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Thus shall ye think of all this fleeting world:
A star at dawn, a bubble in a stream,
A flash of lightning in a summer cloud,

A flickering lamp, a phantom, and a dream.

—Diamond Sutra, ca. fourth century ce
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FOREWORD

Maps of Time unites natural history and human history in a single, grand,
and intelligible narrative. This is a great achievement, analogous to the way
in which Isaac Newton in the seventeenth century united the heavens and
the earth under uniform laws of motion; it is even more closely compara-
ble to Darwin’s nineteenth-century achievement of uniting the human
species and other forms of life within a single evolutionary process.

The natural history that David Christian deals with in the first chapters
of this book is itself radically extended and transformed from the natural
history of earlier ages. It starts with the big bang some 13 billion years ago,
when, according to twentieth-century cosmologists, the universe we inhabit
began to expand and transform itself. Processes thereby inaugurated are still
in course, as time and space (perhaps) began, allowing matter and energy to
separate from one another and distribute themselves throughout space in
different densities and with different rates of energy flows in response to a
variety of strong and weak forces. Matter, gathering into local clots under
the influence of gravity, became radiant stars, clustered into galaxies. New
complexities, new flows of energy arose around such structures. Then, some
4.6 million years ago, around one star, our sun, planet Earth formed and
soon became the seat of still more complicated processes, including life in
all its forms. Humankind added yet another level of behavior a mere
250,000 years ago, when our use of language and other symbols began to in-
troduce a new capacity for what Christian calls “collective learning.” This
in turn made human societies uniquely capable of concerting common effort
s0 as to alter and sporadically expand widely varying niches in the ecosys-
tem around each of them and, by now, surround us all in the single, global
system.

Xv
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The human history that Christian thus fits into the recently elaborated
natural history of the universe is also an intellectual creation of the twen-
tieth century. For while the efforts of physicists, cosmologists, geologists,
and biologists were making the natural sciences historical, anthropologists,
archaeologists, historians, and sociologists were busy enlarging knowledge
about the human career on earth. They extended it back in time and expanded
it pretty well across the face of the earth to embrace foragers, early farmers,
and other peoples who left no written records and had therefore been ex-
cluded from document-based “scientific” history in the nineteenth century.

Most historians, of course, paid no attention to “prehistory,” or to the
lives of illiterate peoples, busy as they were with their own professional de-
bates. Across the twentieth century, those debates, and the study of abun-
dant Eurasian and a few African and Amerindian texts, added substantially
to the sum of historical information and to the scope of our ideas about the
accomplishments of the urbanized, literate, and civilized peoples of the earth.
A few world historians, like myself, tried to weave those researches together
into a more adequate portrait of humanity’s career as a whole; and some
also explored the ecological impact of human activity. I even wrote a pro-
grammatic essay, “History and the Scientific Worldview” (History and The-
o1y 37,10.1 [1998]: 1—13), describing what had happened to the natural sci-
ences and challenging historians to generalize boldly enough to connect their
discipline with the historicization of the natural sciences that had taken place
behind our backs. Several scholars are, in fact, working toward that end, but
only when I began to correspond with David Christian did I discover a his-
torian who was already writing such a work.

The truly astounding dimension of Christian’s accomplishment is that
he finds similar patterns of transformation at every level. Here, for exam-
ple, is what he says about stars and cities:

In the early universe, gravity took hold of atoms and sculpted them
into stars and galaxies. In the era described in this chapter, we will

see how, by a sort of social gravity, cities and states were sculpted from
scattered communities of farmers. As farming populations gathered in
larger and denser communities, interactions between different groups
increased and the social pressure rose until, in a striking parallel with
star formation, new structures suddenly appeared, together with a new
level of complexity. Like stars, cities and states reorganize and energize
the smaller objects within their gravitational field. (p. 245)

Or weigh the words with which he closes this extraordinary book:

Being complex creatures ourselves, we know from personal experience
how hard it is to climb the down escalator, to work against the universal



FOREWORD Xvii

slide into disorder, so we are inevitably fascinated by other entities
that appear to do the same thing. Thus this theme—the achievement
of order despite, or perhaps with the aid of, the second law of thermo-
dynamics—is woven through all parts of the story told here. The
endless waltz of chaos and complexity provides one of this book’s

unifying ideas. (p. 511)

I venture to say that Christian’s discovery of order amid “the endless waltz
of chaos and complexity” is not just one among other unifying themes, but
the supreme achievement of this work.

Here, then, is a historical and intellectual masterpiece: clear, coherent, eru-
dite, elegant, venturesome, and concise. It offers his readers a magnificent
synthesis of what scholars and scientists have learned about the world
around us in the past hundred years, showing how strangely, yet profoundly,
human societies remain a part of nature, properly at home in the universe
despite our extraordinary powers, unique self-consciousness, and inex-
haustible capacity for collective learning.

Perhaps I should conclude this introduction with a few words about who
David Christian is. First of all, he has an international identity, being the
son of an English father and an American mother who met and married in
Izmir, Turkey. His mother, however, returned to Brooklyn, New York, for
the birth of her son in 1946, while her husband, after discharge from his
wartime duties in the British army, joined the colonial service and became
a district officer in Nigeria. His wife quickly joined him there, so David’s
childhood was spend up-country in Nigeria until, at age 7, he went away to
boarding school in England. Then, in due course, he went up to Oxford, get-
ting a B.A. in modern history in 1968. (At Oxford this means mastering
isolated segments from the history of England since Roman times along with
ascattering of other fields in European history and even a few decades sliced
from the American past: the very antithesis of “big history.”) For the next
two years, he took a job as a tutor at the University of Western Ontario in
Canada, and earned an M.A. degree there. By then he had decided to spe-
cialize in Russian history and returned to Oxford, where a thesis on ad-
ministrative reforms under Tsar Alexander I won him a D.Phil.in 1974. Like
his father, he married an American wife; they have two children.

Between 1975 and 2000 he taught Russian history at Macquarie Uni-
versity in Sydney, Australia, along with other courses in Russian literature
and European history. Influenced by the Annales school in France, his in-
terests shifted to everyday aspects of Russian lives. Two books resulted, both
dealing with what Russians put into their mouths: Bread and Salt: A Social
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and Economic History of Food and Drink in Russia (1985, coauthored with
R. E. F. Smith) and Living Water: Vodka and Russian Society on the Eve of
Emancipation (1990). These books soon attracted invitations to write more
general works: first Power and Privilege: Russia and the Soviet Union in
the Nineteenth and Twentieth Centuries (1986), then A History of Russia,
Central Asia, and Mongolia, volume 1, Inner Eurasia from Prehistory to
the Mongol Empire (1998).

The broad geographical and temporal sweep of the last of these books al-
ready reflected a teaching venture he launched in 1989 when, in the course
of a discussion about what sort of introduction to history the department
at Macquarie ought to provide for its students, David Christian blurted out
something like “Why not start at the beginning?” and promptly found him-
self invited to show his colleagues what that might mean. Unlike every other
historian who ever tried to teach human history on a world scale, Christian
decided to begin with the universe itself; and with help from colleagues in
other departments of the university, who lectured on their own scientific
specialties, he staggered through the first year of what he jestingly chose to
call “big history.”

From the start, big history attracted a large and what soon became an en-
thusiastic student following. But his most responsive professional audience
first arose in the Netherlands and in the United States, where news of what
David Christian was doing persuaded a handful of venturesome teachers to
launch parallel courses. The World History Association as well as the Amer-
ican Historical Association took note by devoting a session to big history at
their annual meetings in 1998. Three years later David Christian decided to
accept an invitation to come to San Diego State University and bring big
history with him.

Other professional interests remain active. A second volume of his His-
tory of Russia, Central Asia, and Mongolia is in the works; so is an account
of the Russian campaign to ban alcohol that peaked in the early 1920s. In
his spare time David Christian has also written several important articles
on scale in the study of history and a variety of other subjects. He is, in short,
a historian of altogether unusual energy, daring, and accomplishment.

You, who are about to peruse this book, have a great experience before
you. Read on, wonder, and admire.

William H. McNeill
22 October 2002
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INTRODUCTION
A MODERN CREATION MYTH?

“BIG HISTORY": LOOKING AT THE PAST ON ALL TIMESCALES

[T]he way to study history is to view it as a long duration, as what
I have called the longue durée. It is not the only way, but it is one
which by itself can pose all the great problems of social structures,
past and present. It is the only language binding history to the
present, creating one indivisible whole.

Universal history comprehends the past life of mankind, not in its
particular relations and trends, but in its fullness and totality.

A Moment’s Halt—a momentary taste

Of BeinG from the Well amid the Waste—

And Lo!—the phantom Caravan has reached
The NoTHING it set out from—Oh, make haste!

Like merchants in a huge desert caravan, we need to know where we are go-
ing, where we have come from, and in whose company we are traveling.
Modern science tells us that the caravan is vast and varied, and our fellow
travelers include numerous exotic creatures, from quarks to galaxies. We
also know a lot about where the journey started and where it is headed. In
these ways, modern science can help us answer some of the deepest ques-
tions we can ask concerning our own existence, and that of the universe
through which we travel. It can help us draw the line we all must draw be-
tween the personal and the universal.

“Who am 1? Where do I belong? What is the totality of which I am a
part?” In some form, all human communities have asked these questions.
And in most human societies, educational systems, formal and informal, have
tried to answer them. Often, the answers have been embedded in cycles of
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creation myths. By offering memorable and authoritative accounts of how
everything began—from our own communities, to the animals, plants, and
landscapes around us, to the earth, the Moon and skies, and even the uni-
verse itself—creation myths provide universal coordinates within which
people can imagine their own existence and find a role in the larger scheme
of things. Creation myths are powerful because they speak to our deep spir-
itual, psychic, and social need for a sense of place and a sense of belonging.
Because they provide so fundamental a sense of orientation, they are often
integrated into religious thinking at the deepest levels, as the Genesis story
is within the Judeo-Christian-Islamic tradition. It is one of the many odd
features of modern society that despite having access to more hard infor-
mation than any earlier society, those in modern educational systems do
not normally teach such a story. Instead, from schools to universities to re-
search institutes, we teach about origins in disconnected fragments. We seem
incapable of offering a unified account of how things came to be the way
they are.

I have written this book in the belief that such intellectual modesty is
unnecessary and harmful. It is unnecessary because the elements of a mod-
ern creation myth are all around us. It is harmful because it contributes to
the subtle but pervasive quality of disorientation in modern life that the pi-
oneering French sociologist Emile Durkheim referred to as “anomie”: the
sense of not fitting in, which is an inescapable condition of those who have
no conception of what it is they are supposed to fit into.

Maps of Time attempts to assemble a coherent and accessible account of
origins, a modern creation myth. It began as a series of lectures in an ex-
perimental history course taught at Macquarie University in Sydney. The
idea of that course was to see if it was possible, even in the modern world,
to tell a coherent story about the past on many different scales, beginning,
literally, with the origins of the universe and ending in the present day. Each
scale, I hoped, would add something new to the total picture and make it
easier to understand all the other scales. Given the conventions of the mod-
ern history profession, this was an extremely presumptuous idea. But it
turned out to be surprisingly doable, and even more interesting than I had
originally supposed. Part of the task of my introduction will be to justify
this distinctive way of thinking and teaching about the past.

I began teaching “big history” in 1989; two years later I published an es-
say in which I attempted a formal defense of this approach.! Though aware
of the oddity of the project, those of us trying to teach big history were soon
convinced that these large questions made for interesting classes and en-
couraged fruitful thinking about the nature of history. Teaching this large
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story persuaded us that beneath the awesome diversity and complexity of
modern knowledge, there is an underlying unity and coherence, ensuring
that different timescales really do have something to say to each other. Taken
together, these stories have all the power and richness of a traditional cycle
of creation myths. They constitute what indigenous Australians might call
amodern “Dreaming”—a coherent account of how we were created and how
we fit into the scheme of things.

We found something else that most premodern societies have known:
there is an astonishing power to any story that attempts to grasp reality
whole. This power is quite independent of the success or failure of any par-
ticular attempt; the project itself is powerful, and fulfills deep needs. Trying
to look at the whole of the past is, it seems to me, like using a map of the
world. No geographer would try to teach exclusively from street maps. Yet
most historians teach about the past of particular nations, or even of agrar-
ian civilizations, without ever asking what the whole of the past looks like.
So what is the temporal equivalent of the world map? Is there a map of time
that embraces the past at all scales?

This is a good moment to raise such questions, because there is a grow-
ing sense, across many scholarly disciplines, that we need to move beyond
the fragmented account of reality that has dominated scholarship (and served
it well) for a century. Scientists have moved fastest in this direction. The
success of Stephen Hawking’s A Brief History of Time (1988) also shows
the great popular interest in trying to understand reality whole. In Hawk-
ing’s own field, cosmology, the idea of a “grand unified theory” once seemed
ridiculously overambitious. Now it is taken for granted. Biology and geol-
ogy have also moved toward more unified accounts of their subject matter,
with the consolidation, since the 1960s, of modern paradigms of evolution
and plate tectonics.?

Scholars at the Santa Fe Institute in the United States have been explor-
ing such interconnections for many years. An associate of the institute, the
Nobel Prize-winning physicist Murray Gell-Mann, has eloquently stated
the arguments for a more unified account of reality as they appear to a
physicist.

We live in an age of increasing specialization, and for good reason.
Humanity keeps learning more about each field of study; and as every
specialty grows, it tends to split into subspecialties. That process hap-
pens over and over again, and it is necessary and desirable. However,
there is also a growing need for specialization to be supplemented by
integration. The reason is that no complex, nonlinear system can be
adequately described by dividing it up into subsystems or into various
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aspects, defined beforehand. If those subsystems or those aspects, all in
strong interaction with one another, are studied separately, even with
great care, the results, when put together, do not give a useful picture
of the whole. In that sense, there is profound truth in the old adage,
“The whole is more than the sum of its parts.”

People must therefore get away from the idea that serious work
is restricted to beating to death a well-defined problem in a narrow
discipline, while broadly integrative thinking is relegated to cocktail
parties. In academic life, in bureaucracies, and elsewhere, the task of
integration is insufficiently respected.

At the Santa Fe Institute, he adds, “People are found who have the courage
to take a crude look at the whole in addition to studying the behavior of
parts of a system in the traditional way.”?

Should historians look for a similar unifying structure, perhaps a “grand
unified story” that can summarize the best modern knowledge about ori-
gins from a historian’s perspective? The rise of the new subdiscipline of world
history is a sign that many historians also feel the need for a more coher-
ent vision of their subject. Big history is a response to this need. In the late
1980s, John Mears, at Southern Methodist University (in Dallas, Texas), be-
gan teaching a history course on the largest possible scales at about the same
time as I did. And since then, a number of other universities have offered
similar courses—in Melbourne, Canberra, and Perth in Australia; in Am-
sterdam; and also in Santa Cruz in the United States. Fred Spier, from the
University of Amsterdam, has gone one step further and written the first
book on big history. In it, he offers an ambitious defense of the project of
constructing a unified account of the past at all scales.*

Meanwhile, there is a growing sense among scholars in many fields that
we may be close to a grand unification of knowledge. The biologist E. O. Wil-
son has argued that we need to start exploring the links between different
domains of knowledge, from cosmology to ethics.” The world historian Wil-
liam McNeill has written:

Human beings, it appears, do indeed belong in the universe and share
its unstable, evolving character. . .. [What happens among human
beings and what happens among the stars looks to be part of a grand,
evolving story featuring spontaneous emergence of complexity that
generates new sorts of behavior at every level of organization from the
minutest quarks and leptons to the galaxies, from long carbon chains
to living organisms and the biosphere, and from the biosphere to the
symbolic universes of meaning within which human beings live and
labor, singly and in concert, trying always to get more of what we want
and need from the world around us.®
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I intend this book to contribute to the larger project of constructing a
more unified vision of history and of knowledge in general. I am well aware
of the difficulties of that project. But I am sure that it is both doable and im-
portant, so it is worth attempting in the hope that others may eventually
do it better. I am also convinced that a modern creation myth will turn out
to be as rich and as beautiful as the creation myths of all earlier communi-
ties; it is a story that deserves telling even if the telling is imperfect.

STRUCTURE AND ORGANIZATION

utterly impossible as are all these events they are probably as like
those which may have taken place as any others which never took
person at all are ever likely to be

If the Eiffel Tower were now representing the world’s age, the skin
of paint on the pinnacle-knob at its summit would represent man’s
share of that age; and anybody would perceive that that skin was
what the tower was built for. I reckon they would, I dunno.

Erwin Schrédinger, one of the pioneers of quantum physics, described the
difficulties of constructing a more unified vision of knowledge in the preface
to a book he wrote on a biological topic—the origins of life. His preface also
offers the best justification I know for presuming to undertake such a project.

We have inherited from our forefathers the keen longing for unified,
all-embracing knowledge. The very name given to the highest institu-
tions of learning reminds us, that from antiquity and throughout many
centuries the universal aspect has been the only one to be given full
credit. But the spread, both in width and depth, of the multifarious
branches of knowledge during the last hundred odd years has con-
fronted us with a queer dilemma. We feel clearly that we are only
now beginning to acquire reliable material for welding together the
sum total of all that is known into a whole; but, on the other hand,

it has become next to impossible for a single mind fully to command
more than a small specialized portion of it.

I can see no other escape from this dilemma (lest our true aim be
lost forever) than that some of us should venture to embark on a syn-
thesis of facts and theories, albeit with second-hand and incomplete
knowledge of some of them—and at the risking of making fools of
ourselves.

So much for my apology.”

Some of the most daunting problems posed by big history are organiza-
tional. What shape will a modern creation myth take? From what stand-
point should it be written? What objects will take center stage? What time-
scales will dominate?
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A modern creation myth will not and cannot hope to be “neutral.” Mod-
ern knowledge offers no omniscient “knower,” no neutral observation
point from which all objects, from quarks to humans to galaxies, have equal
significance. We cannot be everywhere at once. So the very idea of knowl-
edge from no particular point of view is senseless. (Technically, this state-
ment reflects a philosophical position, associated with Nietzsche, known as
perspectivism.) In any case, what use could such knowledge have? All knowl-
edge arises from a relationship between a knower and an object of knowledge.
And knowers expect to put knowledge to some use.

