
distribution of ancient species suggested that the continents were once
joined. Later, “plate tectonics” was suggested as a mechanism for conti-
nental movement, just as natural selection was suggested as the mech-
anism for evolution: the plates of the Earth’s crust and mantle floated
about onmore liquid material in the Earth’s interior. And although plate
tectonics was also greeted with skepticism by geologists, it was subject to
rigorous testing on many fronts, yielding convincing evidence that it is
true. Now, thanks to global positioning satellite technology, we can even
see the continentsmoving apart, at a speed of  to  inches per year, about
the same rate that your fingernails grow. (This, by the way, combined
with the unassailable evidence that the continents were once connected,
is evidence against the claim of “young-Earth” creationists that the Earth
is only , to , years old. If that were the case, we’d be able to
stand on the west coast of Spain and see the skyline of New York City,
for Europe and America would have moved less than a mile apart!)
When Darwin wrote The Origin, most Western scientists, and nearly

everyone else, were creationists. While they might not have accepted
every detail of the story laid out in Genesis, most thought that life had
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been created pretty much in its present form, designed by an omnipotent
creator, and had not changed since. In The Origin, Darwin provided an
alternative hypothesis for the development, diversification, and design
of life. Much of that book presents evidence that not only supports
evolution but at the same time refutes creationism. In Darwin’s day, the
evidence for his theories was compelling but not completely decisive.We
can say, then, that evolution was a theory (albeit a strongly supported
one) when first proposed by Darwin, and since  has graduated to
“facthood” as more and more supporting evidence has piled up. Evo-
lution is still called a “theory,” just like the theory of gravity, but it’s a
theory that is also a fact.
So how do we test evolutionary theory against the still popular alterna-

tive view that life was created and remained unchanged thereafter? There
are actually two kinds of evidence. The first comes from using the six
tenets of Darwinism to make testable predictions. By predictions, I don’t
mean that Darwinism can predict how things will evolve in the future.
Rather, it predicts what we should find in living or ancient species when
we study them. Here are some evolutionary predictions:

� Since there are fossil remains of ancient life, we should be able
to find some evidence for evolutionary change in the fossil record.
The deepest (and oldest) layers of rock would contain the fossils
of more primitive species, and some fossils should become more
complex as the layers of rock become younger, with organisms
resembling present-day species found in the most recent layers.
And we should be able to see some species changing over time,
forming lineages showing “descent with modification” (adapta-
tion).
� We should be able to find some cases of speciation in the fos-
sil record, with one line of descent dividing into two or more.
And we should be able to find new species forming in the
wild.
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� We should be able to find examples of species that link together
major groups suspected to have common ancestry, like birds with
reptiles and fish with amphibians. Moreover, these “missing links”
(more aptly called “transitional forms”) should occur in layers of
rock that date to the time when the groups are supposed to have
diverged.
� We should expect that species show genetic variation for many
traits (otherwise there would be no possibility of evolution hap-
pening).
� Imperfection is the mark of evolution, not of conscious design.
We should then be able to find cases of imperfect adaptation, in
which evolution has not been able to achieve the same degree of
optimality as would a creator.
� We should be able to see natural selection acting in the wild.

In addition to these predictions, Darwinism can also be supported by
what I call retrodictions: facts and data that aren’t necessarily predicted
by the theory of evolution, but make sense only in light of the theory
of evolution. Retrodictions are a valid way to do science: some of the
evidence supporting plate tectonics, for example, came only after sci-
entists learned to read ancient changes in the direction of the Earth’s
magnetic field from patterns of rocks on the sea floor. Some of the retro-
dictions that support evolution (as opposed to special creation) include
patterns of species distribution on the Earth’s surface, peculiarities of
how organisms develop from embryos, and the existence of vestigial
features that are of no apparent use. These are the subjects of chapters 
and .

Evolutionary theory, then, makes predictions that are bold and clear.
Darwin spent some twenty years amassing evidence for his theory before
publishing The Origin. That was over  years ago. So much knowledge
has accumulated since then! So many more fossils found; so many more
species collected and their distributions mapped around the world; so
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much more work in uncovering the evolutionary relationships of differ-
ent species. And whole new branches of science, undreamt of by Darwin,
have arisen, including molecular biology and systematics (the study of
how organisms are related).
As we’ll see, all the evidence—both old and new—leads ineluctably to

the conclusion that evolution is true.
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WRITTEN IN THE ROCKS

The crust of the earth is a vast museum; but the natural col-
lections have been made only at intervals of time immensely
remote.

—Charles Darwin, On the Origin of Species

The story of life on Earth is written in the rocks. True, this is a
history book torn and twisted, with remnants of pages scattered
about, but it is there, and significant portions are still legible.

Paleontologists have worked tirelessly to piece together the tangible his-
torical evidence for evolution: the fossil record.
When we admire breathtaking fossils such as the great dinosaur skele-

tons that grace our natural history museums, it is easy to forget just
how much effort has gone into discovering, extracting, preparing, and
describing them. Time-consuming, expensive, and risky expeditions to
remote and inhospitable corners of the world are often involved. My
Chicago colleague Paul Sereno, for instance, studies African dinosaurs,
and many of the most interesting fossils lie smack in the middle of
the Sahara Desert. He and his colleagues have braved political troubles,
bandits, disease, and of course the rigors of the desert itself to dis-
cover remarkable new species such as Afrovenator abakensis and Jobaria
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tiguidensis, specimens that have helped rewrite the story of dinosaur
evolution.
Such discoveries involve true dedication to science, many years of

painstaking work, persistence, and courage—as well as a healthy dose of
luck. But many paleontologists would risk their lives for finds like these.
To biologists, fossils are as valuable as gold dust. Without them, we’d
have only a sketchy outline of evolution. All we could do would be to
study living species and try to infer evolutionary relationships through
similarities in form, development, and DNA sequence. We would know,
for example, that mammals are more closely related to reptiles than
to amphibians. But we wouldn’t know what their common ancestors
looked like. We’d have no inkling of giant dinosaurs, some as large as
trucks, or of our early australopithecine ancestors, small-brained but
walking erect. Much of what we’d like to know about evolution would
remain a mystery. Fortunately, advances in physics, geology, and bio-
chemistry, along with the daring and persistence of scientists throughout
the world, have provided these precious insights into the past.