Creation stories, too, arise from a relationship between particular human
communities and the universe as these communities imagine it. They offer
answers to universal questions at many different scales, which is why they
sometimes appear to have a nested structure similar to a Russian matryoshka
doll—or to the Ptolemaic vision of the universe, with its many concentric
shells. At the center are those trying to understand. At the outer edge is a
totality of some kind: a universe or a deity. In between are entities that ex-
ist at different chronological, spatial, and mythic scales. It is thus the ques-
tions we ask that dictate the general shape of all creation myths. And be-
cause we are humans, humans are guaranteed to occupy more space in a
creation myth than they do in the universe as a whole. A creation myth al-
ways belongs to someone; and the story recounted in this book is the cre-
ation myth of modern human beings, educated in the scientific traditions
of the modern world. (Curiously, this means that the narrative structure of
the modern creation myth, like all creation myths, may appear pre-Coper-
nican, despite its definitely post-Copernican content.)

Though its scope is vast, Maps of Time aims at not overwhelming the
reader with detail. I have tried (without complete success) to stop the book
from growing too large, in the hope that the details will not obscure the larger
picture. Those with a particular interest in any one part of this story will
have no difficulty finding out more, and the brief guides to further reading
at the end of each chapter provide some starting points.

The exact balance of topics and themes in this book reflects the fact that
this is an attempt at big history from a historian’s perspective, not that of
an astronomer, a geologist, or a biologist. (Some alternative approaches to
big history are listed at the end of this introduction.) This means that hu-
man societies loom larger than they do in, for example, Stephen Hawking’s
books, or in Preston Cloud’s Cosmos, Earth, and Man (1978). Nevertheless,
the first five chapters cover topics that normally fall within the sciences of
cosmology, geology, and biology. They discuss the origins and evolution of
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the universe, of galaxies and stars, of the solar system and the earth, and of
life on earth. The rest of the book surveys the history of our own species
and its relationship to the earth and to other species. Chapters 6 and 7 dis-
cuss the origins of human beings and the nature of the earliest human so-
cieties. They attempt to identify what is distinctive about human history,
and what distinguishes humans from other organisms inhabiting this earth.
Chapter 8 examines the earliest agrarian societies, which existed without cities
or states. With the emergence of agriculture, about 10,000 years ago, humans
began for the first time to live in dense communities, in which exchanges of
information and goods became more intensive than ever before. Chapters 9
and 10 describe the emergence and evolution of cities, of states, and of agrar-
ian civilizations. Chapters 11 to 14 try to construct a coherent interpretation
of the modern world and its origins. Finally, chapter 15 looks to the future.
Big history is inevitably concerned with large trends, and these do not stop
suddenly in the present moment. So a large view of the past inevitably raises
questions about the future, and at least some answers are available, both for
the near future (say, the next 100 years), and the remote future (the next
few billion years). Raising such questions should be a vital part of modern
education, for our assessments of the future will affect decisions taken to-
day; these, in turn, may shape the world inhabited by our own children and
grandchildren. They will not thank us if we take such tasks lightly.

A second organizational difficulty is thematic. It may seem there can be
little coherence in a narrative that spans so many different scholarly disci-
plines. But there are phenomena that cross all scales. Above all, it turns out
that the main actors are similar. At every level, we will be interested in or-
dered entities, from molecules to microbes to human societies to large chains
of galaxies. Explaining how such things can exist, how they are born, how
they evolve, and how, eventually, they perish is the stuff of history at all
scales. Of course, each scale also has its own rules—chemical in the case of
molecules, biological in the case of microbes—but the surprise is that some
underlying principles of change may be universal. This is why Fred Spier
has argued that at a fundamental level, big history is about “regimes.” It is
about the fragile ordered patterns that appear at all scales, and the ways in
which they change.® So a central theme of big history is how the rules of
change vary at different scales, despite some fundamental similarities in the
nature of all change. Human history is different from cosmological history;
but it is not totally different. I discuss some of the general principles of
change in appendix 2, but the book as a whole will explore some of the dif-
ferent rules of change that appear at different scales.
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FOR AND AGAINST BIG HISTORY

Specialists in many fields, from geology to archaeology and prehistory, will
find it quite natural to look at the past on very large scales. But not every-
one will be persuaded that big history is worth doing. Particularly to pro-
fessional historians, the idea of exploring the past on such huge timescales
can seem overambitious and perhaps simply impossible, a diversion from
the real tasks of historical scholarship. In the last part of this introduction,
I will respond to four main reservations that I have encountered.

The first is common, particularly among professional historians. It is that
on large scales, history must thin out. It must lose detail, texture, particu-
larity, and substance. Eventually, it must become vacuous. To be sure, on large
scales, themes and problems familiar to professional historians may vanish,
just as the details of a familiar landscape may disappear as one looks down
from an airplane as it climbs. In a big history course, the French Revolution
may get no more than a passing mention. But there are compensations. As
the frame through which we view the past widens, features of the histori-
cal landscape that were once too large to fit in can be seen whole. We can
begin to see the continents and oceans of the past, as well as the villages and
roadways of national and regional histories. Frames of any kind exclude more
than they reveal. And this is particularly true of the conventional time
frames of modern historiography, which normally extend from a few years
to a few centuries. Perhaps the most astonishing thing the conventional
frames hide is humanity itself. Even on time frames of several thousand
years, it is difficult to ask questions about the broader significance of hu-
man history within an evolving biosphere. Yet in a world with nuclear
weapons and ecological problems that cross all national borders, we des-
perately need to see humanity as a whole. Accounts of the past that focus
primarily on the divisions between nations, religions, and cultures are be-
ginning to look parochial and anachronistic—even dangerous. So, it is not
true that history becomes vacuous at large scales. Familiar objects may van-
ish, but new and important objects and problems come into view. And their
presence can only enrich the discipline.

A second possible objection is that to write big history, historians will
have to move beyond the boundaries of the discipline. Of course, this is true.
Synoptic studies like this book are risky because the author depends on sec-
ondary sources and on other synoptic studies. As a result, there will in-
evitably be blunders and misunderstandings: error is built into the project.
Indeed, it is part of the process of learning. To understand your own coun-
try, you must travel beyond its borders at least once in your life. You will
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not understand everything you see; but you may begin to see your own
country in a new light. The same is true of history. To understand what is
distinctive about human history, we must have some idea of how a biolo-
gist or a geologist might approach the subject. We cannot become biologists
or geologists, and our understanding of these fields will have its limits; but
we do have to use as skillfully as we can the expertise of specialists in other
fields. And we have much to learn from their different perspectives on the
past. Excessive respect for disciplinary boundaries has hidden many possi-
bilities for intellectual synergy between disciplines. I will argue, for exam-
ple, that we need the vision of a biologist to see what is truly distinctive
about our type of animal, Homo sapiens.

Third, it may be objected that big history proposes to create a new
“grand narrative” just when we have learned the futility, even the danger,
of grand narratives. Will not a big history metanarrative crowd out alter-
native histories—of minorities, of regions, of particular nations or ethnic
groups?’ Perhaps a fragmented vision of the past (a “jeweler’s-eye” view,
in the phrase used by the anthropologists George Marcus and Michael Fis-
cher) is the only one that can do real justice to the richness of human ex-
perience.!? Natalie Zemon Davis makes the point well:

The question remains whether a single master narrative is an adequate
goal for global history. I think not. Master narratives are especially vul-
nerable to be taken over by patterns characteristic of the historian’s
time and place, however useful they may be for accounting for some

of the historical evidence. If a new decentred global history is discover-
ing important alternative historical paths and trajectories, then it might
also do well to let its big stories be alternate or multiple. The challenge
for global history is to place these narratives creatively within an inter-
active frame.!!

Once again, the charge is at least partly true. Narratives of some kind
seem unavoidable when looking at the past on large scales, and they will
certainly be shaped by contemporary concerns. Nevertheless, it is a mis-
take for historians to shun these large narratives, however grand they may
seem. Like it or not, people will look for, and find, large stories, because they
can provide a sense of meaning. As William Cronon has written of envi-
ronmental history: “When we describe human activities within an ecosys-
tem, we seem always to tell stories about them. Like all historians, we con-
figure the events of the past into causal sequences—stories—that order
and simplify those events to give them new meanings. We do so because
narrative is the chief literary form that tries to find meaning in an over-
whelmingly crowded and disordered chronological reality.”?? If paid intel-
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lectuals are too finicky to shape these stories, they will flourish all the same;
but the intellectuals will be ignored and will eventually disenfranchise
themselves. This is an abdication of responsibility, particularly as intellec-
tuals have played such a crucial role in creating many of today’s metanar-
ratives. Metanarratives exist, they are powerful, and they are potent. We
may be able to domesticate them; but we will never eradicate them. Be-
sides, while grand narratives are powerful, subliminal grand narratives can
be even more powerful. Yet a “modern creation myth” already exists just
below the surface of modern knowledge. It exists in the dangerous form of
poorly articulated and poorly understood fragments of modern knowledge
that have undermined traditional accounts of reality without being inte-
grated into a new vision of reality. Only when a modern creation myth has
been teased out into a coherent story will it really be possible to take the
next step: of criticizing it, deconstructing it, and perhaps improving it. In
history as in building, construction must precede deconstruction. We must
see the modern creation myth before we can criticize it. And we must ar-
ticulate it before we can see it. Ernest Gellner made this point well in the
introduction to his attempt at a synoptic view of history, Plough, Sword,
and Book (1991):

The aim of the present volume is simple. It is to spell out, in the
sharpest and perhaps exaggerated outline, a vision of human history
which has been assuming shape of late, but which has not yet been
properly codified. The attempt to bring it to the surface is not made
because the author has any illusions about knowing it to be true: he
does not. Definitive and final truth is not granted to theories in general.
In particular it is unlikely to attach to theories covering an infinite di-
versity of extremely complex facts, well beyond the reach of any one
scholar. The vision is formulated in the hope that its clear and forceful
statement will make possible its critical examination.?®

Besides, a “grand narrative” of the kind offered in this book may prove
surprisingly capacious. In the global “truth” market of the twenty-first cen-
tury, all narratives face stiff competition. The many detailed stories of the
past already taught in our schools and universities ensure that a modern
creation myth will emerge not as a single monolithic story but rather as a
large and ramshackle cycle of stories, each of which can be told in many ways
and with many variants. Indeed, it may turn out that the very large narra-
tives create more space for alternative accounts of the past that struggle to
survive within existing (and less ample) history syllabi. As Patrick O’Brien
has written, “Hopefully as more historians risk writing on a global scale,
the field will achieve a reputation and produce competing metanarratives to
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which the overwhelming flow of parish, regional and national histories could
be reconnected.”*

The fourth objection is closely related to the third: is not a narrative on
this huge scale bound to make exaggerated truth claims? I have found in
teaching big history that students struggle to find a balance between two
extreme positions. On the one hand, they are tempted to suppose that a mod-
ern, “scientific” account of origins is true, while all earlier accounts were
more or less false. On the other hand, faced with some of the uncertainties
of modern accounts of the past, they may be tempted to think that this is
“just one more story.”

Thinking of a big history narrative as a modern creation myth is a good
way of helping students to find the epistemological point of balance be-
tween these extremes. For it is a reminder, first, that all accounts of real-
ity are provisional. Many of the stories we tell today will seem quaint and
childish in a few centuries, just as many elements of traditional creation
myths seem naive today. But by acknowledging this, we do not commit
ourselves to a nihilistic relativism. All knowledge systems, from modern
science to those embedded in the most ancient of creation myths, can be
thought of as maps of reality. They are never just true or false. Perfect de-
scriptions of reality are unattainable, unnecessary, and too costly for learn-
ing organisms, including humans. But workable descriptions are indis-
pensable. So knowledge systems, like maps, are a complex blend of realism,
flexibility, usefulness, and inspiration. They must offer a description of re-
ality that conforms in some degree to commonsense experience. But that
description must also be useful. It must help solve the problems that need
to be solved by each community, whether these be spiritual, psychologi-
cal, political, or mechanical.’

In their day, all creation myths offered workable maps of reality, and that
is why they were believed. They made sense of what people knew. They con-
tained much good, empirical knowledge; and their large structures helped
people place themselves within a wider reality. But each map had to build
on the knowledge and fulfill the needs of a particular society. And that is
why they don’t necessarily count as “true” outside their home environ-
ments. A modern creation myth need not apologize for being equally
parochial. It must start with modern knowledge and modern questions, be-
cause it is designed for people who live in the modern world. We need to
try to understand our universe even if we can be certain that our attempts
can never fully succeed. So, the strongest claim we can make about the truth
of a modern creation myth is that it offers a unified account of origins from
the perspective of the early twenty-first century.
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FURTHER READING ON BIG HISTORY

Listed below are a number of works in English that explore the past on scales
larger than those of world history, or try to see human history in its wider
context, or provide methodological frameworks for such attempts. This is a
wide definition of “big history,” and there are doubtless many other works
that could be included under it. The authors come from many different fields,
and the books vary greatly in approach and quality, so there is plenty of
room for argument as to which do and which do not really count as big his-
tory books. This preliminary bibliography is based on a list first compiled
by Fred Spier. It excludes books so technical that they cannot possibly be of
use to historians or general readers. It also excludes a vast number of books
that operate at large scales, and have much to offer historians, but do not
try to move across multiple timescales.

Asimov, Isaac. Beginnings: The Story of Origins—of Mankind, Life, the Earth,
the Universe. New York: Walker, 1987.

Blank, Paul W., and Fred Spier, eds. Defining the Pacific: Constraints and Op-
portunities. Aldershot, Hants.: Ashgate, 2002.

Calder, Nigel. Timescale: An Atlas of the Fourth Dimension. London: Chatto
and Windus, 1983.

Chaisson, Eric J. Cosmic Evolution: The Rise of Complexity in Nature. Cam-
bridge, Mass.: Harvard University Press, 2001.

. The Life Era: Cosmic Selection and Conscious Evolution. New York:

W. W. Norton, 1987.

. Universe: An Evolutionary Approach to Astronomy. Englewood Cliffs,
N.J.: Prentice-Hall, 1988.

Christian, David. “Adopting a Global Perspective.” In The Humanities and a Cre-
ative Nation: Jubilee Essays, edited by D. M. Schreuder, pp. 249—62. Can-
berra: Australian Academy of the Humanities, 1995.

. “The Case for ‘Big History.”” Journal of World History 2, no. 2 (fall

1991): 223—38. Reprinted in The New World History: A Teacher’s Compan-

ion, edited by Ross E. Dunn (Boston: Bedford/St. Martin, 2000), pp. 575-87.

.“The Longest Durée: A History of the Last 15 Billion Years.” Australian
Historical Association Bulletin, nos. s9—60 (August-November 1989):
27-36.

Cloud, Preston. Cosmos, Earth, and Man: A Short History of the Universe. New
Haven: Yale University Press, 1978.

. Oasis in Space: Earth History from the Beginning. New York: W. W.
Norton, 1988.

Crosby, Alfred W. The Columbian Exchange: Biological and Cultural Conse-
quences of 1492. Westport, Conn.: Greenwood Press, 1972.

. Ecological Imperialism: The Biological Expansion of Europe, 900-1900.

Cambridge: Cambridge University Press, 1986.
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Delsemme, Armand. Our Cosmic Origins: From the Big Bang to the Emergence
of Life and Intelligence. Cambridge: Cambridge University Press, 1998.
Diamond, Jared. Guns, Germs, and Steel: The Fates of Human Societies. Lon-

don: Vintage, 1998.

. The Rise and Fall of the Third Chimpanzee. London: Vintage, 1991.

Emiliani, Cesare. Planet Earth: Cosmology, Geology, and the Evolution of Life
and Environment. Cambridge: Cambridge University Press, 1992.

Flannery, Tim. The Eternal Frontier: An Ecological History of North America
and Its Peoples. New York: Atlantic Monthly Press, 2001.

. The Future Eaters: An Ecological History of the Australasian Lands
and People. Chatswood, N.S.W.: Reed, 1995.

Gould, Stephen Jay. Life’s Grandeur: The Spread of Excellence from Plato to Dar-
win. London: Jonathan Cape, 1996. [The U.S. edition is titled Full House.]

. Wonderful Life: The Burgess Shale and the Nature of History. London:
Hutchinson, 1989.

Gribbin, John. Genesis: The Origins of Man and the Universe. New York: Delta,
1981.

Hawking, Stephen. A Brief History of Time: From the Big Bang to Black Holes.
New York: Bantam, 1988.

Hughes-Warrington, Marnie. “Big History.” Historically Speaking, November
2002, pp. 16—20.

Jantsch, Erich. The Self-Organizing Universe: Scientific and Human Implica-
tions of the Emerging Paradigm of Evolution. Oxford: Pergamon Press, 1980.

Kutter, G. Siegfried. The Universe and Life: Origins and Evolution. Boston: Jones
and Bartlett, 1987.

Liebes, Sidney, Elisabet Sahtouris, and Brian Swimme. A Walk through Time:
From Stardust to Us: The Evolution of Life on Earth. New York: John Wi-
ley, 1998.

Lovelock, James C. The Ages of Gaia. Oxford: Oxford University Press, 1988.

. Gaia: A New Look at Life on Earth. Oxford: Oxford University Press,

1979.

.Gaia: The Practical Science of Planetary Medicine. London: Unwin, 1991.

Lunine, Jonathan 1. Earth: Evolution of a Habitable World. Cambridge: Cam-
bridge University Press, 1999.

Macdougall, . D. A Short History of Planet Earth: Mountains, Mammals, Fire,
and Ice. New York: John Wiley, 1995.

Margulis, Lynn, and Dorion Sagan. Microcosmos: Four Billion Years of Micro-
bial Evolution. London: Allen and Unwin, 1987.

. What Is Life? Berkeley: University of California Press, 1995.

Maynard Smith, John, and Eérs Szathmary. The Origins of Life: From the Birth
of Life to the Origins of Language. Oxford: Oxford University Press, 1999.

McNeill, J. R., and William H. McNeill. The Human Web: A Bird’s-Eye View of
World History. New York: W. W. Norton, 2003.

McNeill, W. H. “History and the Scientific Worldview.” History and Theory 37,
no. 1 (1998): 1—-13.




14 INTRODUCTION

. Plagues and People. Oxford: Blackwell, 1977.

McSween, Harry Y., Ir. Fanfare for Earth: The Origin of Our Planet and Life.
New York: St. Martin’s, 1997.
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THE FIRST 300,000 YEARS
ORIGINS OF THE UNIVERSE, TIME, AND SPACE

Viola: What country, friends, is this?
Captain: This 1s [llyria, lady.

THE PROBLEM OF BEGINNINGS

How did everything begin? This is the first question faced by any creation
myth and, despite the achievements of modern cosmology, answering it
remains tricky.

At the very beginning, all explanations face the same problem: how can
something come out of nothing? The problem is general, for beginnings are
inexplicable. At the smallest scales, subatomic particles sometimes emerge
instantaneously from nothingness. One moment there is nothing; the next
moment there is something. There is no in-between state. Quantum physics
can analyze these odd jumps into and out of existence with great precision,
but it cannot explain them in ways that make sense at the human level. These
paradoxes are captured beautifully in a modern Australian Aboriginal say-
ing: “Nothing is nothing.”!

Awareness of the difficulty of explaining origins is as old as myth. The
following passage poses these questions with great sophistication and a sur-
prisingly modern skepticism. It comes from one of the ancient Indian
hymns known as the Rig-Veda, and was probably composed ca. 1200 BCE.
It describes a pre-creation realm that was not really present, but was not
entirely absent either.

There was neither non-existence nor existence then; there was neither
the realm of space nor the sky which is beyond. What stirred?
Where? In whose protection? Was there water, bottomlessly deep?

There was neither death nor immortality then. There was no distin-
guishing sign of night nor of day. That one breathed, windless,
by its own impulse. Other than that there was nothing beyond. . ..
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Was there below? Was there above? There were seed-placers; there were
powers. There was impulse beneath; there was giving-forth above.
Who really knows? Who will here proclaim it? Whence was it produced?
Whence is this creation? The gods came afterwards, with the creation
of this universe. Who then knows whence it has arisen?

Whence this creation has arisen—perhaps it formed itself, or perhaps it
did not—the one who looks down on it, in the highest heaven, only
he knows—or perhaps he does not know.?

Here we have a hint that there was, first, a sort of potent nothingness—
waiting, like clay in a potter’s yard, to be formed into something. This is
very much how modern nuclear physics views the idea of a vacuum: it is
empty but can nevertheless have shape and structure, and (as has been
proved in experiments with particle accelerators) “things” and “energies”
can pop out of the emptiness.

Perhaps there was a potter (or potters) waiting to shape the vacuum. And
perhaps the potter and the clay were somehow identical. According to the
Popol Vuh, or “Council Book,” a sixteenth-century Mayan manuscript,
“Whatever might be is simply not there: only murmurs, ripples, in the dark,
in the night. Only the Maker, Modeler alone, Sovereign Plumed Serpent,
the Bearers, Begetters are in the water, a glittering light. They are there, they
are enclosed in quetzal feathers, in blue-green.”? But where did the Maker
come from? Each beginning seems to presuppose an earlier beginning. In
monotheistic religions, such as Christianity or Islam, the problem arises as
soon as you ask, How was God created? Instead of meeting a single start-
ing point, we encounter an infinity of them, each of which poses the same
problem.

There are no entirely satisfactory solutions to this dilemma. What we have
to find is not a solution but some way of dealing with the mystery, some
way of “pointing at the moon,” in the Zen metaphor. And we have to do so
using words. Yet the words we reach for, from God to gravity, are inadequate
to the task. So we have to use language poetically or symbolically; and such
language, whether used by a scientist, a poet, or a shaman, can easily be mis-
understood. A French anthropologist, Marcel Griaule, once questioned a Do-
gon wise man, Ogotemmeli, about a mythic detail according to which many
animals were crowded together onto a single, small step (like the animals in
Noah'’s ark). Ogotemmeli replied, with some irritation: “All of this has to be
said in words, but everything on the step is a symbol. . . . Any number of
symbols could find room on a one-cubit step.” The word translated here as
“symbol” could also be translated as “word of this lower world.”* At the
very beginning of things, language itself threatens to break down.



THE FIRST 300,000 YEARS 19

One of the trickiest problems concerns time. Was there a “time” when
there was no time? Is time a product of our imagination?® In some systems
of thought, time does not really exist. Places become the source of every-
thing significant, and the paradoxes of creation take different forms.® But
for communities that see time as central, there is no way of avoiding the
paradox of origins. The following is an Islamic summary of a Zoroastrian
attempt to deal with these riddles. In it, the creator is an unchanging entity
called Time, who creates a universe of change. It is dominated by two op-
posite principles, those of the gods Ohrmazd and Ahriman.

Except Time all other things are created. Time is the creator; and Time
has no limit, neither top nor bottom. It has always been and shall be
for evermore. No sensible person will say whence Time has come. In
spite of all the grandeur that surrounded it, there was no one to call

it creator; for it had not brought forth creation. Then it created fire
and water; and when it had brought them together, Ohrmazd came
into existence, and simultaneously Time became Creator and Lord
with regard to the creation it had brought forth. Ohrmazd was bright,
pure, sweet-smelling, and beneficent, and had power over all good
things. Then, he looked down, he saw Ahriman ninety-six thousand
parasangs away, black, foul, stinking, and maleficent; and it appeared
fearful to Ohrmazd, for he was a frightful enemy. And when Ohrmazd
saw this enemy, he thought thus: “I must utterly destroy this enemy,”
and he considered with what and how many instruments he could
destroy him. Then did Ohrmazd begin the work of creation. Whatever
Ohrmazd did, he did with the aid of Time; for all the excellence that
Ohrmazd needed, had (already) been created.”

Time, like pattern, means difference, if no more than the difference between
then and now. So this story, like most creation stories, is really about the emer-
gence of difference from an original sameness. In this version, as in many
creation myths, difference begins with a fundamental clash of opposites.

One of the more poetic solutions to these paradoxes is to think of cre-
ation as a sort of awakening. A story from the Karraru people of southern
Australia describes how, originally, the earth was still, silent, and dark. How-
ever, “Inside a deep cave below the Nullarbor Plain slept a beautiful woman,
the Sun. The Great Father Spirit gently woke her and told her to emerge
from her cave and stir the universe into life. The Sun Mother opened her
eyes and darkness disappeared as her rays spread over the land; she took a
breath and the atmosphere changed, the air gently vibrated as a small breeze
blew.” The Sun Mother then goes on a long journey during which her rays
awaken all the various creatures and plants that have been sleeping.® Such
a story suggests that creation is not a single event but has to be constantly
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repeated; and, as we will see, this is a truth we all experience. The paradoxes
of creation are repeated each time we observe something new, from galax-
ies to stars to solar systems and life. And many of us also experience our
own personal origins, the moments of our earliest memories, as a sort of
awakening from nothingness.

Modern science has approached the problem of origins in many differ-
ent ways, some more satisfying than others. [n A Brief History of Time
(1988), Stephen Hawking suggests that the question of origins is just badly
posed. If we think of time as a line, it is natural to ask about its beginning.
But what if the universe has a different shape? Perhaps time is more like a
circle. There is no sense in asking if a circle has a beginning or an end, just
as there is no point in asking what is to the north of the North Pole. There
is no beyond, no boundary, and everything about the universe is perfectly
self-contained. As Hawking puts it: “The boundary condition of the universe
is that it has no boundary.”? Many creation myths adopt a similar approach,
perhaps because they arise in societies that do not think of time as a straight
line. As we look back in time, the past seems to fade away into what mod-
ern Aboriginal myths call a “Dreamtime.” It is as if the past turned a cor-
ner beyond which we cannot see itanymore, however hard we try. The same
is true if we look forward, so it seems as if in some sense the future and the
past may meet.!® Mircea Eliade describes similar visions of time in a difficult
but fascinating work, The Myth of the Eternal Return (1954).1!

In modern societies, which usually envisage time as a line rather than a
curve, such solutions may seem artificial. Perhaps, instead, the universe is
eternal. We can look back along the line of time as long as we like, but we
will always find a universe, so the problem of origins does not really arise.
Religions of the Indian subcontinent, in particular, have tended to adopt this
strategy. So has the steady state theory, the most serious modern alterna-
tive to big bang cosmology. And so does a recent theory, proposed by Lee
Smolin, that suggests the existence of universes that breed other universes
whenever they create black holes, in a repetitive or “algorithmic” process
analogous to Darwinian evolution, which ensures that they “evolve” in ways
that increase the possibility of creating complex entities such as ourselves
(see chapter 2).12 Similar arguments are common in modern cosmology, and
what they imply is that the universe we see may be merely one tiny atom
in a much larger “multiverse.” But such approaches are also unsatisfying,
because they still leave the nagging question, How did such eternal processes
themselves begin? How was an eternal universe created?

Or we can return to the idea of a creator. Within Christianity, it was gen-
erally agreed that the Creator made the universe a few thousand years ago.
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In one famous calculation, a Dr. Lightfoot from Cambridge “proved” that
God had created humans at exactly 9:00 AM on 23 October 4004 BCE.!® Many
other creation myths also introduce deities who created the world, working
like potters, or builders, or clockmakers. This approach solves much of the
problem, but leaves open the basic question of how the gods themselves were
created. Once again, we seem forced back to an infinite regress.

A final position is skepticism. This entails a frank admission that ata cer-
tain point, we must run out of knowledge. Human knowledge, by its na-
ture, has limits, so some questions must remain mysteries. Some religions
treat such mysteries as secrets that the gods choose to hide from humans;
others, such as Buddhism, treat them as ultimate riddles that are not worth
pursuing. We will see that modern cosmology also opts for skepticism at
the beginning of its story, though it offers a very confident account of how
our universe evolved once it was created.

EARLY SCIENTIFIC ACCOUNTS OF THE UNIVERSE

Modern science tries to answer questions about origins using carefully tested
data and rigorous logic. Though many pioneering scientists, like Newton,
were Christians who believed deeply in the existence of a deity, they also
felt the Deity was rational, so their task was to tease out the underlying laws
by which the Deity had created the world. This meant trying to explain the
world as if there were no deity. Modern science, unlike most other tradi-
tions of knowledge, tries to explain the universe as if it were inanimate, as
if things happened without intention or purpose.

The Christian view of the universe owed much to the ideas of the Greek
philosopher Aristotle. Though some Greeks had argued that the earth or-
bited the Sun, Aristotle placed the earth at the center of the universe and
surrounded it with a series of transparent spheres, each revolving at a dif-
ferent speed. The spheres held the planets, the Sun, and the stars. This model
sounds quaint today, but it was given a rigorous mathematical basis by
Ptolemy in the second century ¢k, and in this form it proved good at pre-
dicting planetary motions. Christianity added the furtheridea that this uni-
verse had been created perhaps 6,000 years ago by God, in the course of five
days. In sixteenth- and seventeenth-century Europe, the Ptolemaic story be-
gan to break down. Copernicus gave some powerful reasons for thinking
that the earth revolved around the Sun, and the heretical monk Giordano
Bruno argued that stars were suns and that the universe was probably
infinite in extent. In the seventeenth century, scientists such as Newton and
Galileo explored many of the implications of these ideas, while retaining as
much as they could of the biblical creation story.
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During the eighteenth century, the Ptolemaic view of the universe finally
collapsed. In its place, there emerged a new picture of a universe operating
according to strict, rational, and impersonal laws that could, in principle, be
discovered by science. God may have created it, perhaps in time; perhaps, in
some sense, out of time. But then he left it to run almost entirely accord-
ing to its own logic and rules. Newton assumed that both time and space
were absolutes, providing the ultimate frames of reference for the universe.
It was widely accepted that both might be infinite, and thus the universe
had neither a definable edge nor a time of origin. In this way, God was moved
further and further away from the story of origins.

But there were problems. One arose from the theory of thermodynam-
ics, which suggested that the amount of usable energy in the universe was
constantly diminishing (or that entropy was constantly increasing; see ap-
pendix 2). In an infinitely old universe the consequence would be that no
usable energy was left to create anything—yet clearly that was not true.
Perhaps, this might have suggested, the universe was not infinitely old. The
night sky posed another problem. As early as 1610, the astronomer Johannes
Kepler pointed out that if there were an infinite number of stars, the night
sky should be infinitely bright. The problem is now known as Olber’s par-
adox, after a nineteenth-century German astronomer who publicized the
problem more widely. One possible solution was to suppose that the uni-
verse was not infinitely large. That would solve Olber’s paradox—but
would create another; for as Newton had pointed out, if the universe were
not infinitely large, then gravity ought to draw all the matter into the cen-
ter of the universe, like oil in a sump. And that, fortunately, was not what
astronomers observed when they studied the night sky.

Of course, all scientific theories contain problems. But as long as the the-
ories can answer most of the questions put to them, such difficulties can be
ignored. And the problems faced by the Newtonian theory were largely ig-
nored in the nineteenth century.

THE BIG BANG: FROM PRIMORDIAL CHAQS TO THE FIRST SIGNS OF ORDER

In the first half of the twentieth century, evidence began to accumulate for
an alternative theory that we now know as big bang cosmology. It solved
the problem of entropy by suggesting the universe was not infinitely old;
it solved Olber’s paradox by describing a universe that was finite in both
time and space; and it solved the paradox of gravity by showing that the
universe was expanding too fast for gravity to gather everything into a sin-
gle lump (yet!). Big bang cosmology described a universe with a beginning
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and a history, so it turned cosmology into a historical science, an account of
change and evolution.

According to this view, the universe began as an infinitesimally small en-
tity, which expanded rapidly and continues to expand today. In form, at least,
this account is similar to the traditional creation myths known as emergence
myths. In such accounts, the universe develops, like an egg or an embryo,
through distinct stages from a remote and perhaps undefinable point of ori-
gin, and under the control of internal laws of development. In 1927, one of
the pioneers of big bang cosmology, Georges Lemaitre, referred to the early
universe as the “primordial atom.” Like all emergence myths, the modern
account implies that the universe was created at a particular time, that it has
a life story of its own, and that it may die in the distant future. The new
theory could explain many of the difficulties encountered by previous the-
ories. For example, it could explain Olber’s paradox by showing that the uni-
verse had not existed forever; and because light has a finite speed (as Ein-
stein had shown), light from the most distant galaxies might not reach us
during the entire life of the universe. The theory was also consistent with
the torrent of new information and data about stars, matter, and energy that
was generated in the early twentieth century. But at its very beginning, it
too has to fall back on a sense of inexplicable mystery.

The modern story of origins goes something like this." The universe was
created about 13 billion (13,000,000,000) years ago.!® (How long ago is that?
If each human being were to live exactly the biblical span of 70 years, it would
take about 200 million human life spans laid end to end to reach back this
far in time. For more on these huge timescales, see appendix 1.) About the
beginning, we can say nothing with any certainty except that something
appeared. We do not know why or how it appeared. We cannot say whether
anything existed before. We cannot even say that there was a “before” or
a “space” for anything to exist in, for (in an argument anticipated by St.
Augustine in the fifth century ce) time and space may have been created at
the same time as matter and energy. So, we can say nothing definite about
the moment of the big bang, or about any earlier period.

However, beginning a tiny fraction of a second after the big bang, mod-
ern science can offer a rigorous and coherent story, based on abundant ev-
idence. Many of the most interesting “events” occurred within a fraction
of a second. Indeed, it may be helpful to think of time itself as stretched out
during these early moments, so that a billionth of a billionth of a second
then was as significant, in its way, as many billions of years in the later his-
tory of the universe.!6
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In the beginning, the universe was tiny, perhaps smaller than an atom.
(How small is that? The physicist Richard Feynman illustrated the size of
an atom by saying that if you blew up an apple until it was the size of Earth,
each of the atoms it was made from would now be the size of the original
apple.)V The temperature of this atom-sized universe was many trillions of
degrees. At this temperature, matter and energy are interchangeable—as
Einstein showed, matter is really little more than a congealed form of en-
ergy. Here, in this fantastically dense flux of energy/matter, we come close
to the primordial chaos of so many traditional creation myths. But in the
modern account, this tiny universe was expanding at a staggering speed, and
it was this expansion that gave rise to the first differences and the first pat-
terns.’® The theory of inflation asserts that for a fraction of a second, be-
tween ca. 10°* and 107°? seconds after the big bang, the universe expanded
faster than the speed of light (which is about 300,000 kilometers per sec-
ond), driven apart by some form of “antigravity.” The magnitudes involved
in such processes are inconceivable: before inflation, the entire universe may
have been smaller than an atom; after inflation (a fraction of an instant later),
it may have been larger than a galaxy. Inflation seems to ensure that most
of the universe is beyond our observation, as light from most of the uni-
verse will be too distant ever to reach us. The parts of the universe we can
see may be only a tiny part of the real universe. As Timothy Ferris puts it:
“If the entirety of an inflationary universe were the surface of the earth,
the observable part would be smaller than a proton.”!®

As the universe expanded, it became less homogenous. Its original sym-
metry was broken, distinct patterns appeared, and matter and energy began
to assume forms that we can recognize today. Modern nuclear physics can
tell at what temperatures particular types of energy or matter appear, just
as most of us can tell at what temperature water will turn into ice. So, if we
can estimate how fast the universe cooled, then we can estimate when dif-
ferent forces and particles emerged from the flux of the early universe.
Within the first second, quarks appeared, and from these were constructed
protons and neutrons, the main constituents of atomic nuclei. Quarks and
atomic nuclei are held together by the strong nuclear force, one of the four
fundamental forces that rule our universe.