MAKING THE RECORD

Fossils have been known since ancient times: Aristotle discussed them,
and fossils of the beaked dinosaur Protoceratops may have given rise
to the mythological griffin of the ancient Greeks. But the real meaning
of fossils wasn’t appreciated until much later. Even in the nineteenth
century, they were simply explained away as products of supernatural
forces, organisms buried in Noah’s flood, or remains of still living species
inhabiting remote and uncharted parts of the globe.
But within these petrified remains lies the history of life. How can we

decipher that history? First, of course, you need the fossils—lots of them.
Then you have to put them in the proper order, from oldest to youngest.
And then you must find out exactly when they were formed. Each of
these requirements comes with its own set of challenges.
The formation of fossils is straightforward, but requires a very specific

set of circumstances. First, the remains of an animal or plant must find
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their way into water, sink to the bottom, and get quickly covered by
sediment so that they don’t decay or get scattered by scavengers. Only
rarely do dead plants and land-dwelling creatures find themselves on the
bottom of a lake or ocean. This is why most of the fossils we have are of
marine organisms, which live on or in the ocean floor, or naturally sink
to the floor when they die.
Once buried safely in the sediments, the hard parts of fossils become

infiltrated or replaced by dissolved minerals. What remains is a cast of a
living creature that becomes compressed into rock by the pressure of
sediments piling up on top. Because soft parts of plants and animals
aren’t easily fossilized, this immediately creates a severe bias in what
we can know about ancient species. Bones and teeth are abundant, as
are shells and the hard outer skeletons of insects and crustaceans. But
worms, jellyfish, bacteria, and fragile creatures like birds are much rarer,
as are all terrestrial species compared to aquatic ones. Over the first 
percent of the history of life, all species were soft-bodied, so we have
only a foggy window into the earliest and most interesting developments
in evolution, and none at all into the origin of life.
Once a fossil is formed, it has to survive the endless shifting, fold-

ing, heating, and crushing of the Earth’s crust, processes that com-
pletely obliterate most fossils. Then it must be discovered. Buried deeply
beneath the Earth’s surface, most are inaccessible to us. Only when the
sediments are raised and exposed by the erosion of wind or rain can they
be attacked with the paleontologist’s hammer. And there is only a short
window of time before these semi-exposed fossils are themselves effaced
by wind, water, and weather.
Taking into account all of these requirements, it’s clear that the fos-

sil record must be incomplete. How incomplete? The total number of
species that ever lived on Earth has been estimated to range between
seventeen million (probably a drastic underestimate given that at least
ten million species are alive today) and four billion. Since we have dis-
covered around , different fossil species, we can estimate that we
have fossil evidence of only . percent to  percent of all species—hardly
a good sample of the history of life! Many amazing creatures must have





   

existed that are forever lost to us. Nevertheless, we have enough fossils
to give us a good idea of how evolution proceeded, and to discern how
major groups split off from one another.
Ironically, the fossil record was originally put in order not by evolu-

tionists but by geologists who were also creationists, and who accepted
the account of life given in the book of Genesis. These early geologists
simply ordered the different layers of rocks that they found (often from
canal excavations that accompanied the industrialization of England)
using principles based on common sense. Because fossils occur in sedi-
mentary rocks that begin as silt in oceans, rivers, or lakes (or more rarely
as sand dunes or glacial deposits), the deeper layers, or “strata,” must
have been laid down before the shallower ones. Younger rocks lie atop
older ones. But not all layers are present at any one place—sometimes
they are not formed or are eroded away.
To establish a complete ordering of rock layers, then, you must cross-

correlate the strata from different localities around the world. If a layer
of the same type of rock, containing the same type of fossils, appears in
two different places, it’s reasonable to assume that the layer is of the same
age in both places. So, for example, if you find four layers of rock in one
location (let’s label them, from shallowest to deepest, as ABDE), and then
you find just two of those same layers in another place, interspersed with
yet another layer—BCD—you can infer that the record includes at least
five layers of rock, in the order, from youngest to oldest, of ABCDE. This
principle of superposition was first devised in the seventeenth century by
the Danish polymath Nicolaus Steno, who later became an archbishop
and was canonized by Pope Pius XI in —surely the only case of a
saint making an important scientific contribution. Using Steno’s prin-
ciple, the geological record was painstakingly ordered in the eighteenth
and nineteenth centuries: all the way from the very old Cambrian to the
Recent. So far, so good. But this tells you only the relative ages of rocks,
not their actual ages.
Since about  we have been able to measure the actual ages of some

rocks—using radioactivity. Certain radioactive elements (“radioiso-
topes”) are incorporated into igneous rocks when they crystallize out of
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molten rock from beneath the Earth’s surface. Radioisotopes gradually
decay into other elements at a constant rate, usually expressed as the
“half-life”—the time required for half of the isotope to disappear. If we
know the half-life, how much of the radioisotope was there when the
rock formed (something that geologists can accurately determine), and
how much remains now, it’s relatively simple to estimate the age of the
rock. Different isotopes decay at different rates. Old rocks are often dated
using uranium- (U238), found in the common mineral zircon. U238

has a half-life of around  million years. Carbon-, with a half-life of
, years, is used formuch younger rocks, or even human artifacts such
as the Dead Sea Scrolls. Several radioisotopes usually occur together, so
the dates can be cross-checked, and the ages invariably agree. The rocks
that bear fossils, however, are not igneous but sedimentary, and can’t be
dated directly. But we can obtain the ages of fossils by bracketing the
sedimentary layers with the dates of adjacent igneous layers that contain
radioisotopes.
Opponents of evolution often attack the reliability of these dates by

saying that rates of radioactive decay might have changed over time or
with the physical stresses experienced by rocks. This objection is often
raised by “young-Earth” creationists who hold the Earth to be , to
, years old. But it is specious. Since the different radioisotopes in
a rock decay in different ways, they wouldn’t give consistent dates if
decay rates changed. Moreover, the half-lives of isotopes don’t change
when scientists subject them to extreme temperatures and pressures in
the laboratory. And when radiometric dates can be checked against dates
from the historical record, as with the carbon-method, they invariably
agree. It is radiometric dating of meteorites that tells us that the Earth
and solar system are . billion years old. (The oldest Earth rocks are a bit
younger—. billion years in samples from northern Canada—because
older rocks have been destroyed by movements of the Earth’s crust.)
There are yet other ways to check the accuracy of radiometric