At this point in the modern creation story (still less than Y4000 of a sec-
ond after the big bang), there occurs a display of extravagance that is re-
markable even by the extravagant standards of most creation myths. Par-
ticles appeared in two forms, to make up almost equal amounts of matter
and antimatter. Particles of antimatter are identical to particles of matter ex-
cept for having the opposite electrical charge. Unfortunately, when the two
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meet, they annihilate each other and 100 percent of their mass is transformed
into energy. So, during the first second after the big bang there played out
a perverse subatomic game of musical chairs, in which quarks were the play-
ers, antiquarks were the chairs, and the winner was the one quark in a bil-
lion that couldn’t find an antiparticle chair. The matter left to construct our
universe was made from the one in a billion particles that didn't find an an-
timatter partner. The particles that did find a partner were transformed into
pure energy, and that energy pervades the universe today, in the form of
cosmic background radiation.?® And this process may explain why there are
about a billion photons of energy for every particle of matter in the uni-
verse today.

Now the pace slows. Some seconds after the big bang, electrons appeared.
Electrons carry a negative electrical charge, while protons (which are made
up of quarks) carry a positive charge. Relations between electrons and pro-
tons were controlled by a second fundamental force, the electromagnetic
force, which also appeared within the first second of the universe’s history.
In the hot early universe, the photons of energy that carry the electromag-
netic force were entangled with charged particles of matter. The universe
was rather like the interior of the Sun today: a white-hot sea of particles
and photons in constant interaction. The entire universe would have been
crackling with the energy generated by constant interactions between pos-
itive protons and negative electrons and light. In this “era of radiation,” as
Eric Chaisson explains, matter existed as no more than “a relatively thin
microscopic precipitate suspended in a macroscopic, glowing ‘fog’ of dense,
brilliant radiation.”?!

After perhaps 300,000 years, the average temperature of the universe fell
to ca. 4,000°C above absolute zero, and this cooling made possible one of
the most fundamental of all transitions in the history of the universe.”? Mo-
ments of transition are as mysterious as beginnings, and they will occur
throughout our story. One of the most familiar examples in daily life is the
transition that takes place when water turns into steam. Water is heated,
and for a time all that seems to happen is that it gets warmer. Change oc-
curs gradually, and we can watch it happening. Then, abruptly, a threshold
is crossed; something new is created and the whole system enters a new
phase. What had been liquid becomes gas. Why should a threshold occur at
this particular point, in this case at 100°C (at sea level )7 Sometimes we can
explain transitions from one state to another, and the answer generally turns
on a changing balance between different forces—Dbetween gravity, pressure,
heat, electromagnetic forces, and so on. Sometimes we simply do not know
why a threshold is crossed at a particular point.
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The ending of the radiation era is a transition that physicists can more
or less explain as a result of a balance between the falling energy of light
photons as the universe expanded and the electromagnetic forces acting at
the subatomic level. As the universe expanded, it cooled, and the energy of
the light flowing through it fell sufficiently to enable positive protons to
capture negative electrons and create stable, and thus electrically neutral,
atoms. Because of that neutrality, atoms no longer interacted strongly with
photons (though subtle interactions could still occur). As a result, photons
of light could now flow freely through the universe. For most purposes, mat-
ter and energy ceased to interact. They became separate realms, like matter
and spirit in the cosmologies of the Judeo-Christian-Islamic world. The era
after this decoupling can be described as the “era of matter.”?

The first atoms were extremely simple. Most were hydrogen atoms, con-
sisting of one proton and one electron. But there also appeared about one-
third as many helium atoms, each with two protons and two electrons, as
well as a trace of even larger atoms. All atoms are tiny, with diameters of
roughly one-ten-millionth of a centimeter. But they consist mostly of empty
space. The protons and neutrons huddle together in the nucleus, while the
electrons orbit far away from them. As Richard Feynman puts it: “If we had
an atom and wished to see the nucleus we would have to magnify it until
the whole atom was the size of a large room, and then the nucleus would
be a bare speck which you could just about make out with the eye, but al-
most all the weight of the atom is in that infinitesimal nucleus.”?* Three
hundred thousand years after its creation, the universe was still simple. It
consisted mostly of empty space, within which there drifted huge clouds of
hydrogen and helium, and through which there poured an immense amount
of energy.

Table 1.1 is a brief chronology of the early history of the universe. About
300,000 years after the big bang, all the ingredients of creation were present:
time, space, energy, and the basic particles of the material universe, includ-
ing protons, electrons, and neutrons, now mostly organized into atoms of
hydrogen and helium. Since that time, nothing has really changed. The same
energy and the same matter have continued to exist. All that has happened
is that for the next 13 billion years these same ingredients have arranged
themselves in different patterns, which constantly form and dissipate. From
one perspective, the rest of the modern creation myth is merely the story
of these different patterns.

But for us the patterns are all-important because we are pattern-detecting
organisms. The patterns that emerged include the galaxies and stars, the
chemical elements, the solar system, our earth, and all the living organisms
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TABLE 1.1. A CHRONOLOGY OF THE EARLY UNIVERSE

Time since
Big Bang

Significant Events

10~ seconds

10-% seconds

1075102
seconds

ca. 1071°-10-¢
seconds

“Planck time”; the universe is smaller than the “Planck length,”
the smallest length that has any physical meaning; we can say
nothing about what happened before this point, but gravity
appears already as a distinct fundamental force.

“Strong” and “electromagnetic” forces begin to appear as
distinct fundamental forces.

“Inflation”: the universe expands faster than the speed of light
and cools to near absolute zero.

As fundamental forces separate, the universe heats up again;
quarks and antiquarks are created and annihilate each other;

surviving quarks are confined in protons and neutrons (their
total mass representing about one-billionth of the previous
mass of quarks and antiquarks).

1-10 seconds  Electron—positron pairs form and annihilate (leaving a residue
equivalent to perhaps one-billionth of the previous mass of

electrons and positrons).

3 minutes Nuclei of hydrogen and helium form from protons and neutrons.

300,000 years ~ Atoms form as negative electrons are captured by positive
protons; the universe becomes electrically neutral, and
radiation and matter separate; radiation is released in a huge
“flash” now detectable in background microwave radiation.

sources: Cesare Emiliani, The Scientific Companion: Exploring the Physical World with

Facts, Figures, and Formulas, 2nd ed. (New York: John Wiley, 1995), p. 82; and see the simi-
lar chronology in Stephen Hawking, The Universe in a Nutshell (New York: Bantam, 2001),

p-78.

that inhabit our earth. Finally, of course, they include ourselves. As an
anonymous wit is supposed to have put it: “Hydrogen is a light, odorless

2> From this perspec-

gas which, given enough time, changes into people.
tive, the modern creation myth is as paradoxical as any other early creation
myth. Nothing changes; but everything changes. Though things seem to
existindependently of each other, and to have particular and distinctive char-
acteristics, it is also true that everything is really the same. The idea that
form and matter are different expressions of the same underlying essence
was proposed by the [talian Giordano Bruno as early as 1584, in a book called

Concerning the Cause, Principle, and One. But the same idea occurs in much
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deep religious and philosophical thought. According to one of the holiest of
Buddhist texts, the Heart Sutra, “Form is emptiness; emptiness also is form.
Emptiness is no other than form; form is no other than emptiness.”?¢ How
patterns were created out of the apparent chaos of the early universe will
be one of the central themes of the next chapter.

EVIDENCE FOR BIG BANG COSMOLOGY

From these metaphysical speculations, we must return to the prosaic but
crucial issue of evidence. Why do modern astronomers accept what seems,
at first sight, such a bizarre creation story? Why should we take this story
seriously? The short answer is that for all its oddity, the modern story of
creation is based on a colossal amount of hard evidence.

Hubble and the Redshift

The first crucial piece of evidence emerged from studies of the size and shape
of the universe. Mapping the universe meant trying to determine the dis-
tance between the stars, the way in which stars were arranged, and how they
moved relative to each other. Modern attempts to map the universe sci-
entifically date to the late nineteenth century.

Finding the distance to stars is extremely difficult. With nearby stars, it
is possible to estimate distances using elementary trigonometry and exact
measurements of a star’s parallax. The largest baseline available to Earth-
bound astronomers is Earth’s orbit around the Sun, so astronomers look for
stars whose positions appear to shift when observed at six-month intervals.
But even this approach requires measurements that were too precise for any
astronomers before the nineteenth century (see figure 1.1).

For more distant stars, we have to rely on methods that are even less pre-
cise. In the first decade of the twentieth century, an American astronomer,
Henrietta Leavitt, studied variable stars—that is, stars whose brightness
varies in a regular cycle. She discovered that in a particular type of variable
star, the so-called Cepheid variables, the cycle reflected the size and the
brightness of the stars. What made the Cepheids seem to grow by turns
brighter and then darker was their expansion and contraction. Leavitt
showed that the larger (and therefore brighter) Cepheids expand and con-
tract more slowly. So, by measuring the length of the cycle, astronomers
could estimate the size and therefore the real (or “intrinsic”) brightness of
each Cepheid variable. Then, by measuring the brightness it appeared to
have to an observer on the earth, they could estimate how much light had
been lost in the journey to our earth, and therefore how far away the star
really was.
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Parallax of Star 1

Parallax of Star 2

Earth
in
January

Earth
in
July

Figure 1.1. Parallax: measuring the distance of
stars using elementary trigonometry. In the course
of six months, the earth changes its position in the
sky as it orbits the Sun. As a resul, the positions of
nearby stars seem to shift slightly during the year;
and the closer stars are, the greater their apparent
change in position. (A shift in the apparent position
of an object caused by movements of the observer
is known as parallax.) By measuring these shifts
carefully, you can use elementary trigonometry

to determine a star’s real distance from the earth.
This was the first way of determining the real scale
of the cosmos. With more distant stars, the angles
are too tiny for this method to work, so other
methods have to be used. From Ken Croswell,

The Alchemy of the Heavens (Oxford: Oxford
University Press, 1996), p. 16. Used by permission
of Doubleday, a division of Random House, Inc.

In the 1920s, another American astronomer, Edwin Hubble, using the
Mount Wilson telescope outside Los Angeles, relied on Cepheid variables
as he tried to map large areas of the universe. He found, first, that many
Cepheids apparently existed outside our galaxy, the Milky Way. This meant
that the universe consisted not just of one galaxy but of many, thereby prov-
ing an idea that the German philosopher Immanuel Kant had proposed al-
most two centuries before. (Specifically, Kant suggested quite correctly that
the objects astronomers call nebulae often consisted of separate galaxies, well
beyond our own.) This idea, which Hubble announced in 1924, already
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marked a revolution in modern astronomy. Within a few years, Hubble’s
work led him to an insight that was even more revolutionary, and much
more profound. In the late 1920s, he found that most distant galaxies seemed
to be moving away from us. Indeed, the farther away they were, the faster
they seemed to be moving away from our galaxy. We now know that the
most distant observable galaxies are moving away from us at more than go
percent of the speed of light. How could Hubble know this? And what did
this strange observation mean?

Oddly, it is easier to measure whether distant objects are moving toward
or away from us than to determine their exact distance from us. The tech-
niques involved are elegant, and not too difficult to grasp. If we take the light
from a distant star and pass it through a spectrometer, we can analyze the
various parts of the light spectrum. This is like watching sunlight through
a prism. Different frequencies are bent by different angles as they pass
through a prism; thus, as they leave the prism, they are displayed in bands
of different colors like a rainbow. Each band, or color, represents light of a
certain energy or frequency; and once they are split up in this way, each en-
ergy level can be studied separately. In star spectra, including that of our
sun, narrow dark lines appear at particular frequencies. Studies in labora-
tories have shown that these lines occur because as light travels toward us,
it passes through materials that absorb energy at particular frequencies, en-
suring that those frequencies reach us in a weakened form. These darker
lines are known as absorption lines. Each absorption line corresponds to a
particular element, which absorbs light energy at specific frequencies. Re-
markably, this means that by studying the absorption lines in starlight, we
can estimate what elements are present in stars and in what quantities. In-
deed, modern knowledge of how stars work (see chapter 2) is based largely
on such studies.

Even more remarkably, star spectra can tell us whether a star is moving
toward or away from us, and at what speed. The principle here is that of the
Doppler effect—the phenomenon that makes an ambulance siren seem to
drop in pitch as it passes by us. If a moving object (such as an ambulance)
emits energy in waves (such as sound waves), those waves appear to be
squashed up if the object is moving toward us, and stretched out if it is mov-
ing away from us. On a beach, if you walk into the surf, the wave crests will
seem to strike your legs more frequently than if you stand still. But if you
walk toward the beach, the crests will strike your legs less frequently. The
same principle applies to light spectra. In the light from stars, absorption
lines often seem to be shifted slightly from the position you would expect
in a laboratory. Thus, the absorption line that represents hydrogen might
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be shifted to a higher frequency, making its light waves appear to be
squashed up (or closer to the blue end of the spectrum). Or it might be shifted
to a lower frequency (closer to the red end of the spectrum), in which case
its light waves would appear to be stretched out. Hubble found both types
of shift. But as he worked on the remotest objects, he realized that these
were all shifted toward the red end of the spectrum. In other words, they
appeared to be stretched out as if they were moving away from us. And the
farther away they were, the greater the extent of the redshift.

The implications of Hubble’s discovery are spectacular but simple to com-
prehend. The farther a galaxy is from the earth, the faster it is moving away
from us, although stars in our own galaxy and some neighboring galaxies
are held together by gravity. We have no reason to think that we live in an
abnormal part of the universe. Indeed, modern maps of the distribution of
galaxies suggest that the universe really is pretty homogenous on the largest
scales. So we have to assume that other observers in any other part of the
universe would also observe that other parts of the universe seemed to be
moving away from them. And this must mean that the universe as a whole
is expanding. If the universe is expanding, then in the past it must have been
much smaller than it is now. If we follow this logic back in time, we will
soon see that at some point in the distant past, the universe must have been
infinitesimally small. This argument leads directly to the basic conclusion
of modern big bang cosmology: the universe was once infinitesimally small,
but it then expanded, and it continues expanding to the present day. Hub-
ble’s work provided the first and still the most basic evidence for big bang
cosmology.

Hubble also showed that by measuring the rate of expansion, scientists
should be able to estimate how long the universe has been expanding. This
was an astonishing conclusion, for it seemed to imply something totally un-
expected. Hubble had found a way of measuring the age of the universe!
Originally, he calculated that the rate of expansion (or the Hubble constant)
was ca. 500 kilometers per second for every megaparsec of distance between
two objects. (A megaparsec is the distance traveled by light in 3.26 million
years, which is ca. 30.9 X 10'® km, or ca. 30 billion billion km.) This figure
meant that the universe could only be about two billion years old. We now
know that this is an impossible date, as the earth itself is at least twice this
age. Modern estimates of the Hubble constant are lower, and imply an older
universe. But determining exactly how old remains tricky, mainly because
of the difficulty of calculating the real distance to remote galaxies. Modern
attempts, which use several other types of distance markers in addition to
Cepheid variables, suggest that the Hubble constant lies between 55 and 75
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km per second per megaparsec. These figures imply that the universe is be-
tween 10 and 16 billion years old, and the most recent estimates seem to be
converging on a figure of about 13 billion (13,000,000,000) years.?” For sim-
plicity’s sake, that is the date used throughout this book.

Relativity and Nuclear Physics

In the early twentieth century, most astronomers still assumed that the uni-
verse was infinite, homogenous, and stable. Hubble’s conclusions would have
seemed very odd if it had not been for some other developments that were
undermining the traditional picture. One was the publication of Einstein’s
theory of relativity. The details of his theory are not important here, but
one implication is that at the largest scales, the universe was probably un-
stable. Einstein’s equations suggested that the universe, like a pin standing
on its end, had to fall to one side or the other. It had to be either expanding
or contracting; a perfectly balanced universe was very unlikely. Einstein him-
self resisted this conclusion. Indeed, in what he later described as the great-
est error of his life, he altered his theory by proposing the existence of a
force he called the “cosmological constant,” in order to preserve the idea of
astable universe. This force he imagined as a sort of antigravity, which could
counterbalance gravity and thus prevent the universe from collapsing in on
itself. However, in 1922 a Russian, Alexander Friedmann, showed that the
universe really might be either expanding or contracting. Eventually, even
Einstein accepted the idea of an unstable and evolving universe.

But it took time to work out the ramifications of these discoveries. In the
1940s, the idea of an expanding universe still seemed odd to most as-
tronomers. Then, between the 1940s and the 1960s, new evidence accumu-
lated in support of the idea until, by the late 1960s, the big bang theory had
become the standard account of the origins of the universe. In the late 1940s,
using some of the knowledge gained from work on the atomic bomb, a num-
ber of physicists in the United States—including the Russian American
physicist George Gamow—Dbegan to work their way through the implica-
tions of this new view of the universe. What would a tiny universe look like?
It was clear that it would have been extremely hot: just as a bicycle tire be-
comes hotter when more air is pumped in, so the universe must have been
extremely hot when all its matter and energy was squashed into a tiny space.
The details of how matter would behave under such conditions do not con-
cern us here. What matters is that scientists such as Gamow and later Fred
Hoyle (who was to become a fierce critic of big bang cosmology) soon real-
ized that it was possible, using existing ideas about how energy and matter
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worked at different temperatures, to start doing some calculations about the
behavior of the early universe. And the answers made sense. They found
they could construct a surprisingly plausible picture of how the early uni-
verse was constructed under the assumptions of the big bang theory. In
particular, it was possible, roughly, to work out what forms of energy and
matter would have existed in the early universe, and determine how that
universe would have changed as it expanded and cooled. It soon became ap-
parent that the idea of an early, dense, and hot universe was perfectly con-
sistent with all that was known in the emerging field of particle physics.

Cosmic Background Radiation

What finally persuaded most astronomers to accept the big bang theory was
the discovery of cosmic background radiation, or CBR. Early theories of how
a big bang might have worked suggested that as temperatures fell during
the early history of the universe, distinct particles and forces would acquire
astable existence as soon as temperatures were low enough for them to sur-
vive. As we have seen, for several hundred thousand years the early uni-
verse was too energetic and too hot for atoms to form. But eventually tem-
peratures fell low enough for protons (with their positive electrical charges)
to capture electrons (which have a negative charge). At this point, matter
became electrically neutral, and energy and light could flow freely through
the universe. Some of the earliest theorists of big bang cosmology predicted
that there ought at that moment to have been a huge release of energy, whose
remnants might be detectable today.

It is a sign of the caution with which scientists still approached the idea
of a big bang that no one actually looked for this background energy. It was
found accidentally, in 1964, by Arno Penzias and Robert Wilson, two sci-
entists working for Bell Laboratories in New Jersey. They were trying to
build extremely sensitive radio antennae, but found it was impossible to
eliminate all the background “noise” they picked up. Eventually, they real-
ized that wherever they pointed their antennae, there was always a faint
hum of weak energy. What could possibly be emitting energy from all di-
rections of the sky at the same time? Energy coming from a particular star
or galaxy made sense, but energy coming from everywhere—and so much
energy—seemed to make no sense at all. Though the signal was weak, the
total when all the energy it represented was added up was colossal. They
mentioned their discovery to a radio astronomer who had heard a talk by a
cosmologist, P. J. E. Peebles, predicting the existence of remnant radiation
atan energy level equivalent to a temperature of ca. 3°C above absolute zero.
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This was remarkably close to the temperature of the radiation found by Pen-
zias and Wilson. They had found the flash of energy predicted by early the-
orists of the big bang.

Their discovery was decisive because no other theory could explain such
a universal and powerful source of energy, while big bang cosmology could
explain it naturally and easily. Since 1965, few astronomers have doubted
that the big bang theory is the best current explanation for the origins of the
universe. It is now the central idea of modern astronomy, the paradigm that
unifies the theories and ideas of modern astronomy. And the cosmic back-
ground radiation is central to modern cosmology: attempts to map tiny vari-
ations in it should provide us in the near future with the best information
available on the nature of the early universe. {One cosmologist, Dr. Max
Tegmark, has even suggested that “the Cosmic microwave background is to
cosmology what DNA is to biology.”)® A new satellite, the Wilkinson Mi-
crowave Anisotropy Probe, or WMAP, which was launched in June 2001, is
designed to describe these tiny variations more precisely than ever before.??

Other Forms of Evidence

More evidence for the big bang has accumulated since the discovery of the
CBR. For example, the big bang theory predicts that the early universe will
consist mainly of simple elements, above all hydrogen {ca. 76 percent) and
smaller amounts of helium (ca. 24 percent). These are about the ratios we
observe in the universe today {though the amount of hydrogen has fallen
to ca. 71 percent as reactions within stars have converted hydrogen into he-
lium, which now accounts for ca. 28 percent of all matter). The chemical dom-
inance of hydrogen and helium is not immediately obvious to us, because
we live in a corner of the universe that happens to have high concentrations
of other elements (see chapters 2 and 3), but the evidence is all around us
nonetheless. Hydrogen is by far the most common element, even in our own
bodies. As Lynn Margulis and Dorion Sagan write: “Our bodies of hydro-
gen mirror a universe of hydrogen.”*® Especially precise measurements have
also been made of the tiny amounts of lithium created in the big bang. These,
too, are remarkably close to the figure predicted by theories of element for-
mation during the big bang.

Then there is the fact that neither astronomical observations nor radio-
metric dating techniques (see appendix 1) can identify any objects that are
much more than 12 billion years old. If the universe had in fact existed for
much longer than this (perhaps for several hundred billion years), the ab-
sence of any objects older than a cutoff date of 12 billion years would be ex-
tremely surprising.
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Finally, the big bang theory—unlike its main rival, the steady state
theory—implies that the universe has changed over time. This means that
the most distant parts of the universe ought to seem different from those
closer to us; for in looking at objects, say, 10 billion light-years away, we are
in effect looking at the universe as it was 10 billion years ago. And, as we
will see, distant objects are different from the modern universe in impor-
tant ways. For example, the early universe contained many more quasars
(see chapter 2) than does the modern universe.

How Trustworthy Is Big Bang Cosmology?

Is big bang cosmology true? No scientific theory can claim absolutely cer-
tainty. And there remain problems with the theory, some of which are highly
technical. But at present, none of these problems seems insurmountable.

For a time in the early 1990s, it appeared that some stars were older than
the apparent age of the universe—evidence, according to some astronomers,
that cast serious doubt on the entire theory. Observations using the Hub-
ble telescope have since shown that this is not true. The oldest stars now
seem to be about one billion years younger than the date of the universe as
determined by the latest estimates of the Hubble constant. This is good news
for big bang cosmology! But there was less welcome news when, in the late
1990s, evidence began to accumulate from studies of distant Ia type super-
novae {see chapter 2) that the rate of expansion of the universe, rather than
decreasing under the influence of gravity, is in fact increasing. If these ob-
servations are correct, they are startling, for they seem to imply that there
exists some hitherto unknown force that has operated constantly since the
big bang to maintain and accelerate the rate of expansion, but that is too
weak to have been detected before. One possibility is that this force consists
of “vacuum energy,” a force predicted by quantum mechanics that would
act in a way opposite to gravity, driving matter and energy apart rather than
drawing them together. If so, its effects may be almost identical to those of
Einstein’s speculative cosmological constant.*! This evidence may throw a
largish wrench into the machinery of big bang cosmology. On the other
hand, it may provide an unexpected solution to the problem of dark matter
(see chapter 2), because vacuum energy, like all energy, has mass, which may
account for a substantial amount of the matter that astronomers have been
looking for. There is also the tricky problem of beginnings. At the begin-
ning of the big bang, all our scientific knowledge seems to go haywire. The
density of the universe seems to move toward infinity, as does its temper-
ature, and modern science has no good way of dealing with such phenom-
ena, though it has many promising ideas.
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What encourages us to take the theory seriously despite these difficul-
ties is its consistency with most of the empirical and theoretical knowledge
assembled by modern astronomy and modern particle physics. And no other
theory of origins can explain so much. That scientists have constructed a
logical theory consistent with so much evidence, and one that seems to tell
us what happened during the first few minutes of our universe’s history, is
itself an astonishing achievement. It is no less remarkable when we realize
that future research is likely to modify the current theory, perhaps in quite
significant ways.

NOTE ON EXPONENTIAL NOTATION

Modern science often deals with large quantities and large numbers. Writ-
ing out, say, a billion billion billion would take a lot of space (to see how
much, look at the second paragraph of this note), so scientists use what they
call exponential notation; a number of figures in this chapter use this con-
venient mathematical shorthand. Here is how it works.*? One hundred is
10 multiplied by 10, or two 10s multiplied together. In exponential nota-
tion, 100 can be written as 10% One thousand is three 10s multiplied to-
gether, or 10%, and so on. To convert a number in exponential notation to
one in normal notation, write down a 1, then add the number of zeros that
appear in the exponent. One thousand (10%), therefore, is 1 with three ze-
ros after it; one billion is 16%, or 1 with g zeros after it—that is, 1,000,000,000.
We can use the same notation for small numbers, too. One hundredth (100
or 1 percent) is written as 1072 and one thousandth (/1000) is written as 107°.
The system also works well for numbers that are not an exact multiple of
ten. Thus 13 billion years can be thought of as 13 times a billion years. In
exponential notation this becomes 13 x 107 years.

The crucial thing to note is that increasing the exponent by one mul-
tiplies the size of the previous number ten times. So 10% is not just slightly
bigger than 10% it is, in fact ten times as large. In the same way, 10 (or
a billion billion) is not double the size of 10% it is one billion times (10°
times) as large; and it is ten times as large as 10'7. Exponential notation
provides a deceptively simple way of describing colossal numbers, which
can easily lull us into forgetting how large these numbers really are. The
mass of a hydrogen atom can be written in exponential notation as 1.7 X
107 kilograms. In ordinary script, this is a simple, but lengthy, fraction:
1.7/1,000,000,000,000,000,000,000,000,000 kilograms, or 1.7 times one bil-
lionth of a billionth of a billionth of a kilogram. To understand what this
really means is trickier. Try to imagine something so small that it weighs
just one-billionth of a kilogram. (We cannot do it, of course—our minds



THE FIRST 300,000 YEARS 37

are not designed to deal with such calculations; but we can make the effort.)
Then try to imagine something that weighs one billionth of this; then re-
peat the experiment a third time, and you are imagining the size of a hy-
drogen atom. To weigh the Sun, you multiply instead of dividing. The Sun
has a mass of about 2 X 10 tons, or 2,000,000,000,000,000,000,000,000,000
tons, which is two times a billion billion billion tons. It contains about 1.2
x 107 atoms. The universe contains about 10?2 stars. To roughly estimate
the number of atoms in the universe, we can multiply these two numbers
together, which means adding the two exponents, to get 1.2 X 107 atoms.
This may not seem so impressive until we start writing the number out in
ordinary notation, and even then, most of us cannot really understand what
we are writing down. In the final chapter of this book, we will come across
numbers much, much larger than even these huge figures.

SUMMARY

Before about 13 billion years ago, we can say nothing with any confidence
about the universe. We do not even know if space and time existed. At some
point, energy and matter exploded out of the emptiness, creating both time
and space. The early universe was fantastically hot and extremely dense,
and it expanded extraordinarily fast in a sort of cosmic explosion. As it ex-
panded, it cooled. Matter and antimatter annihilated each other, leaving a
tiny residue of matter. Out of the violent flux of the early universe, there
appeared distinct entities—protons, neutrons, photons of light, electrons—
and distinct forces, including the strong force, the weak force, and the forces
of gravity and electromagnetism. After a few hundred thousand years, the
universe was cool enough for protons and electrons to form stable atoms,
and the matter in the universe became electrically neutral. As a result, mat-
ter and energy ceased to interact constantly, and radiation began to flow
freely through the universe. As the universe expanded, the temperature of
the radiation fell; it is now detectable as the cosmic background radiation.

This story, as strange as it may seem, is based on a colossal amount of
scientific research, and it is compatible with most of what we know today
about astronomy and particle physics. Big bang cosmology is now the cen-
tral idea of modern cosmology. It is the paradigm that unites modern ideas
on the nature and history of the universe, and it dominates the first chap-
ter of the modern creation myth.

FURTHER READING

Barbara Sproul’s Primal Myths (1991) is a collection of creation myths from
many different cultures, accompanied by an introductory essay. There are
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now many popular accounts of big bang cosmology, some by authors who
helped construct the modern story of the origins of the universe. The fol-
lowing are some of the books I have found most helpful. Stephen Hawk-
ing’s A Brief History of Time (1988) is one of the best known, and has re-
cently been followed by his The Universe in a Nutshell (2001); even more
technical is Steven Weinberg, The First Three Minutes (2nd ed., 1993). John
Gribbin’s Genesis (1981) is a superb introduction for the general reader (and
one of the inspirations for this book), though it’s beginning to show its age.
More up-to-date, though equally readable, are Timothy Ferris, The Whole
Shebang (1997); John Barrow, The Origin of the Universe (1994); Peter
Coles, Cosmology (2001); and Armand Delsemme, Our Cosmic Origins
{(1998). Delsemme’s book is relevant for much of the first half of this book.
Cesare Emiliani’s Scientific Companion (1995) is a useful handbook for those
who want more precise information about the ideas and terminology of mod-
ern astronomy, chemistry, and physics. Eric Chaisson’s Cosmic Evolution
(2001) is an attempt to think through the meaning of order and entropy at
many different scales, from stars to microbes, and Martin Rees’s Just Six
Numbers (2000) is also about the fundamental structures of the universe.
Lee Smolin’s Life of the Cosmos (1998) is a readable book that consists of
grand speculations about the possibility that our universe is one of a vast
population of universes that change according to some form of cosmic evo-
lution. Charles Lineweaver’s short essay “Our Place in the Universe”
(2002) is a marvelous introduction to the challenge of thinking about scale
and orientation within the universe. Nigel Calder’s Timescale (1983) isa re-
markable chronology for the whole of time, though it is now old enough to
be slightly dated.



ORIGINS OF THE GALAXIES AND STARS
THE BEGINNINGS OF COMPLEXITY

If one had to summarize, in just one sentence, “What’s been
happening since the Big Bang?,” the best answer might be to
take a deep breath and say: “Ever since the beginning, gravity
has been moulding cosmic structures and enhancing temperature
contrasts, a prerequisite for the emergence of the complexity that
lies around us ten billion years later, and of which we are part.”

Look at the sky on a clear night, and it seems obvious that stars are the most
important inhabitants of our universe. But stars, like humans, do not exist
inisolation. They gather into the huge cosmic societies we call galaxies, each
of which may contain 100 billion stars. Our home galaxy is the Milky Way.
Unlike other galaxies, which appear to us as faint stars or blurs, the Milky
Way looks like a pale river of light flowing across the night sky, because we
see it from inside. What is less obvious to the naked eye, and was not appar-
ent even to most astronomers until a decade or two ago, is that galaxies gather
into even larger communities. These include groups (usually a few million
light-years in diameter, containing perhaps twenty galaxies) and clusters
(up to 20 million light-years broad and holding hundreds, even thousands,
of galaxies). Groups and clusters of galaxies are held together by gravita-
tional forces. But there exist even larger structures, structures so large that
they are stretched out by the expansion of the universe. These include super-
clusters (up to 100 million light-years across, with perhaps 10,000 galaxies)
and the huge chains of superclusters enclosing vast bubbles of empty space
that were first detected by astronomers in the 1980s. At even larger scales,
the universe appears to be remarkably homogenous. This homogeneity shows
up in the uniformity of the cosmic background radiation. So the complex pat-
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Figure 2.1.  The position of the Sun within

the Milky Way. The Sun lies within an arm

of the Milky Way, about 27,000 light-years from
its center. Clouds of dust obscure our view of the
central parts of the galaxy. Adapted from Nikos
Prantzos, Qur Cosmic Future: Humanity's Fate
in the Universe (Cambridge: Cambridge Univer-
sity Press, 2000), p. 97.

terns that will interest complex observers such as ourselves seem to appear
only at scales smaller than chains of superclusters.

At present, these seem to be the largest ordered structures in the ob-
servable universe. Their discovery pushes us even farther from the center
of the universe than Copernicus’s discovery that the earth revolved around
the Sun. Our sun, it seems, is situated in an undistinguished suburb in a
second-rank galaxy (the Andromeda Galaxy is the largest in our local group),
in a group of galaxies that lies toward the edge of the Virgo Supercluster,
which contains many thousands of other galaxies (see figure 2.1).}

More recently, it has become clear that even superclusters may be mere
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bit players in the history of the universe. It seems that most of the mass of
the universe (9o percent or more) is not visible, and the exact nature of this
mass (known appropriately as dark matter) remains a mystery. In other
words, we are in the embarrassing position of not knowing what most of
the universe is made of.2 This chapter will touch on theories about the na-
ture of dark matter, but it will focus mainly on those parts of the universe
that we know most about—those parts that are visible.

We take up the history of the early universe where we left it in the pre-
vious chapter: about 300,000 years after its creation, as energy and matter
went their separate ways.

THE EARLY UNIVERSE AND THE FIRST GALAXIES

In the first minutes of its existence, the universe cooled so rapidly that it
was impossible to manufacture elements heavier or more complex than hy-
drogen, helium, and (in minute amounts) lithium: elements 1, 2, and 3 in
the periodic table. In the heat and chaos of the early universe, nothing more
complex could survive. From a chemical point of view, the early universe
was very simple, far too simple to create complex objects such as our earth
or the living organisms that inhabit it. The first stars and galaxies were con-
structed from little more than hydrogen and helium. But they were a sign
of our universe’s astonishing capacity to build complex objects from sim-
ple building blocks. Once created, stars laid the foundations for even more
complex entities, including living organisms, because in their fiery cores they
practiced an alchemy that turned hydrogen and helium into all the other
elements of the periodic table.

So far, the story of the universe has been dominated by the expansion-
ary force of the big bang. Now we must introduce a second large-scale force:
that of gravity. Gravity is the force that Newton described so successfully in
the seventeenth century and that Einstein described even more precisely
early in the twentieth century. While the force of the big bang drives en-
ergy and matter apart, gravity pulls things together. Newton argued that
all forms of matter exert a tug on all other forms of matter. Einstein main-
tained that the effects of gravity arise because of the way that large masses
can warp the geometry of space-time. Einstein also showed that gravity acts
on energy as well as on matter. This conclusion was not entirely surprising,
for Einstein had already demonstrated that matter is really a sort of con-
gealed energy. But he went further, offering an ingenious proof that grav-
ity can warp energy as well as matter. The Sun is the largest object in our
solar system and has the greatest mass. He argued that its huge mass ought
to bend the space-time around it enough to alter the trajectory of light rays
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passing close to the Sun’s edge. The best opportunity for detecting this ef-
fect was during a solar eclipse, the only time when it was possible to see
stars close to the Sun. If stars at the edge of the Sun were photographed just
before a solar eclipse, he predicted that their movement would appear to slow
down just before they passed behind the Sun. As they appeared on the other
side, they would also seem to hover momentarily at the Sun’s edge before
moving away from it. This effect would result from beams of starlight be-
ing bent by the Sun’s mass, just as a stick seems to bend when placed in
water. In 1919, Einstein’s prediction was tested during a solar eclipse and
found to be astonishingly accurate.