dating. One of them uses biology, and involved an ingenious study
of fossil corals by John Wells of Cornell University. Radioisotope
dating showed that these corals lived during the Devonian period,
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about  million years ago. But Wells could also find out when
these corals lived simply by looking closely at them. He made use
of the fact that the friction produced by tides gradually slows the
Earth’s rotation over time. Each day—one revolution of the Earth—
is a tiny bit longer than the last one. Not that you would notice: to
be precise, the length of a day increases by about two seconds every
, years. Since the duration of a year—the time it takes the Earth
to circle the Sun—doesn’t change over time, this means that the num-
ber of days per year must be decreasing over time. From the known
rate of slowing, Wells calculated that when his corals were alive—
 million years ago if the radiometric dating were correct—each
year would have contained about  days, each  hours long. If
there were some way that the fossils themselves could tell how long
each day was when they were alive, we could check whether that
length matched up with the  hours predicted from radiometric
dating.
But corals can do this, for as they grow they record in their bodies how

many days they experience each year. Living corals produce both daily
and annual growth rings. In fossil specimens, we can see howmany daily
rings separate each annual one: that is, how many days were included in
each year when that coral was alive. Knowing the rate of tidal slowing, we
can cross check the “tidal” age against the “radiometric” age. Counting
rings in his Devonian corals, Wells found that they experienced about
 days per year, which means that each day was . hours long. That’s
only a tiny deviation from the predicted  hours. This clever biological
calibration gives us additional confidence in the accuracy of radiometric
dating.

THE FACTS

What would constitute evidence for evolution in the fossil record? There
are several types. First, the big evolutionary picture: a scan through the
entire sequence of rock strata should show early life to be quite simple,
with more complex species appearing only after some time. Moreover,
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the youngest fossils we find should be those that aremost similar to living
species.
We should also be able to see cases of evolutionary change within

lineages: that is, one species of animal or plant changing into something
different over time. Later species should have traits that make them look
like the descendants of earlier ones. And since the history of life involves
the splitting of species from common ancestors, we should be able to see
this splitting—and find evidence of those ancestors—in the fossil record.
For example, nineteenth-century anatomists predicted that, from their
bodily similarities, mammals evolved from ancient reptiles. So we should
be able to find fossils of reptiles that were becoming more mammal-like.
Of course, because the fossil record is incomplete, we can’t expect to
document every transition between major forms of life. But we should
at least find some.
When writing The Origin, Darwin bemoaned the sketchy fossil record.

At that time we lacked transitional series of fossils or “missing links”
between major forms that could document evolutionary change. Some
groups, like whales, appeared suddenly in the record, without known
ancestors. But Darwin still had some fossil evidence for evolution. This
included the observation that ancient animals and plants were very dif-
ferent from living species, resembling modern species more and more as
one moved up to more recently formed rocks. He also noted that fossils
in adjacent layers were more similar to each other than to those found in
layersmore widely separated, implying a gradual and continuous process
of divergence. What’s more, at any given place, the fossils in the most
recently deposited rocks tended to resemble the modern species living in
that area, rather than the species living in other parts of the world. Fossil
marsupials, for instance, were found in profusion only in Australia, and
that’s where most modern marsupials live. This suggested that modern
species descended from the fossil ones. (Those fossil marsupials include
some of the most bizarre mammals that ever lived, including a giant -
foot kangaroo with a flat face, huge claws, and a single toe on each foot.)
What Darwin didn’t have were enough fossils to show clear evidence

of gradual changes within species, or of common ancestors. But since his
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time, paleontologists have turned up fossils galore, fulfilling all the pre-
dictionsmentioned above.We can now show continuous changes within
lineages of animals; we have lots of evidence for common ancestors and
transitional forms (those missing ancestors of whales, for instance, have
turned up); and we have dug deep enough to see the very beginnings of
complex life.

BIG PATTERNS

Now that we have put all the strata in order and estimated their dates, we
can read the fossil record from bottom to top. Figure  shows a simplified
timeline of life’s history, depicting the major biological and geological
events that occurred since the first organisms arose around . billion
years ago. This record gives an unambiguous picture of change, starting
with the simple and proceeding to the more complex. Although the
figure shows the “first appearances” of groups like reptiles andmammals,
this shouldn’t be taken to mean that modern forms appear in the fossil
record suddenly, arising out of nowhere. Instead, for most groups we see
gradual evolution from earlier forms (birds and mammals, for example,
evolved over millions of years from reptilian ancestors). The existence of
gradual transitions between major groups, which I discuss below, means
that assigning a date to a “first appearance” becomes somewhat arbitrary.
The first organisms, simple photosynthetic bacteria, appear in sedi-

ments about . billion years old, only about a billion years after the
planet was formed. These single cells were all that occupied the Earth
for the next two billion years, after which we see the first simple “eukary-
otes”: organisms having true cells with nuclei and chromosomes. Then,
around  million years ago, a whole gamut of relatively simple but
multicelled organisms arise, including worms, jellyfish, and sponges.
These groups diversify over the next several million years, with terrestrial
plants and tetrapods (four-legged animals, the earliest of which were
lobe-finned fish) appearing about  million years ago. Earlier groups,
of course often persisted: photosynthetic bacteria, sponges, and worms
appear in the early fossil record, and are still with us.
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FIGURE . The fossil record showing first appearance of various forms of life that
arose since the Earth formed ,million years ago (MYA). Note that multicellular
life originated and diversified only in the last % of life’s history. Groups appear on
the scene in an orderly evolutionary fashion, with many arising after known fossil
transitions from ancestors. The sequence shown, along with the transitional forms,
disproves creationist claims that all forms of life arose not only suddenly, but also at
the same time.





   

Fifty million years later we find the first true amphibians, and
after another fifty million years reptiles come along. The first mam-
mals show up around  million years ago (arising, as predicted,
from reptilian ancestors), and the first birds, also descended from rep-
tiles, show up fifty million years later. After the earliest mammals
appear, they, along with insects and land plants, become ever more
diverse, and as we approach the shallowest rocks, the fossils increas-
ingly come to resemble living species. Humans are newcomers on the
scene—our lineage branches off from that of other primates only about
seven million years ago, the merest sliver of evolutionary time. Vari-
ous imaginative analogies have been used to make this point, and it
is worth making again. If the entire course of evolution were com-
pressed into a single year, the earliest bacteria would appear at the
end of March, but we wouldn’t see the first human ancestors until
 a.m. on December . The golden age of Greece, about  , would
occur just thirty seconds before midnight.
Although the fossil record of plants is sparser—they lack easily fos-

silized hard parts—they show a similar evolutionary pattern. The oldest
are mosses and algae, followed by the appearance of ferns, then conifers,
then deciduous trees, and, finally, flowering plants.
So the appearance of species through time, as seen in fossils, is far

from random. Simple organisms evolved before complex ones, predicted
ancestors before descendants. The most recent fossils are those most
similar to living species. And we have transitional fossils connecting
many major groups. No theory of special creation, or any theory other
than evolution, can explain these patterns.