By pulling on both matter and energy, gravity can give the universe shape
and structure. It may be easiest to see how it does so if we stick with New-
ton’s intuitively simpler notion of gravity as a “force.” Newton showed that
gravity can work at very large scales but is most powerful close-up. To be
precise, the gravitational attraction between two objects is proportional to
the (square of the) mass of the two objects, and is inversely proportional
to the (square of the) distance between them. This means that gravity can
pack closely packed masses even more closely together, but has less effect
on objects separated by large distances. Gravity has even less impact on light,
fast-moving objects such as the particles that carry energy, and thus it shapes
matter more effectively than energy. Because its effects vary in these ways,
gravity has managed to create many complex structures at a number of dif-
ferent scales. This is a remarkable conclusion, for it suggests that in some
sense, and at some scales, gravity can temporarily counter the second law
of thermodynamics, the fundamental law that seems to guarantee that over
time, the universe will become less ordered and less complex (see appen-
dix 2). Instead, as gravitational energy is released (as gravity clumps mat-
ter together), the universe appears to become more ordered. Gravity is thus
one of the major sources of order and pattern in our universe. In the rest of
this chapter we will see how gravity created many of the complex objects
studied by astronomers.

Much of the history of the early universe, and of the galaxies and stars,
can be thought of as a product of competition between the force of the big
bang, which drives the universe apart, and the force of gravity, which tends
to draw the universe back together again. There is an unstable and shifting
balance between these two forces, with expansion winning at the largest
scales and gravity winning on smaller scales {up to the level of clusters of
galaxies). But gravity needs some initial differences to work with. If the early
universe had been perfectly smooth—if, say, hydrogen and helium had been
distributed with absolute uniformity throughout the universe—gravity
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could have done little more than to slow down the rate at which the uni-
verse expanded. The universe would have remained homogenous; and com-
plex, lumpy objects such as stars, planets, and . . . human beings could never
have formed.

Soitisimportant to know how homogenous the early universe was. As-
tronomers try to measure the “smoothness” of the early universe by look-
ing for tiny differences in the temperature of the cosmic background radi-
ation. Any “bumpiness” ought to show up as slight temperature differences
in the cosmic background radiation. The COBE (Cosmic Background Ex-
plorer) satellite, launched early in the 1990s, was designed to look for such
differences, and the WMAP {Wilkinson Microwave Anisotropy Probe)
satellite, launched in June 2001, is mapping these variations with even
greater precision. COBE has shown that although the cosmic background
radiation is extremely uniform, there are tiny variations in its tempera-
ture. Apparently, some areas of the early universe were slightly hotter and
denser than others. These “wrinkles” gave gravity some differences to work
with, and it did so by magnifying them, making dense regions even denser.
Within a billion years after the big bang, gravity had created huge clouds
of hydrogen and helium. These may have been as large as several clusters
of galaxies, and locally, their gravitational pull would have been sufficient
to counteract the expansionary drive of the universe. At larger scales, the
expansionary force of the big bang remained dominant, so that over time
the gaps between these massive clouds of matter increased.

Under the pull of their own gravity, the clouds of hydrogen and helium
began to collapse in on themselves, as atoms of hydrogen and helium were
packed ever more closely together. As the gas clouds shrank, some regions
became denser than others and began to collapse more rapidly; in this way,
the original clouds broke into smaller and smaller clumps at many differ-
ent scales, from that of whole galaxies to single stars. As gravity packed each
cloud into ever smaller spaces, pressure built up in the center. Increasing
pressure means increasing temperatures, and so, as they shrank, each gas
cloud began to heat up. Within the smaller clumps, which contained a mass
equivalent to several thousand stars, there appeared regions of enormously
high density and extreme heat; it was in pockets within these cosmic nurs-
eries that the first stars were born.?

As the core regions heated up, the atoms within them moved faster and
faster, and collided more and more violently. Eventually, the collisions were
violent enough to overcome the electric repulsion between the positively
charged nuclei of hydrogen atoms. (These repulsive forces depend partly
on the number of protons, or positive charges, in the nuclei, so this reaction



44 THE INANIMATE UNIVERSE

occurs most easily in hydrogen atoms and becomes progressively more
difficult to achieve with larger atoms.) Wherever temperatures reached 10
million degrees C, pairs of hydrogen atoms fused to form helium atoms,
each of which has two protons in its nucleus. This nuclear reaction, known
as fusion, is what happens at the center of a hydrogen bomb. As hydrogen
atoms fuse into helium, a tiny amount of matter is transformed into a huge
amount of energy according to Einstein’s formula, E = mc% the energy re-
leased is equal to the mass that is transformed multiplied by the speed of
light squared. Because the speed of light is an enormous figure, Einstein’s
equation tells us that an enormous amount of energy is released by the trans-
formation of even tiny amounts of matter. To be precise, when hydrogen
atoms fuse to form an atom of helium, they lose about 0.7 percent of their
mass; we know this because a helium atom weighs less than the hydrogen
atoms used to construct it. The lost mass has been converted into energy.*
Stars are like massive hydrogen bombs with so much fuel that their “ex-
plosions” can continue for millions or even billions of years. And this is how
the first stars lit up the billion-year-long night of the early universe.

The colossal heatand energy generated by fusion reactions resist the force
of gravity, so as they light up, young stars stop collapsing. And it is this bal-
ance between the expansionary force of the nuclear explosions at their cen-
ter and the attractive force of gravity that tames the violent energies at the
heart of all stars. Stars form durable structures because they are the result
of a negotiated compromise between gravity, which crushes matter together,
and the explosive force of fusion reactions, which forces matter apart. The
negotiations are continuous; if the center heats up, the star expands and thus
cools down—so it contracts again, in a negative feedback cycle analogous
to that in an air-conditioning system. (If the air gets too hot, the system
switches on and cools the air down again.) We can watch these negotiations
in the pulsations of variable stars. But normally, the underlying truce en-
dures for millions or billions of years, as long as the star exists.

The lighting up of the first stars was a momentous turning point in the
history of the universe, for it marked the appearance of a new level of com-
plexity, of new entities operating according to new rules. What had been bil-
lions and billions of atoms, drawn together by the force of gravity, suddenly
became a new organized structure—one that could last for millions or bil-
lions of years. The moment of transition occurred when a slight increase in
temperature ignited fusion reactions throughout the core of the proto-star,
thereby transforming gravitational energy into heat energy and creating a
new and more stable system of energy flows. Stars organize the atoms they
contain into new, durable configurations, which can handle huge energy



ORIGINS OF THE GALAXIES AND STARS 45

flows without disintegrating. This, we will see, is the characteristic pattern
of all such thresholds. New configurations emerge quite suddenly as once
independent entities are drawn into new and more ordered patterns, held
together by an increasing throughput of free energy (see chapter 4). But, as
is true of all these structures, they are held together only with difficulty, so
none is eternal. New levels of complexity are characterized, therefore, by a
certain fragility and by the certainty of eventual collapse. The second law
of thermodynamics ensures that all complex entities will eventually die; but
the simpler the structure, the better its survival chances, which is why stars
live so much longer than humans (see appendix 2).

Many of the first stars are still around today, 13 billion years later. Most
can be found in the centers of galaxies, or in the huge balls of stars known
as globular clusters, which orbit most galaxies in large spherical tracks. The
earliest stars probably formed during the chaotic and rapid collapse of rel-
atively formless clouds of gas. They can be detected today by their erratic
orbits and by the absence of elements heavier than hydrogen and helium,
because those were the only elements available when they were formed. In
the crowded early universe, embryonic galaxies often blended into each
other, and these mergers help explain the erratic orbits of many of the old-
est stars.

As galaxies formed and merged in the early universe, gravity went to
work on them, sculpting many into a shape that is surprisingly common in
the universe. As the ragged galaxies of the early universe were pulled to-
gether by gravity, different parts were dragged toward the center in huge
arcs; and minor variations in the movements of these arcs ensured that each
cloud began to spin, like water going down a drain. As each cloud contracted,
the rotation accelerated, as happens when skaters fold in their arms. Like a
spinning ball of dough, the areas spinning fastest were flung out by cen-
trifugal force, and the entire cloud began to flatten into a sort of cosmic pizza.
These simple processes, all dominated by the force of gravity, explain why
so many of the largest clouds of matter in the universe, even at the scale of
galaxy clusters, take the form of spinning disks, which the Soviet theorist
Yakov Zel’dovich has called “crepes.” We will see that the same rules also
operate at smaller scales, which is why our solar system would also look like
a huge, flat disk if we could see it from a distance.

By the time a second generation of stars began to form, these processes
had transformed some of the larger galaxies, such as the Milky Way, into
huge and more or less regular disks. This change is reflected in the more or-
derly orbits of younger stars, such as our own sun, which, traveling at the
stately speed of 800,000 kilometers an hour, takes about 225 million years



46 THE INANIMATE UNIVERSE

to process once around the center of the Milky Way. Similar mechanisms
shaped other galaxies, creating a universe populated by galaxies of stars, con-
structed in different ways but often forming regular, rotating disks. Star for-
mation continues to the present day. In the Milky Way, about ten new stars
are formed every year.

A COSMOLOGICAL MENAGERIE: BLACK HOLES, QUASARS, AND DARK MATTER

The early universe contained stranger objects than stars. At the center of
most galaxies, densities were so great that huge clouds of matter and en-
ergy kept collapsing even at temperatures high enough to start fusion re-
actions. Here, gravity acquired such momentum that it crushed matter and
energy out of existence, thereby forming the bodies called black holes. Black
holes are regions of space so dense that no matter and no energy can escape
their gravitational pull, not even light. This means we can never directly
observe what goes on inside a black hole, except by entering it—and then,
of course, we could never return to report our findings. Black holes are so
dense that to form one from our earth, we would have to crush it into a ball
with a diameter of about 0.7 inches.

There has been much fascinating speculation about the true significance
of black holes. Recently, for example, it has been suggested that black holes
may be what new universes look like from the outside. Each may represent
a separate universe, beginning with its own big bang. Lee Smolin has ar-
gued that if this is true, we may have an explanation for some other oddi-
ties of our universe. In particular, we may be able to explain why so many
crucial parameters—such as the relative strength of the fundamental phys-
ical forces, or the relative size of fundamental nuclear particles—seem pre-
cisely tuned to create a universe capable of producing stars, elements, and
complex entities such as ourselves. On Smolin’s assumptions, only universes
that can produce black holes can have “offspring.” If we add a further as-
sumption, that new universes differ only slightly from their “parent” uni-
verse, we see that a process akin to Darwinian selection may be at work.®
After many generations, the hyperspace in which these many universes ex-
ist is likely to be dominated by those universes that have the precise qual-
ities needed to produce black holes, however statistically improbable these
universes may be, because all other universes will be sterile. But if a uni-
verse can produce black holes, it can probably produce other large objects as
well, such as stars, and many other kinds of complex structures besides. Such
ideas suggest that there may be new levels to our modern creation myth
above the level of the universe, and that a “hyperuniverse” could exist that
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is far older than 13 billion years, and much bigger than our universe. But
at present, we have no way of proving or disproving these grandiose ideas.

So we can safely return from these speculations to the universe we know.
Black holes can tell us some important things about our own universe and
the galaxies that populate it. They are so dense that the gravitational forces
they exert can generate energies much larger than those produced within
stars. [t is likely that a black hole lurks at the center of the Milky Way, 27,000
light-years away in the direction of the constellation Sagittarius. It may be
identified with a powerful source of radio waves known as Sagittarius A,
and it probably has a mass about 2.5 million times that of our own sun.

The existence of black holes at the center of many galaxies may help ex-
plain another strange object, the quasar, or “quasistellar radio source.” The
first quasars, the brightest objects known to modern astronomy, were de-
tected by Australian astronomers in 1962. They shine more brightly than
even the largest galaxies, though they are no larger than our solar system.
They are also extremely remote. Most are more than 1o billion light-years
away, and none is closer than 2 billion light-years from us. So when we look
at quasars, we are seeing objects that existed early in the universe’s life. Cur-
rently, it seems likely that their energy comes from huge black holes that
suck in large amounts of matter from the galactic material surrounding
them. Quasars thus consist of black holes plus star food. Quasars were par-
ticularly numerous early in the life of the universe, because at that time
galaxies were crowded more closely together, and black holes were better
fed. Since then, the universe has expanded, galaxy clusters have moved far-
ther apart, and the pickings have become leaner for galactic black holes. So,
though most galaxies may still have black holes at their centers, few of these
beasts now consume enough to create quasars. And as most quasars do not
live more than a few million years because of their prodigious appetite for
star dust, they are rare in the modern universe. Quasars are the astronom-
ical equivalent of dinosaurs, though the black holes that powered them still
survive at the centers of most galaxies, waiting for unwary stars to fall into
their clutches.

Galaxies and stars make up most of the visible universe. But observa-
tions of the movements of galaxies and galaxy clusters have led to the embar-
rassing conclusion that we are seeing only a tiny part of what is actually
out there. Indeed, what we can see may constitute no more than 10 percent,
and perhaps as little as 1 percent, of the matter in the universe. Using the
basic laws of gravity, astronomers can calculate roughly how much matter
is in a group of galaxies by studying the way they rotate, and such studies



48 THE INANIMATE UNIVERSE

show that galaxies contain perhaps ten times as much matter as we can see.
Astronomers refer to this matter as dark matter, which is really a way of
expressing their puzzlement.

Finding out what makes up this huge amount of material is one of the
central projects of modern astronomy. At present, there are two main types
of candidate. First, it may consist of tiny particles, each much smaller than
electrons but collectively more massive than all other forms of matter. These
are known as WIMPs, or “weakly interacting massive [in the sense of hav-
ing mass| particles.” The current best bet for such a particle is the neutrino,
a particle that may or may not have any mass. If it does have mass, it is no
more than 1/500,000th the mass of an electron. However, there are about
one billion neutrinos for every other particle, so that even if their individ-
ual mass is tiny, they may make up most of the material in the universe. If
we could see neutrinos, the universe would seem like a huge neutrino fog,
contaminated by tiny specks of matter. Alternatively, there may be many
large objects that we cannot see because they do not emit light or other forms
of radiation. These may consist of the corpses of stars, or planetlike objects.
These are referred to as MACHOs, or “massive compact halo objects.” Re-
cently, a third possibility has emerged, which may offer an elegant solution
to the problem of dark matter: dark matter may really be dark energy. As
we have seen, energy also exerts a gravitational pull. So perhaps the so-called
vacuum energy discovered in the late 1990s, which seems to be accelerat-
ing the rate at which the universe is expanding, constitutes as much as 70
percent of the mass/energy of the universe. If so, it may account for most
of the extra gravitational pull observed by astronomers. In this scenario, dark
matter may account for no more than 25 percent of all the stuff in the uni-
verse, while the visible universe makes up merely 5 percent.”

THE LIFE AND DEATH OF STARS

Stars, like people, have biographies. They are born, they live, they change,
and they die. And today we know a great deal about the typical life cycles
of stars. This knowledge is derived largely from studying the spectra of
starlight. As we saw in the previous chapter, careful analysis of the ab-
sorption bands (the frequencies at which energy has been absorbed as it
travels through stars) can tell us much about the materials within stars. It
can also tell us how hot they are. As astronomers have studied the spectra
of more and more stars over the last century, they have built up a picture
of the different stages of a star’s life, and of the different types of stars that
can exist.

The most important single feature of stars is their size, or rather the size
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of the initial cloud of material from which they form. This determines many
features of a star, including its brightness, temperature, color, and life span.
If the initial cloud is smaller than about 8 percent of our own sun's size, its
center will never get dense or hot enough to fuse hydrogen, and no star will
form. At best, there may appear a brown dwarf: an object with a faint glow,
a bit like the planet Jupiter. Brown dwarves are half planet and half star,
though recent observations of orbiting material around them suggest they
are formed in much the same way as stars even if they are never quite large
enough to ignite.® On the other hand, if the initial cloud is more than 60 to
100 times the size of our sun, it is likely to split into two or more regions
of star formation as it collapses, which explains the large number of double
or multiple star systems observed by astronomers. Between these extremes,
it is helpful to think of two main sizes: the majority of stars, which range
from much smaller than the Sun to about 8 times its size, and those that
are between 8 and 60 times the size of our sun.

The amount of material in the embryonic star cloud determines the grav-
itational pull of the cloud, the speed with which it shrinks, and the density
and heat at its center. The heat at the center of a new star determines the
speed at which it burns up its available fuel. Thus large stars are much hot-
ter than small stars; though they contain more material, they also burn their
fuel more rapidly, live more dangerously, and die sooner. Stars 10 times larger
than our sun may have life spans of a mere 30 million years, while even
larger stars may live for only a few hundred thousand years. Smaller stars,
from twice the size of our sun down to Yo its size, have less dense and there-
fore cooler cores. So they burn their fuel more prudently. The smallest stars
may have life spans of hundreds of billions of years, many times the present
age of the universe.

Most stars, like our sun, burn their fuel more slowly than the giants. But
eventually, they use up their hydrogen, and their cores fill with helium. At
that point, the fusion reactions using hydrogen, which have sustained the
star during most of its life, can continue no longer. The central region starts
to cool and to collapse in on itself. But the collapse increases the internal
pressure, which causes the star’s interior to heat up again, so that the star
seems to rebound, swelling to many times its previous size. If the star is
large enough, the initial collapse may raise the temperatures at its core to
100 million degrees C. At this temperature, new fusion reactions begin that
use helium as their initial fuel. But these reactions convert much less mass
to energy than hydrogen fusion, so they don’t last as long. Stars run out of
helium quite quickly; and when they do, the center collapses again and the
outer layers swell even further, sometimes being thrown out into space. A
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series of reactions of this kind, each requiring higher temperatures, produces
many new elements, the most abundant of which are carbon, oxygen, and
nitrogen. Our sun, for example, will maintain this sequence until it starts
producing carbon, but will go no further, while slightly larger bodies may
be able to maintain the sequence up to oxygen. In this way, aging stars cre-
ate many of the elements in the early parts of the periodic table; the largest
stars of all manage, in their final stages, to produce iron {atomic number
26), whose creation requires temperatures of between 4,000 and 6,000 mil-
lion degrees. This sequence of reactions ends with iron. When old stars die,
their ashes, containing all these new elements, are scattered around them,
creating stellar graveyards that are more complex, chemically, than any re-
gion of the early universe.