FOSSILIZED EVOLUTION AND SPECIATION

To show gradual evolutionary change within a single lineage, you need
a good succession of sediments, preferably laid down quickly (so that
each time period represents a thick slice of rock, making change easier
to see), and without missing layers (a missing layer in the middle makes
a smooth evolutionary transition look like a sudden “jump”).
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Very small marine organisms, such as plankton, are ideal for this.
There are billions of them, many of them have hard parts, and they
conveniently fall directly to the sea floor after death, piling up in a
continuous sequence of layers. Sampling the layers in order is easy: you
can thrust a long tube into the sea floor, pull up a columnar core sample,
and read it (and date it) from bottom to top.
Tracing a single fossil species through the core, you can often see it

evolve. Figure  shows an example of evolution in a tiny, single-celled
marine protozoan that builds a spiral shell, creating more chambers as
it grows. These samples come from sections of a -meter-long core
taken from the ocean floor near New Zealand, representing about eight
million years of evolution. The figure shows change over time in one

FIGURE . A record of fossils (preserved in a sea-floor core) showing evolutionary
change in the marine foraminiferan Globorotalia conoidea over an  million-year
period. The scale gives the number of chambers in the final whorl of the shell,
averaged among all individuals from each section of the core. (After Malmgren and
Kennett .)
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FIGURE . Evolutionary change of thorax size in the radiolarian Pseudocubus vema
over a period of two million years. Values are population averages from each section
of the core. (After Kellogg and Hays .)

trait: the number of chambers in the final whorl of the shell. Here we see
fairly smooth and gradual change over time: individuals have about .
chambers per whorl at the beginning of the sequence and . at the end,
a decrease of about  percent.
Evolution, though gradual, need not always proceed smoothly, or at

an even pace. Figure  shows a more irregular pattern in another marine
microorganism, the radiolarian Pseudocubus vema. In this case geolo-
gists took regularly spaced samples from an -meter-long core extracted
near Antarctica, representing about two million years of sediments. The
trait measured was the width of the animal’s cylindrical base (its “tho-
rax”). Although size increases by nearly  percent over time, the trend
is not smooth. There are periods in which size doesn’t change much,
interspersed with periods of more rapid change. This pattern is quite
common in fossils, and is completely understandable if the changes we
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see were driven by environmental factors such as fluctuations in climate
or salinity. Environments themselves change sporadically and unevenly,
so the strength of natural selection will wax and wane.
Let’s look at evolution in more complex species: trilobites. Trilo-

bites were arthropods, in the same group as insects and spiders. Since
they were protected by a hard shell, they are extremely common in
ancient rocks (you can probably buy one in your nearest museum
shop). Peter Sheldon, then at Trinity College Dublin, collected trilo-
bite fossils from a layer of Welsh shale spanning about three mil-
lion years. Within this rock, he found eight distinct lineages of trilo-
bites, and over time each showed evolutionary change in the num-
ber of “pygideal ribs”—the segments on the last section of the body.
Figure  shows the changes in several of these lineages. Although over
the entire period of sampling every species showed a net increase in
segment number, the changes among different species were not only
uncorrelated, but sometimes went in opposite directions during the
same period.
Unfortunately, we have no idea what selective pressures drove the

evolutionary changes in these plankton and trilobites. It is always easier
to document evolution in the fossil record than to understand what
caused it, for although fossils are preserved, their environments are not.
What we can say is that there was evolution, it was gradual, and it varied
in both pace and direction.
Marine plankton give evidence for the splitting of lineages as well as

evolution within a lineage. Figure  shows an ancestral plankton species
dividing into two descendants, distinguishable by both size and shape.
Interestingly, the new species, Eucyrtidium matuyamai, first evolved in
an area to the north of the area from where these cores were taken,
and only later invaded the area where its ancestor occurred. As we’ll
see in chapter , the formation of a new species usually begins when
populations are geographically isolated from one another.
There are hundreds of other examples of evolutionary change in

fossils—both gradual and punctuated—from species as diverse as
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FIGURE . Evolutionary change in the number of pygidial ribs (segments on the tail
section) of five groups of Ordovician trilobites. The number gives the population
average at each section of the three-million-year sample of shale. All five species—
and three others not shown—displayed a net increase in rib number over the period,
suggesting that natural selection was involved over the long term, but that the species
did not change in perfect parallel. (After Sheldon .)

mollusks, rodents, and primates. And there are also examples of species
that barely change over time. (Remember that evolutionary theory does
not state that all species must evolve!) But listing these cases wouldn’t
change my point: the fossil record gives no evidence for the creationist
prediction that all species appear suddenly and then remain unchanged.
Instead, forms of life appear in the record in evolutionary sequence, and
themselves evolve and split.
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FIGURE . Evolution and speciation in two species of the planktonic radiolarian
Eucyrtidium, taken from a sediment core spanning more than . million years. The
points represent the width of the fourth segment, shown as the average of each species
at each section of the core. In areas to the north of where this core was taken, an
ancestral population of E. calvertense became larger, gradually acquiring the name
E. matuyamai as it became larger. E. matuyamai then reinvaded the range of its
relative, as shown on the graph, and both species, now living in the same place, began
to diverge in body size. This divergence may have been the result of natural selection
acting to reduce competition for food between the two species. (After Kellogg and
Hayes .)
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“MISSING LINKS”

Changes in marine species may give evidence for evolution, but that’s
not the only lesson that the fossil record has to teach. What really excites
people—biologists and paleontologists among them—are transitional
forms: those fossils that span the gap between two very different kinds of
living organisms. Did birds really come from reptiles, land animals from
fish, and whales from land animals? If so, where is the fossil evidence?
Even some creationists will admit that minor changes in size and shape
might occur over time—a process calledmicroevolution—but they reject
the idea that one very different kind of animal or plant can come from
another (macroevolution). Advocates of intelligent design argue that this
kind of difference requires the direct intervention of a creator. Although
in The Origin Darwin could point to no transitional forms, he would
have been delighted by how his theory has been confirmed by the fruits
of modern paleontology. These include many species whose existence
was predicted many years ago, but that have been unearthed in only the
last few decades.
But what counts as fossil evidence for a major evolutionary tran-

sition? According to evolutionary theory, for every two species, how-
ever different, there was once a single species that was the ancestor
of both. We could call this one species the “missing link.” As we’ve
seen, the chance of finding that single ancestral species in the fossil
record is almost zero. The fossil record is simply too spotty to expect
that.
But we needn’t give up, for we can find some other species in the

fossil record, close cousins to the actual “missing link,” that document
common ancestry equally well. Let’s take one example. In Darwin’s day,
biologists conjectured from anatomical evidence, such as similarities
in the structure of hearts and skulls, that birds were closely related to
reptiles. They speculated that there must have been a common ancestor
that, through a speciation event, produced two lineages, one eventually
yielding all modern birds and the other all modern reptiles.
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What would this common ancestor have looked like? Our intuition
is to say that it would have resembled something halfway between a
modern reptile and a modern bird, showing a mixture of features from
both types of animal. But this need not be the case, as Darwin clearly saw
in The Origin:

I have found it difficult, when looking at any two species, to avoid
picturing tomyself, forms directly intermediate between them. But this
is a wholly false view; we should always look for forms intermediate
between each species and a common but unknown progenitor; and
the progenitor will generally have differed in some respects from all of
its modified descendants.

Because reptiles appear in the fossil record before birds, we can guess
that the common ancestor of birds and reptiles was an ancient reptile,
and would have looked like one. We now know that this common ances-
tor was a dinosaur. Its overall appearance would give few clues that it was
indeed a “missing link”—that one lineage of descendants would later give
rise to all modern birds, and the other to more dinosaurs. Truly bird-
like traits, such as wings and a large breastbone for anchoring the flight
muscles, would have evolved only later on the branch leading to birds.
And as that lineage itself progressed from reptiles to birds, it sprouted off
many species having mixtures of reptile-like and bird-like traits. Some of
those species went extinct, while others continued evolving into what are
nowmodern birds. It is to these groups of ancient species, the relatives of
species near the branch point, that wemust look for evidence of common
ancestry.
Showing common ancestry of two groups, then, does not require that

we produce fossils of the precise single species that was their common
ancestor, or even species on the direct line of descent from an ancestor
to descendant. Rather, we need only produce fossils having the types of
traits that link two groups together, and, importantly, we must also give
the dating evidence showing that those fossils occur at the right time in
the geological record. A “transitional species” is not equivalent to “an
ancestral species”; it is simply a species showing a mixture of traits from
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organisms that lived both before and after it. Given the patchiness of the
fossil record, finding these forms at the proper times in the record is a
sound and realistic goal. In the reptile-to-bird transition, for instance,
the transitional forms should look like early reptiles, but with some bird-
like traits. And we should find these transitional fossils after reptiles had
already evolved, but before modern birds appeared. Further, transitional
forms don’t have to be on the direct line of descent from an ancestor
to a living descendant—they could be evolutionary cousins that went
extinct. As we’ll see, the dinosaurs that gave rise to birds sported feathers,
but some feathered dinosaurs continued to persist well after more bird-
like creatures had evolved. Those later feathered dinosaurs still provide
evidence for evolution, because they tell us something about where birds
came from.
The dating and—to some extent—the physical appearance of transi-

tional creatures, then, can be predicted from evolutionary theory. Some
of the more recent and dramatic predictions that have been fulfilled
involve our own group, the vertebrates.

ONTO THE LAND: FROM FISH TO
AMPHIBIANS

One of the greatest fulfilled predictions of evolutionary biology is the
discovery, in , of a transitional form between fish and amphibians.
This is the fossil species Tiktaalik roseae, which tells us a lot about how
vertebrates came to live on the land. Its discovery is a stunning vindica-
tion of the theory of evolution.
Until about  million years ago, the only vertebrates were fish. But,

thirty million years later, we find creatures that are clearly tetrapods:
four-footed vertebrates that walked on land. These early tetrapods were
like modern amphibians in several ways: they had flat heads and bodies,
a distinct neck, and well-developed legs and limb girdles. Yet they also
show strong links with earlier fishes, particularly the group called “lobe-
finned fishes,” so called because of their large bony fins that enabled
them to prop themselves up on the bottom of shallow lakes or streams.
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FIGURE . Invasion of the land. A land-dwelling tetrapod (Acanthostega gunnari)
from Greenland, about  million years ago. An early lobe-finned fish
(Eusthenopteron foordi) from about  million years ago, and the transitional form,
Tiktaalik roseae, from Ellesmere Island, about millon years ago. The intermediacy
of Tiktaalik’s body form is mirrored by the intermediacy of its limbs, which have a
bone structure in between that of the sturdy fins of the lobe-finned fish and the even
sturdier walking limbs of the tetrapod. Shaded bones are those that will evolve into
the arm bones of modern mammals: the bone with darkest shading will become our
humerus, and the medium- and light-shaded bones will become the radius and ulna,
respectively.

The fish-like structures of early tetrapods include scales, limb bones, and
head bones (figure ).
How did early fish evolve to survive on land? This was the question

that interested—or rather obsessed—my Chicago colleague Neil Shubin.
Neil had spent years studying the evolution of limbs from fins, and was
driven to understand the earliest stages of that evolution.
This is where the prediction comes in. If there were lobe-finned fishes

but no terrestrial vertebrates million years ago, and clearly terrestrial
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vertebrates  million years ago, where would you expect to find the
transitional forms? Somewhere in between. Following this logic, Shubin
predicted that if transitional forms existed, their fossils would be found
in strata around  million years old. Moreover, the rocks would have
to be from freshwater rather than marine sediments, because late lobe-
finned fish and early amphibians both lived in fresh water.
Searching his college geology textbook for a map of exposed freshwa-

ter sediments of the right age, Shubin and his colleagues zeroed in on a
paleontologically unexplored region of the Canadian Arctic: Ellesmere
Island, which sits in the Arctic Ocean north of Canada. And after five
long years of fruitless and expensive searching, they finally hit pay dirt:
a group of fossil skeletons stacked atop one another in sedimentary rock
from an ancient stream. When Shubin first saw the fossil face poking
out of the rock, he knew that he had at last found his transitional form.
In honor of the local Inuit people and the donor who helped fund the
expeditions, the fossil was named Tiktaalik roseae (“Tiktaalik” means
“large freshwater fish” in Inuit, and “roseae” is a cryptic reference to the
anonymous donor).
Tiktaalik has features that make it a direct link between the earlier

lobe-finned fish and the later amphibians (figure ). With gills, scales,
and fins, it was clearly a fish that lived its life in water. But it also has
amphibian-like features. For one thing, its head is flattened like that of a
salamander, with the eyes and nostrils on top rather than on the sides of
the skull. This suggests that it lived in shallow water and could peer, and
probably breathe, above the surface. The fins had become more robust,
allowing the animal to flex itself upward to help survey its surroundings.
And, like the early amphibians, Tiktaalik has a neck. Fish don’t have
necks—their skull joins directly to their shoulders.
Most importantly, Tiktaalik has two novel traits that were to prove

useful in helping its descendants invade the land. The first is a set of
sturdy ribs that helped the animal pump air into its lungs and move
oxygen from its gills (Tiktaalik could breathe both ways). And instead of
the many tiny bones in the fins of lobe-finned fish, Tiktaalik had fewer
and sturdier bones in the limbs—bones similar in number and position





   

to those of every land creature that came later, including ourselves. In
fact, its limbs are best described as part fin, part leg.
Clearly Tiktaalik was well adapted to live and crawl about in shal-

low waters, peek above the surface, and breathe air. Given its struc-
ture, we can envision the next, critical evolutionary step, which prob-
ably involved a novel behavior. A few of Tiktaalik’s descendants were
bold enough to venture out of the water on their sturdy fin-limbs,
perhaps to make their way to another stream (as the bizarre mud-
skipper fish of the tropics does today), to avoid predators, or per-
haps to find food among the many giant insects that had already
evolved. If there were advantages to venturing onto land, natural
selection could mold those explorers from fish into amphibians. That
first small step ashore proved a great leap for vertebrate-kind, ulti-
mately leading to the evolution of every land-dwelling creature with a
backbone.
Tiktaalik itself was not ready for life ashore. For one thing, it had not

yet evolved a limb that would allow it to walk. And it still had inter-
nal gills for breathing underwater. So we can make another prediction.
Somewhere, in freshwater sediments about  million years old, we’ll
find a very early land-dweller with reduced gills and limbs a bit sturdier
than those of Tiktaalik.

Tiktaalik shows that our ancestors were flat-headed predatory fish
who lurked in the shallowwaters of streams. It is a fossil that marvelously
connects fish with amphibians. And equally marvelous is that its discov-
ery was not only anticipated, but predicted to occur in rocks of a certain
age and in a certain place.
The best way to experience the drama of evolution is to see the

fossils for yourself, or better yet, to handle them. My students had
this chance when Neil brought a cast of Tiktaalik to class, passed it
around, and showed how it filled the bill of a true transitional form.
This was, to them, the most tangible evidence that evolution was
true. How often do you get to put your hands on a piece of evo-
lutionary history, much less one that might have been your distant
ancestor?
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INTO THIN AIR: THE ORIGIN OF BIRDS

Of what use is half a wing? Ever since Darwin, that question has been
raised to cast doubt on evolution and natural selection. Biologists tell
us that birds evolved from early reptiles, but how could a land-dwelling
animal evolve the ability to fly? Natural selection, creationists argue,
could not explain this transition, because it would require intermediate
stages in which animals have only the rudiments of a wing. This would
seem more likely to encumber a creature than to give it a selective
advantage.
But if you think a bit, it’s not so hard to come up with intermediate

stages in the evolution of flight, stages that might have been useful to
their possessors. Gliding is the obvious first step. And gliding has evolved
independently many times: in placental mammals, marsupials, and even
lizards. Flying squirrels do quite well by gliding with flaps of skin that
extend along their sides—a good way to get from tree to tree to escape
predators or find nuts. And there is the even more remarkable “flying
lemur,” or colugo, of Southeast Asia, which has an impressive membrane
stretching from head to tail. One colugo was seen gliding for a distance
of  feet—nearly the length of six tennis courts—while losing only 
feet in height! It’s not hard to envision the next evolutionary step: the
flapping of colugo-like limbs to produce true flight, as we see in bats. But
we no longer have to only imagine this step: we now have the fossils that
clearly show how flying birds evolved.
Since the nineteenth century, the similarity between the skeletons

of birds and some dinosaurs led paleontologists to theorize that they
had a common ancestor—in particular, the theropods: agile, carnivorous
dinosaurs that walked on two legs. Around  million years ago, the
fossil record shows plenty of theropods but nothing that looks even
vaguely bird-like. By seventy million years ago, we see fossils of birds
that look fairly modern. If evolution is true, then we should expect to
see the reptile-bird transition in rocks between seventy and  million
years old.
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And there they are. The first link between birds and reptiles was
actually known to Darwin, who, curiously, mentioned it only briefly in
later editions of The Origin, and only then as an oddity. It is perhaps
the most famous of all transitional forms: the crow-sized Archaeopteryx
lithographica, discovered in a limestone quarry in Germany in .
(The name “Archaeopteryx” means “ancient wing,” and “lithograph-
ica” comes from the Solnhofen limestone, fine-grained enough to
make lithographic plates and preserve the impressions of soft feathers).
Archaeopteryx has just the combination of traits one would expect to
find in a transitional form. And its age, about million years, places it
where we would expect.
Archaeopteryx is really more reptile than bird. Its skeleton is almost

identical to that of some theropod dinosaurs. In fact, some biologists
who didn’t look at the Archaeopteryx fossils closely enough missed the
feathers, and misclassified the beasts as theropods. (Figure  shows this
similarity between the two types.) The reptilian features include a jaw
with teeth, a long bony tail, claws, separate fingers on the wing (in
modern birds these bones are fused, as you can see by inspecting a
gnawed chicken wing), and a neck attached to its skull from behind (as
in dinosaurs) instead of from below (as in modern birds). The bird-like
traits number just two: large feathers and an opposable big toe, probably
used for perching. It still isn’t clear whether this creature, though fully
feathered, could fly. But its asymmetrical feathers—one side of each
feather is larger than the other—suggest that it could. Asymmetrical
feathers, like airplane wings, create the “airfoil” shape necessary for
aerodynamic flight. But even if it could fly, Archaeopteryx is mainly
dinosaurian. It is also what evolutionists call a “mosaic.” Rather than
having every feature being halfway between those of birds and reptiles,
Archaeopteryx has a few bits that are very bird-like, while most bits are
very reptilian.
After the discovery of Archaeopteryx, no other reptile-bird intermedi-