In their dying phases, many stars swell into red supergiants; an example
is Betelgeuse in the constellation of Orion. When our sun reaches this phase,
in about 5 billion years, it will expand so much that both Earth and Mars
will be within its outer layers. (Betelgeuse is so large that if it were placed
where our sun is, the earth would be buried halfway between its center and
its surface.) Eventually, when they run out of fuel, small- to medium-sized
stars begin to cool, turning eventually into star cinders known as white
dwarfs. They are extremely dense, and closer in size to earthlike planets than
to stars. Over billions of years, most of them cool down, and their lives as
stars ends.

Giant stars, larger than about 8 times the size of our sun, have even more
dramatic life histories. Because these stars are large, the pressure and tem-
perature at their cores are much higher, so they can manufacture elements
up to silicon and, as noted above, even iron. In their final stages, they make
different elements, layer by layer, in a frenetic attempt to keep pumping out
energy and to avoid gravitational collapse. But when they finally run out of
fuel, their end is much more spectacular than that of medium-sized stars.
When they have no more energy to support themselves, gravity takes over
and folds them up in a sudden and catastrophic collapse that may last no
more than a second. This creates the phenomenon known as a supernova.
So much energy is generated in a supernova explosion that, for a few weeks,
it may shine with the energy of 100 billion stars, or an entire galaxy. If the
original star is less than 30 times the size of our sun, its collapse may leave
behind a neutron star. These are objects whose atoms have been crushed so
tightly together that their electrons fuse with protons and turn them into
neutrons. In neutron stars, an object with the mass of our sun may be con-
centrated into an area the size of a large modern city. Neutron stars can spin
at rates as fast as 600 times a second. They were first detected on Earth (in
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1967) as pulsars, because, as they spin (if that happens to be at an angle con-
venient for Earth-bound astronomers), the energy they emit seems to strike
Earth in short pulses. The Crab Nebula contains a neutron star that spins
30 times each second, and is the remnant of a supernova explosion detected
by Chinese astronomers in 1054 CE.

Stars more than about 30 times the size of our sun collapse even more
violently, and their core regions may be crushed into a black hole. Just out-
side the core, protons and electrons are combined to form neutrons, and a
huge stream of neutrons and neutrinos flees the dying star. This vast pulse
creates a cauldron with temperatures of several thousand million degrees.
Momentarily, in the extraordinarily high temperatures of a supernova, a
new threshold of some kind is crossed, for in this furnace it is possible to
bake elements much heavier than iron. Indeed, in a few moments, super-
nova explosions can manufacture all the elements of the periodic table, up
to uranium. These are then blasted deep into space. The elements that dom-
inate this galactic alchemy are oxygen and lesser amounts of neon, magne-
sium, and silicon, which, as a result, are some of the commonest heavier el-
ements in interstellar space. The most recent supernova of this type was
detected on Earth in February 1987; it was the brightest supernova to be ob-
served from Earth since 1604, when one exploded within the Milky Way.
The supernova whose light reached us in 1987 was in the Large Magellanic
Cloud, a neighboring galaxy that can be seen in the southern sky. It marked
the death throes of a star previously known as Sanduleak -69 202; in its final,
red giant phase, it had a diameter about 40 times that of our sun. This super-
nova blew up about 160,000 light-years away from us, which means that it
actually occurred 160,000 years ago. Many “new stars” recorded earlier in
human history may also have been supernovae, including the star reported
at the birth of Jesus. Because large stars have short lives, supernovae have
been fertilizing interstellar space with new chemicals since the formation
of the earliest galaxies. The gold or silver ring you may be wearing was made
in a supernova. Without supernovae, we could not exist.”

There is a second kind of supernova, known as a la supernova, which is
created by the explosion of white dwarf stars fed with new material from
neighboring stars. These explosions are even brighter than the supernovae
created by the death of large stars, and they eject particularly large amounts
of iron, along with other heavy elements.

The story of star deaths is a vital part of the story of life on earth, for
stars created both the raw materials from which our world is created and
the energy that fuels the biosphere. The heavier elements scattered through-
out the galaxy were first formed in stars and in supernovae. As the universe



52 THE INANIMATE UNIVERSE

aged, the proportion of new elements (other than hydrogen and helium)
has steadily increased. Without the chemically rich environment created by
stars and supernovae, our earth could not have been born, and life could not
have evolved. So, the chemicals we are made from were created in three dis-
tinct stages: while most hydrogen and helium was created during the big
bang, most elements from carbon (atomic number 6) to iron (atomic num-
ber 26) were formed inside medium and large stars, and most other elements
were formed in supernovae. The first generation of stars, formed in the early
universe, could not possibly have sustained life. But later generations of stars,
such as our own sun, could.

The energy that drives the biosphere is also derived largely from stars.
Direct sunlight is one of the most important of all sources of energy on Earth.
But for humans in the past two centuries, the sunlight stored long ago in
coal and oil has been almost as important. In addition, many important
processes on the earth are driven by the earth’s internal heat engine, whose
heat was generated partly during the formation of our sun and comes partly
from radioactive elements created in supernovae. In all these ways, the life
histories of stars are a vital component of the story of life on Earth.

CREATION OF OUR SUN

Like all stars, our sun was born in the gravitational collapse of a cloud of
matter. A nearby supernova probably triggered the collapse. The shock waves
from this huge explosion rippled through gas clouds that had formed in a
region of our galaxy’s spiral arm, about 27,000 light-years from its center,
or 40 percent of the way to its edge. As they did so, the material in these
clouds was rearranged, like sand on the vibrating surface of a drum. In this
way, a whole stellar tribe was born, with hundreds of new stars.

All of them count as second- or third-generation stars, for they formed
from material that contained many other elements in addition to hydrogen
and helium. The primordial gases accounted for 98 percent of the material
in the cdloud from which our sun formed (hydrogen made up ca. 72 percent;
helium, ca. 27 percent). But many other elements were also present, in-
cluding carbon, nitrogen, and oxygen (which now account for 1.4 percent
of all matter in the universe), and also iron, magnesium, silicon, sulfur, and
neon (which account for another 0.5 percent). These ten elements, all cre-
ated either during the big bang or within large stars, represent all but 0.03
percent of the mass of atomic matter in our part of the galaxy, while the re-
maining elements were created in supernovae.!® The presence of elements
heavier than hydrogen and helium, as well as many simple chemicals
formed from these elements, explains why, unlike the first generation of
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stars, our sun (and perhaps many of its sibling stars) was born with an at-
tendant group of satellites. These are the planets of the solar system (see
chapter 3).

As with all stars, many features of the Sun are determined by its size. It
is a yellow star (spectral type Gz2), which means that it falls in the middle
of the range of brightness of stars. However, most stars {(about 95 percent)
are smaller and cooler than the Sun."! It is extremely big compared to the
earth. Its diameter of almost 1.4 million kilometers is more than 4 times the
distance from the earth to the Moon. Nevertheless, our sun is not large
enough to collapse into a supernova when it dies. But it is not small enough
to live to a very old age. It was born about 4.6 billion years ago, and will live
for another 4 to 5 billion years. It has existed for about a third of the life of
the universe and is halfway through its own life cycle. Like all stars, it is
powered by a huge, stable, nuclear explosion in its core, whose temperature
is about 15 million degrees. Here, atoms of hydrogen fuse into helium, re-
leasing large amounts of radiant energy. It can take a million years for the
photons of energy produced in these reactions to fight their way through
the dense core of the Sun and appear at the surface. There, the temperature
is a modest 6,000°C. From the surface, energy is radiated throughout the
solar system and deep into space. Once photons reach the surface of the Sun
they begin to move with the speed of light. After struggling through a traffic
jam of subatomic particles for 1 million years, it takes photons of light just
over 8 minutes to reach Earth, 150 million kilometers away.

Without the Sun, our earth could not have existed and life could not have
evolved. All the planets of our solar system were made from the Sun's de-
bris and constructed within its gravitational field. And the Sun provides most
of the light and heat energy that sustains life on Earth. It is the battery that
drives the complex geological, atmospheric, and biological processes on the
surface of our planet.

THE SCALE OF THE UNIVERSE

The universe started out unimaginably small, and is now unimaginably
large. Somehow or other, to make sense of the story of its creation, we have
to try to grasp the spatial as well as the temporal scales on which this story
has been told. We can never fully comprehend these scales, but it is worth
making the effort.

If the universe is 13 billion years old, this means we cannot see anything
farther away from us than 13 billion light-years, for nothing can travel faster
than light, and that is as far as light could have traveled since the origins of
the universe. But the universe may, in fact, be bigger than this, because the
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notion of inflation suggests that in the first second of its existence, the space-
time in which the universe is embedded expanded much faster than the speed
of light. If so, the real universe may be billions of billions of times larger
than the observable universe. Indeed, if different parts expanded in differ-
ent ways, there may be billions of different universes, each with slightly
differently physical laws.

In practice, of course, even the size of the visible universe is impossible
to grasp. To get from the size of the smallest subatomic particle to the largest
known cluster of galaxies, we must multiply by ten 36 times. The largest
galaxy cluster is 10% times the size of the smallest known particle.!? Such
statements mean little to us; to even begin thinking about these scales, we
have to make a special imaginative effort. It may help to use a thought ex-
periment that can shock us into some appreciation of very large scales.

Large galaxies such as the Milky Way contain something like 100 billion
stars each. Larger galaxies may contain up to 1,000 billion, while the more
numerous dwarf galaxies may contain as few as 10 million, so 100 billion
may adequately approximate the average galaxy size. As far as we know,
there are also something like 100 billion galaxies in the observable universe.
How large is 100 billion? Imagine a pile of 100 billion rice grains: it would
be large enough to fill a building the size of the Sydney Opera House.! That
suggests how many stars there are in just our own galaxy. To represent the
number of stars in the entire visible universe, you would have to build a
hundred billion opera houses, each filled with rice grains. (This total num-
ber of rice grains may be roughly equivalent to the number of grains of sand
on all the deserts and beaches of the earth.)! But let us concentrate on the
one opera house, imagining that it represents our own galaxy, the Milky
Way. If we now use the rice grains to make a scale model of the Milky Way,
what would be the distance from our star, sitting in the center of the Syd-
ney Opera House, to the closest rice grain? The nearest star to us is Prox-
ima Centauri, which is part of the triple star system of Alpha Centauri, the
third-brightest starlike object in the night sky. If our sun were the size of a
rice grain in the Sydney Opera house, Proxima Centauri would be near the
Australian city of Newcastle, about 100 kilometers away, which represents
a mere 4.35 light-years (more than 40,000 billion km or ca. 25,000 billion
miles). Altogether, about twenty-six stars lie within 12 light-years of Earth.
(One is Sirius, which appears as the brightest star in our sky partly because
itis so close—only 8.6 light-years away—and partly because it is more than
twice as massive as our sun and twenty-three times as bright.) To begin
grasping the size of just our own galaxy, we must imagine all the rice grains
in the Opera House spaced out on this scale.
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Here’s another way of trying to grasp these scales. A jumbo jet takes about
four or five hours to cross a large continent like Australia or the continen-
tal United States. How long would it take the same jet to reach the Sun?
(How many airline dinners would we have to eat before we got there?) In
a Boeing 747 cruising at ca. 9oo kilometers {550 miles) per hour, it would
take us almost twenty years to reach the Sun, which is ca. 150 million kilo-
meters (ca. 95 million miles) away. To reach our closest neighbor, Proxima
Centauri, would take the same jumbo jet over 5 million years! This is the
distance between next-door neighbors in a galactic city of 100 billion stars.
To get a feeling for the size of the entire galaxy, the Milky Way, remember
that it takes light only 8 minutes to reach Earth from the Sun, but would
take about 4 years and 4 months to reach Proxima Centauri. The same light
beam would have to travel for another 30,000 years, or 10,000 times the
distance to Proxima Centauri, before it would reach the center of our galaxy.

Though rough-and-ready, these thought experiments may help us be-
gin to imagine how large the universe is. They also suggest how small, in
absolute terms, are the scales that normally concern us as human beings.
On the scale of the universe, our sun and earth are infinitely small specks
of matter.

These calculations suggest something else that is important for under-
standing human history. The placing of our earth within the universe is by
no means random. We can exist only because we are in an atypical region.
Most of space is empty and cold. Indeed, our thought experiments were con-
cerned with a galaxy, a region of space that contains unusual amounts of
matter. Beyond galaxies, matter is much less dense. Our earth exists within
a region unusually rich in matter, in a large galaxy, in which supernovae
have generated a broad variety of elements. Within that galaxy, we live in
a region of star formation, close to a mature star. Even in the densest part
of the galaxy, the disk, regions of empty space normally contain only about
one atom in each cubic molecule. But in the earth’s atmosphere, there may
be 25 billion billion molecules in the same space.’® And pouring through
this matter is the energy emitted every second by the Sun. In other words,
human history has taken place in a pocket of the universe that is dense in
matter and packed with energy. It is the extraordinary richness and com-
plexity of this environment that made life possible.

SUMMARY

After about 300,000 years, the early universe consisted mainly of huge
clouds of hydrogen and helium. These contained the raw materials from
which future stars and galaxies were to be created. About a billion years af-
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ter the universe formed, the first stars appeared in regions where hydrogen
and helium were more concentrated. Gravity pulled these dense clouds of
gas into flat, rotating disks at many different scales. At the smallest scales
were clouds of matter roughly the size of our solar system. As they col-
lapsed, their centers heated up until the hydrogen at the center began to
fuse into helium. These nuclear reactions released energy that prevented
the center from collapsing further, and created the stable cores of stars. Stars
burn hydrogen. Once that is used up, large stars can burn helium and even
more complex elements up to iron, at which point further fusion demands
more energy than is available. The largest stars burn their fuel fast and even-
tually collapse in the huge explosions known as supernovae. It is within su-
pernovae that most of the more complex chemical elements are created.
Smaller stars burn more slowly and at lower temperatures, they live longer,
and they eventually cool more gradually, like cinders, when they have run
out of fuel.

We live in a universe that has been made much more complex chemi-
cally by the life and death of stars. Indeed, the complex objects that domi-
nate our earth and our history could not have existed in the much simpler
environment of the early universe.

FURTHER READING

Ken Croswell’s Alchemy of the Heavens (1996) is a good introduction to
the life of stars, while Timothy Ferris’s Coming of Age in the Milky Way
{1988) is a superb history of modern astronomy. Armand Delsemme, Qur
Cosmic Origins (1998), is a good introduction, while Cesare Emiliani, The
Scientific Companion (2nd ed., 1995), gives some technical details in a highly
accessible form. The works of Isaac Asimov are very readable, but becom-
ing dated. John Gribbin’s Genesis (1981) is a superb popular history of the
universe and our place within it, but cosmology is changing so rapidly that
it, too, is getting dated. Martin Rees, Just Six Numbers (2000), and Lee
Smolin, Life of the Cosmos (1998), give a sense of some of the more spec-
ulative ideas around in modern astronomy. In Cosmic Evolution (2001), Eric
Chaisson offers a fascinating attempt to define the level of complexity we
find in stars. Charles Lineweaver’s short essay “Our Place in the Universe”
(2002) provides a sense of the universe’s “geography” and spatial scales.
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The previous two chapters surveyed regions so vast that light can take bil-
lions of years to cross them and the stars they contain may be as numerous
as grains of sand on a beach. Toward the end of chapter 2, we zoomed in on
one region of a single galaxy, the Milky Way. In this chapter, we shift to a
more intimate scale, that of a single star and one of its planets. On this tiny
scale, we think of our local star as “the Sun”—and it seems to dominate our
universe. So it is not surprising that many earthly religions regard the Sun
as the supreme god. But the earth is where we live, and in many religions
the earth is the mother and nurturer. The Greeks called her “Gaia.”

Our earth, like the other planets and moons of our solar system, is a by-
product of the creation of our sun. Gravity, though not the only active agent,
dominates this story as it does the story of star formation in general. Our
understanding of how the solar system was created has been revolutionized
since the 1960s, through the use of satellites that have let us travel, at second-
hand, through much of the solar system.

THE SOLAR SYSTEM

The planets of our solar system, including our own earth, were created at
the same time as our sun, about 4.56 billion years ago. They are all about
one-third of the age of the universe. Studies of the composition and motion
of the Sun, the planets, and the moons and meteorites within the solar sys-
tem, together with recent observations of planet formation around nearby
stars, give us considerable confidence in modern explanations of how our
solar system formed. But there remains some uncertainty about the details.

The Sun contains perhaps 99.9 percent of the matter in the solar system.
What interests us now is the remaining o.1 percent, for it is from that tiny
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residue that all the planets, including our earth, were born. We have seen
that as clouds of matter shrink, gravity tends to spin them and flatten them
into disks. The solar nebula, the cloud of gas and dust from which our so-
lar system formed, was no exception. As the Sun formed during a period of
about 100,000 years, its gravitational pull drew most of the matter in the
solar nebula to the center. But wisps of dust and gas, held at a distance by
centrifugal forces, orbited the Sun like the rings around the large, gassy plan-
ets of Saturn, Jupiter, Uranus, and Neptune. We can be sure of this because
in the late 1990s, astronomers managed for the first time to see similar disks
around newly formed stars in our suburb of the Milky Way. The solar neb-
ula consisted almost entirely of hydrogen and helium (ca. 98 percent of its
mass), with other elements sprinkled through it in minuscule amounts.