ates were found for many years, leaving a gaping hole between modern
birds and their ancestors. Then, in the mid-s, a spate of astonishing
discoveries from China began to fill in the gap. These fossils, found in
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FIGURE . Skeletons of a modern bird (chicken), a transitional form
(Archaeopteryx), and a small, bipedal, carnivorous theropod dinosaur
(Compsognathus), similar to one of Archaeopteryx’s ancestors. Archeopteryx
has a few features like those of modern birds (feathers and an opposable big toe), but
its skeleton is very similar to that of the dinosaur, including teeth, a reptilian pelvis,
and a long bony tail. Archaeopteryx was about the size of a raven, Compsognathus
slightly larger.
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lake sediments that preserve the impressions of soft parts, represent a
veritable parade of feathered theropod dinosaurs. Some of them have
very small filamentous structures covering the whole body—probably
early feathers. One is the remarkable Sinornithosaurus millenii (Sinor-
nithosaurus means “Chinese bird-lizard”), whose whole body was cov-
ered with long, thin feathers—feathers so small that they couldn’t possi-
bly have helped it fly (figure ). And its claws, teeth, and long, bony tail
clearly show that this creature was far from being a modern bird. Other
dinosaurs show medium-sized feathers on their heads and forelimbs.
Still others have large feathers on the forelimbs and tail, much like mod-
ern birds. The most striking of all is Microraptor gui, the “four-winged
dinosaur.” Unlike any modern bird, this bizarre, -inch-long creature
had fully feathered arms and legs (figure ), which when stretched out
were probably used for gliding.

Theropod dinosaurs didn’t just have primitive bird-like features, it
seems: they even behaved in bird-like ways. The American paleontol-
ogist Mark Norell and his team described two fossils showing ancient
behavior—and if ever fossils could be called “touching,” these are
they. One is a small feathered dinosaur sleeping with its head tucked
under its folded, wing-like forearm—exactly as modern birds sleep
(figure ). The animal, given the scientific name Mei long (Chinese
for “soundly sleeping dragon”), must have died while slumbering. The
other fossil is a female theropod who met her end while sitting on
her nest of twenty-two eggs, showing brooding behavior similar to that
of birds.
All the nonflying feathered dinosaur fossils date between  and 

million years ago—later than the -million-year-old Archaeopteryx.
That means that they could not be Archaeopteryx’s direct ancestors, but
they could have been its cousins. Feathered dinosaurs probably contin-
ued to exist after one of their kin gave rise to birds. We should, then,
be able to find even older feathered dinosaurs that were the ancestors of
Archaeopteryx. The problem is that feathers are preserved only in special
sediments—the fine-grained silt of quiet environments like lake beds or
lagoons. And these conditions are very rare. But we can make another
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FIGURE A. The feathered dinosaur Sinornithosaurus millenii, original fossil
(about  million years old) from China, and artist’s reconstruction. The fossil
clearly shows the impression of filamentous feathers, especially on the head and
forelimbs.
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FIGURE B. The bizarre “four-winged” dinosaur Microraptor gui, which had long
feathers on both its fore- and hindlimbs. These feathers are clearly visible in the fossil,
dated about million years ago. It’s not clear whether this animal could fly or only
glide, but the rear “wings” almost certainly helped it land, as shown in the drawing.
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FIGURE . Fossil behavior: the feathered theropod dinosaurMei long (top) fossilized
in a birdlike roosting position, sleeping with its head tucked under its forelimb.
Middle: a reconstruction ofMei long from the fossil. Bottom, a modern bird (juvenile
house sparrow) sleeping in the same position.
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testable evolutionary prediction: someday we’ll find fossils of feathered
dinosaurs that are older than Archaeopteryx.

We’re not sure whether Archaeopteryx is the one single species
that gave rise to all modern birds. It seems unlikely that it was the
“missing link.” But regardless, it’s one of a long string of fossils
(some found by the intrepid Paul Sereno) that clearly document the
appearance of modern birds. As these fossils get younger, we see
the reptilian tail shrinking, the teeth disappearing, the claws fusing
together, and the appearance of a large breastbone to anchor the flight
muscles.
Put together, the fossils show that the basic skeletal plan of birds, and

those essential feathers, evolved before birds could fly. There were many
feathered dinosaurs, and their feathers are clearly related to those of
modern birds. But if feathers didn’t arise as adaptations for flying, what
on earth were they for? Again, we don’t know. They could have been
used for ornamentation or display—perhaps to attract mates. It seems
more likely, though, that they were used for insulation. Unlike modern
reptiles, theropods may have been partially warm-blooded; and even if
they weren’t, feathers would have helped maintain body temperature.
And what feathers evolved from is even more mysterious. The best guess
is that they derive from the same cells that give rise to reptilian scales,
but not everyone agrees.
Despite the unknowns, we can make some guesses about how nat-

ural selection fashioned modern birds. Early carnivorous dinosaurs
evolved longer forelimbs and hands, which probably helped them
grab and handle their prey. That kind of grabbing would favor the
evolution of muscles that would quickly extend the front legs and
pull them inward: exactly the motion used for the downward stroke
in true flight. Then followed the feathery covering, probably for insu-
lation. Given these innovations, there are at least two ways flight could
then have evolved. The first is called the “trees down” scenario. There
is evidence that some theropods lived at least partly in trees. Feathery
forelimbs would help these reptiles glide from tree to tree, or from tree
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to ground, which would help them escape predators, find food more
readily, or cushion their falls.
A different, and more likely, scenario is called the “ground up” theory,

which sees flight evolving as an outgrowth of open-armed runs and leaps
that feathered dinosaurs might have made to catch their prey. Longer
wings could also have evolved as running aids. The chukar partridge,
a game bird studied by Kenneth Dial at the University of Montana,
represents a living example of this step. These partridges almost never
fly, and flap their wings mainly to help them run uphill. The flapping
gives them not only extra propulsion, but also more traction against
the ground. Newborn chicks can run up -degree slopes, and adults
can ascend -degree slopes—overhangs more than vertical!—solely by
running and flapping their wings. The obvious advantage is that uphill
scrambling helps these birds escape predators. The next step in evolving
flight would be very short airborne hops, like those made by turkeys and
quail fleeing from danger.
In either the “trees down” or “ground up” scenario, natural selection

could begin to favor individuals who could fly farther instead of merely
of gliding, leaping, or flying for short bursts. Then would come the
other innovations shared by modern birds, including hollow bones for
lightness and that large breastbone.
While we may speculate about the details, the existence of transi-

tional fossils—and the evolution of birds from reptiles—is fact. Fossils
like Archaeopteryx and its later relatives show a mixture of bird-like
and early reptilian traits, and they occur at the right time in the
fossil record. Scientists predicted that birds evolved from theropod
dinosaurs, and, sure enough, we find theropod dinosaurs with feathers.
We see a progression in time from early theropods having thin, fila-
mentous body coverings to later ones with distinct feathers, probably
adept gliders. What we see in bird evolution is the refashioning of old
features (forelimbs with fingers and thin filaments on the skin) into
new ones (fingerless wings and feathers)—just as evolutionary theory
predicts.
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BACK TO THE WATER: THE EVOLUTION
OF WHALES

Duane Gish, an American creationist, is renowned for his lively and pop-
ular (if wildly misguided) lectures attacking evolution. I once attended
one, during which Gish made fun of biologists’ theory that whales
descended from land animals related to cows. How, he asked, could such
a transition occur, since the intermediate form would have been poorly
adapted to both land and water, and thus couldn’t be built by natural
selection? (This resembles the half-a-wing argument against the evolu-
tion of birds.) To illustrate his point, Gish showed a slide of a mermaid-
like cartoon animal whose front half was a spotted cow and whose
rear half was a fish. Apparently puzzled over its own evolutionary fate,
this clearly maladapted beast was standing at the water’s edge, a large
question mark hovering over its head. The cartoon had the intended
effect: the audience burst into laughter. How stupid, they thought, could
evolutionists be?
Indeed, a “mer-cow” is a ludicrous example of a transitional form

between terrestrial and aquatic mammals—an “udder failure,” as Gish
called it. But let’s forget the jokes and rhetoric, and look to nature. Can
we find any mammals that live on both land and water, the kind of
creature that supposedly could not have evolved?
Easily. A good candidate is the hippopotamus, which, although closely

related to terrestrial mammals, is about as aquatic as a land mammal can
get. (There are two species, the pygmy hippo and the “regular” hippo,
whose scientific name is, appropriately,Hippopotamus amphibius.) Hip-
pos spend most of their time submerged in tropical rivers and swamps,
surveying their domain with eyes, noses, and ears that sit atop their
head, all of which can be tightly closed underwater. Hippos mate in the
water, and their babies, who can swim before they can walk, are born and
suckle underwater. Because they are mostly aquatic, hippos have special
adaptations for coming ashore to graze: they usually feed at night, and,
because they’re prone to sunburn, secrete an oily red fluid that contains
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a pigment—hipposudoric acid—that acts as a sunscreen and possibly
an antibiotic. This has given rise to the myth that hippos sweat blood.
Hippos are obviously well adapted to their environment, and it’s not
hard to see that if they could find enough food in the water, they might
eventually evolve into totally aquatic, whale-like creatures.
But we don’t just have to imagine howwhales evolved by extrapolating

from living species. Whales happen to have an excellent fossil record,
courtesy of their aquatic habits and robust, easily fossilized bones. And
how they evolved has emerged within only the last twenty years. This is
one of our best examples of an evolutionary transition, since we have a
chronologically ordered series of fossils, perhaps a lineage of ancestors
and descendants, showing their movement from land to water.
It’s been recognized since the seventeenth century that whales and

their relatives, the dolphins and porpoises, are mammals. They are
warm-blooded, produce live young whom they feed with milk, and have
hair around their blowholes. And evidence from whale DNA, as well
as vestigial traits like their rudimentary pelvis and hind legs, show that
their ancestors lived on land. Whales almost certainly evolved from a
species of the artiodactyls: the group of mammals that have an even
number of toes, such as camels and pigs. Biologists now believe that the
closest living relative of whales is—you guessed it—the hippopotamus,
so maybe the hippo-to-whale scenario is not so far-fetched after all.
But whales have their own unique features that set them apart from

their terrestrial relatives. These include the absence of rear legs, front
limbs that are shaped like paddles, a flattened fluke-like tail, a blowhole
(a nostril atop the head), a short neck, simple conical teeth (different
from the complex, multicusped teeth of land animals), special features
of the ear that allow them to hear underwater, and robust projections on
top of the vertebrae to anchor the strong swimming muscles of the tail.
Thanks to an amazing series of fossil finds in the Middle East, we can
trace the evolution of each of these traits—except for the boneless tail,
which doesn’t fossilize—from a terrestrial to an aquatic form.
Sixty million years ago there were plenty of fossil mammals, but no

fossil whales. Creatures that resemble modern whales show up thirty
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million years later. We should be able, then, to find the transitional
forms within this gap. And once again, that’s exactly where they are.
Figure  shows, in chronological order, some of the fossils involved in
this transition, spanning the period between fifty-two and forty million
years ago.
There is no need to describe this transition in detail, as the drawings

clearly speak—if not shout—of how a land-living animal took to the
water. The sequence begins with a recently discovered fossil of a close
relative of whales, a raccoon-sized animal called Indohyus. Living forty-
eight million years ago, Indohyus was, as predicted, an artiodactyl. It
is clearly closely related to whales because it has special features of the
ears and teeth seen only in modern whales and their aquatic ancestors.
Although Indohyus appears slightly later than largely aquatic ancestors
of whales, it is probably very close to what the whale ancestor looked
like. And it was at least partially aquatic. We know this because its
bones were denser than those of fully terrestrial mammals, which kept
the creature from bobbing about in the water, and because the isotopes
extracted from its teeth show that it absorbed a lot of oxygen from water.
It probably waded in shallow streams or lakes to graze on vegetation or
escape from its enemies, much like a similar animal, the African water
chevrotain, does today. This part-time life in water probably put the
ancestor of whales on the road to becoming fully aquatic.
Indohyus was not the ancestor of whales, but was almost certainly its

cousin. But if we go back four million more years, to fifty-two million
years ago, we see what might well be that ancestor. It is a fossil skull from
awolf-sized creature called Pakicetus, which is a bit more whale-like than
Indohyus, having simpler teeth and more whale-like ears. Pakicetus still
looked nothing like a modern whale, so if you had been around to see
it, you wouldn’t have guessed that it or its close relatives would give
rise to a dramatic evolutionary radiation. Then follows, in rapid order, a
series of fossils that become more and more aquatic with time. At fifty
million years ago there is the remarkableAmbulocetus (literally, “walking
whale”), with an elongated skull and reduced but still robust limbs, limbs
that still ended in hooves that reveal its ancestry. It probably spent most





   

Pakicetus

Ambulocetus

Dorudon

Balaena

Indohyus

Rodhocetus

FIGURE . Transitional forms in the evolution of modern whales from the ancient
artiodactyl Indohyus (Balaena is the modern baleen whale, with a vestigial pelvis and
hindlimb, while the other forms are transitional fossils). Relative sizes of the animals
are shown in gray shading.
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