As the Sun lit up, the inner rings of the solar nebula were heated more
than the outer rings. This heat drove the more volatile (gassy) materials
away from the inner regions. But farther out, from about the orbit of the
future Jupiter on, it was cold enough for volatile gases to become liquids or
solids. As a result, the inner orbits contained much more rocky material,
while the more volatile materials accumulated farther from the Sun. This
explains why the inner planets are rocky, while the outer planets {(from
Jupiter outward) are dominated by substances such as hydrogen and helium
that are gases on earth. It also explains why the outer planets are so big:
Jupiter contains more than 300 times the mass of Earth (though it is still
only ca. Y1000 the size of the Sun), and Saturn almost 100 times Earth’s mass.
{Pluto, which is much smaller even than our moon, is no longer reckoned
to be a true planet but rather the largest of the surviving planetesimals.)
Water (ice) is the most common of all simple chemical compounds, as it is
formed from the two most abundant reactive elements, hydrogen and oxy-
gen. So, planets that formed at distances where water was normally a solid
were bound to be larger than those formed in regions where water existed
as a gas and could easily be driven away. The larger mass of the outer plan-
ets also made it easier for them to capture elements such as hydrogen and
helium that remain gases even at extremely low temperatures. To this day,
the solar system is divided into two main populations of planets: an inner
ring of smallish, rocky planets, with densities exceeding 3 grams per cubic
centimeter, and an outer ring of huge but less dense planets, with densities
of less than 2 grams per cubic centimeter.

Though temperatures and materials varied from orbit to orbit, within
each orbit particles of matter collided with each other or were drawn together
by gravity. Sometimes, they stuck together, held by electrostatic forces—
the same forces that enable a piece of rubbed amber to lift scraps of paper.
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In a mechanism first guessed at by the German philosopher Kant in 1755,
and known to astronomers as accretion, small, soft blobs of rock were formed
from these gentle collisions. These formed lumps the size of snowballs, which
grew into objects such as meteorites and then into planetesimals. Like
dodgem cars, the planetesimals followed chaotic orbits and frequently col-
lided with each other. As they grew larger, the collisions became more vio-
lent. Within 100,000 years, there existed many small planetesimals up to
10 kilometers in diameter. Modern comets such as Halley’s comet are mostly
survivors from this early stage of the solar system’s history, and thus they
help us imagine what some of these early planetesimals may have looked
like. However, the comets that survive today mostly fell into more eccen-
tric or more remote orbits, partly under the gravitational tug of the emerg-
ing superplanet, Jupiter. As a result, they escaped being incorporated into
planets. Billions of comets still orbit beyond the outer planets in the Oort
Cloud, which begins beyond Neptune, at more than 35 times Earth’s dis-
tance from the Sun. Most are tiny, but some, such as Chiron, may be up to
200 kilometers in diameter.

About 100,000 years after the formation of the Sun, the newly formed
sun blasted away the remaining gas and dust particles in the inner orbits,
in what is known as the T Tauri wind. This is a phenomenon commonly as-
sociated with young stars. Presumably, the T Tauri wind also swept away
any young atmosphere on the planetesimal that would eventually form the
earth. What remained in the inner orbits were the solid planetesimals too
large to be affected by the solar wind. Gradually, in all orbits, the largest
planetesimals lured smaller objects into their gravitational nets, until the
largest in each orbit had swept up most of the remaining material within
its reach. In this way, perhaps within a million years of the Sun’s forma-
tion, there emerged some thirty proto-planets, similar in size to our moon
or to Mars; each dominated a particular orbit, and all circled in the plane of
the original solar disk. During the next hundred million years, these con-
solidated into the planetary system we see today.

The inner planets (Mercury, Venus, Earth, Mars, and the asteroids) were
made mainly from silicates (compounds of silicon and oxygen), as well as
metals and trapped gases. Earth, for example, is made up of oxygen (almost
50 percent) and smaller amounts of iron {19 percent), silicon (14 percent),
magnesium (12.5 percent), and many other elements of the periodic table.
Between Mars and Jupiter, the asteroids may be the remnants of a “failed”
rocky planet, whose formation was disrupted by the strong gravitational pull
of nearby Jupiter. Jupiter, the largest of the planets, probably formed quite
rapidly, perhaps 50 million or more years before Earth.! It is almost large
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enough for nuclear reactions to have begun in its center. It is almost, but
not quite, a small star. If Jupiter had been slightly larger, then the solar sys-
tem might have had two suns, and its structure and history would have been
very different. The planets would have orbited in much less stable patterns,
and it seems unlikely that life could have emerged on any of them.

The disks of matter that exist around all the larger planets (most spec-
tacularly in the case of Saturn) show that all were large enough to have
formed with their own nebulae, just like embryonic stars. In fact, Jupiter’s
nebula was so similar to that of the Sun that its inner moons, lo and Eu-
ropa, are quite rocky, while its outer moons are more gassy, presumably be-
cause radiation from the early planet drove gassy elements away.

Is our solar system unique, or are solar systems quite common? Until
recently, astronomers had no direct means of detecting the existence of plan-
ets around even the closest stars. It seemed that the solar system might be
unusual, perhaps even singular. However, in 1995 astronomers for the first
time demonstrated the existence of a planet orbiting another star, by care-
ful measurements of slight wobbles in the star’s motion. In the next six years,
almost seventy other planets were identified in the same way. In May 1998,
the Hubble Space Telescope took what seems to be the first photograph of
a planet. It was huge—three times the size of Jupiter—and seems to have
been ejected by a system of binary stars in the constellation of Taurus.? As-
tronomers have also photographed the accretion disks of embryonic solar
systems. Such evidence suggests that solar systems may be quite common,
though their exact structures may vary greatly. If only 10 percent of stars
form with attendant planets, as recent evidence suggests, then even within
our own galaxy there could be billions of stars with solar systems of some
kind. This means that the astronomical niche in which we exist, though un-
usual on the scale of the universe, is not rare. Just within the Milky Way,
there may be millions of planetary systems capable, in principle, of sup-
porting life of some kind. Does this mean that life is common in the uni-
verse? We will return to this question below, and also in chapter 4, when we
examine how life itself first appeared on Earth.

THE EARLY EARTH: MELTDOWN AND COOLING

Accretion was a chaotic and violent process, and it became more so as plan-
etesimals grew in size and gravitational pull. Within each orbit, collisions
between planetesimals generated immense heat and energy. How violent
these processes were is suggested by the odd tilt and spin of many of the
planets, which indicate that each of the planets was, like a billiard ball, struck
at some stage by another large body of some kind. Visual evidence of these
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processes can be seen by looking at the surface of the Moon. Because the
Moon has no atmosphere, its surface is not subject to erosion, so it retains
the marks of its early history. And its face is deeply scarred by millions of
meteoric impacts, as you can see on a clear night with simply a pair of binoc-
ulars. For perhaps a billion years, the earth’s history was quite as violent,
until the earth itself had swept up most of the remaining material in its or-
bit. The violence of this early, “Hadean” epoch of the earth’s history ex-
plains why so little evidence survives from the period (see table A1, in ap-
pendix 1). After about a billion years, collisions became less frequent. Some
planetesimals have survived, of course, to the present day. So collisions still
occur, and some have played a crucial role in the earth’s history. But such
collisions are much rarer than they were in the Hadean epoch.

The early earth didn’t have much of an atmosphere. Before it grew to
full size, its gravitational pull was insufficient to prevent gases from drift-
ing off into space, while the solar wind had already driven away much of
the gaseous material from the inner orbits of the solar system. So we must
imagine the early earth as a mixture of rocky materials, metals, and trapped
gases, subjected to constant bombardment by smaller planetesimals and
without much of an atmosphere. The early earth would indeed have seemed
a hellish place to humans.

As it began to reach full size, the earth heated up, partly because of col-
lisions with other planetesimals and partly because of increasing internal
pressures as it grew in size. In addition, the early solar system contained
abundant radioactive materials, which may have formed in the supernova
explosion that occurred not long before the creation of the Sun. Much of
this heat has been retained to the present day, though over time, much has
also leaked to the surface from the earth’s well-insulated core. As the earth
heated up, its interior melted. Within the molten interior, different elements
were sorted out by density, in a process known as differentiation. By about
40 million years after the formation of the solar system, most of the heav-
ier metallic elements in the early earth, such as iron and nickel, had sunk
through the hot sludge to the center, giving the earth a core dominated by
iron. This metallic core gives the earth its characteristic magnetic field. The
earth’s magnetic field has played an extremely important role in the his-
tory of our planet: by deflecting the many high-energy particles streaming
through space, it shielded the delicate chemical processes that eventually
generated life here.

As heavy materials headed for the center of the earth, lighter silicates
drifted upward, in a process analogous to those in a modern blast furnace.
The denser silicates formed the earth’s mantle, a region almost 3,000 kilo-
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meters thick between the core and the crust. With the help of the cometary
bombardment, whose many impacts scarred and heated the earth’s surface,
the lightest silicates rose to the surface, where they cooled more rapidly than
the better-insulated materials in the earth’s interior. These lighter materi-
als, such as the rocks we call granites, formed a layer of continental crust
about 35 kilometers thick. Relative to the earth as a whole, this is as thin as
an eggshell. Seafloor crust (formed largely from volcanic basalts) is even
thinner, at about 7 kilometers. From the surface of the earth to its core is a
distance of almost 6,400 kilometers; thus, even continental crust reaches only
about %00 of the way to the earth’s core. Much of the early continental crust
has remained on the earth’s surface to the present day. The oldest portions
of continental crust, found today in parts of Canada, Australia, South
Africa, and Greenland, appear to be about 3.8 billion years old.

The lightest materials of all, including gases such as hydrogen and he-
lium, bubbled through the earth’s interior to the surface. So we can imagine
the surface of the early earth as a massive volcanic field. And we can judge
pretty well what gases bubbled up to that surface by analyzing the mixture
of gases emitted by volcanoes today. These include hydrogen (H), helium
(He), methane (CH,), water vapor (H,0), nitrogen (N), ammonia (NH;), and
hydrogen sulfide (H,S). Other materials, including large amounts of water
vapor, were brought in by cometary bombardments. Much of the hydrogen
and helium escaped; but once the earth was fully formed, it was large enough
for its gravitational field to hold most of the remaining gases, and these
formed the earth’s first stable atmosphere. Much of the methane and hy-
drogen sulfide was converted into carbon dioxide (CO,), which soon dom-
inated the early atmosphere. In a carbon dioxide atmosphere, the sky would
have seemed red rather than blue to us. However, as the earth cooled, water
vapor that had accumulated in its atmosphere fell in torrential rains lasting
millions of years. These downpours created the earliest oceans. The first
oceans must have existed before 3.5 billion years ago, for we know that liv-
ing organisms existed by that date; their presence suggests that tempera-
tures at the earth’s surface had fallen below 100°C. The early oceans dis-
solved much of the carbon dioxide in the atmosphere. To a human eye the
sky would have seemed to gradually turn blue.

The fact that water exists in liquid form on the earth’s surface is of fun-
damental importance to us, for it means that Earth’s temperatures were suit-
able for the appearance of the complex and fragile molecules that made up
the earliest life forms. Why Earth’s temperatures are so benign for life re-
mains uncertain. Perhaps in all solar systems there is a narrow band—just
far enough from the local sun not to boil, but close enough to get some
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warmth—within which life can emerge. Yet we know that atmospheres do
not evolve according to simple and predictable rules. On Venus, the early
atmosphere may have been similar to Earth’s; but a thick blanket of clouds
and the greater amounts of sunlight it received caused a runaway green-
house effect, with the result that the surface of Venus is now hot enough to
boil lead. Venus has in effect been sterilized. Because it is smaller and has a
weaker gravitational pull, Mars has hardly any atmosphere today, though
it may have had more in the past. Perhaps Earth proved suitable for life be-
cause of a rare combination of circumstances, suggesting that even if the
universe contains billions of planets, few may be hospitable to life.> How-
ever, as we will see in chapter 5, once life formed, living organisms started
making themselves at home, shaping the atmosphere and surface of the earth
to make it more suitable for life.

Many of the ingredients of the early atmosphere (including much of its
water), together with many of the organic chemicals that formed the first
life forms, may have been brought to Earth by the comets that bombarded
its surface for the first billion years of its life.* This constant bombardment
may also explain the creation of the Moon, perhaps 50 to 100 million years
after the formation of the solar system. Study of moon rocks has shown that
this satellite is less dense than the earth, and contains much less iron. The
discrepancy can be explained by supposing that the earth was struck a glanc-
ing blow by a proto-planet, perhaps the size of Mars, after the process of dif-
ferentiation had been completed. The collision would have gouged out ma-
terial from the mantle and crust of the early earth, but not from its iron-rich
core. This debris would then have orbited the earth, like Saturn’s rings, un-
til eventually gathering into a single object by accretion, to create the Moon.

So, about one billion years after the formation of the solar system, the
early earth had a moon; a hot iron core; a hot, semiliquid interior, the man-
tle; a thin but solid crust; seas; and an atmosphere dominated by nitrogen,
carbon dioxide, and water vapor. To us it would have seemed a hot, danger-
ous, and unpleasant place, drowned in a constant acidic rain and covered,
periodically, by huge seas of lava caused by collisions with comets or aster-
oids. But it contained all the ingredients necessary for the earliest forms of
life to evolve and thrive. Above all, it contained water, because it was far
enough from the Sun for water vapor to liquefy, but close enough to pre-
vent it all from freezing.

EVIDENCE ABOUT THE EARLY EARTH

How can we know so much about the early earth? There is, of course, an el-
ement of speculation in the account I have given, but it is also based on a
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lot of hard data. Two types of information are so important that they are
worth discussing in more detail.

We can bore only a tiny way into the earth; to study its deep interior,
we must use indirect methods. Fortunately, methods of describing the
earth’s interior have developed as a by-product of the study of earthquakes.
Geologists study earthquakes by using seismographs, which are instru-
ments that measure sudden vibrations of the earth caused by violent shocks.
By placing seismographs at different parts of the earth’s surface, they can
map these vibrations with great accuracy, defining their point of origin and
their power and form. It is also possible to map how these vibrations travel
through the earth’s interior. These exercises have shown that waves travel
in different ways through different types of material; from this evidence,
it is possible to map out the different layers of which the earth is composed
(see figure 3.1).

Even more remarkable are the techniques that enable us to attach ab-
solute dates to events many millions or even billions of years in the past.
Indeed, this capacity to offer precise absolute dates for events in the remote
past—including those in the early history of the earth—is one of the most
extraordinary features of the modern creation myth (see appendix 1).

In the past, remote dates had to be estimated using whatever techniques
were at hand.® Genealogical records provided one of the most important of
all ways of dating the past. In seventeenth-century Europe, biblical schol-
ars used the genealogical lists in the Old Testament to calculate when God
made the world. In the late eighteenth century, geologists learned how to
determine relative dates for many major geological events in the distant past
by studying the different layers in which particular fossils or rock types were
found. Relative dates cannot quite tell us when an animal lived or a partic-
ular rock was laid down, but they can tell us the order in which events oc-
curred. Paleontologists became connoisseurs of particular fossils that could
be used as precise markers of relative ages. In the hands of an expert, a par-
ticular type of trilobite or the odd, saw-toothed marks left by ancient crea-
tures known as graptolites can prove that rocks from quite different parts
of the world were laid down at about the same time. Such methods were
used to construct the earliest versions of the geological timescale, which tells
us the rough order in which different rock layers and different types of or-
ganisms appeared (see Table A1). By the nineteenth century, even these
rough techniques were suggesting that the earth had to be much more than
6,000 years old. However, most scientists believed the earth had existed for
at most a few hundred million years.

Relative dating has become more and more refined, and remains a pow-
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Figure 3.1.
to penetrate deep within the earth. But we can use seismic waves, the vibrations
generated by earthquakes, to determine what'’s there. There are three kinds of
seismic waves: primary waves, secondary waves, and surface waves. Each moves
at a different speed and is affected in different ways by the material through which
it passes. So, by analyzing the speed of arrival of different types of waves at dif-
ferent points on the earth’s surface, it is possible to tell a lot about the internal
structure of the earth. The graph shows the seismographic record of the earth-
quake at the top of the upper diagram, as recorded by the seismograph. Adapted
from Cesare Emiliani, The Scientific Companion: Exploring the Physical World
with Facts, Figures, and Formulas, 2nd ed. (New York: John Wiley, 1995), p. 174:
adapted from Arthur N. Strahler, The Earth Sciences, 2nd ed. (New York: Harper

and Row, 1971), p. 397, fig. 23.22; p. 395, fig 23.17.

The structure of the earth’s interior. We do not yet have the ability

erful method for dating rocks. But the most important revolution in dating

occurred in the twentieth century with the emergence of what are known

as radiometric dating techniques. In many situations, these enable us to tell,

with surprising precision, exactly when a particular object was formed. So,

using these methods, we can determine absolute as well as relative dates for

many events that occurred long before humans existed. Radiometric dating
techniques are described in more detail in appendix 1.
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The dates we use to construct the modern account of the earth’s creation
are based mainly on the analysis of material still drifting through the solar
system. Material on the earth’s surface, or even deep within the earth, has
been recycled so often that it can tell us little about the earliest stages of the
earth’s formation. The oldest datable rocks on Earth (from Greenland) are
about 3.8 billion years old, which is perhaps 80oo million years after the for-
mation of the planet. To find out when the earth and the solar system were
formed, we must use materials that have remained unchanged since the early
days of the solar system’s life. Meteorites (particularly the type known as
chondrites) fit the bill nicely, as they seem to consist of debris from the so-
lar nebula within which our solar system formed. This means that they
formed early in the history of our solar system; and they have changed lit-
tle since their creation. It is thus not surprising that radiometric dating tech-
niques regularly yield dates of about 4.56 billion years for meteorites. The
oldest moon rocks yield similar dates. The closeness of these dates and the
absence of anything older in the solar system suggest that the solar system
itself was created about 4.56 billion years ago.

THE ORIGINS OF MODERN GEOLOGY

How did the hot, early earth evolve into today’s earth, with its blue skies,
its oxygen-rich atmosphere, its mountains, continents, and oceans?

Before the 1960s, geography and geology were already well-developed
fields of study, and they had accumulated much hard evidence about the ways
in which landforms and oceans were constructed. But they lacked a central,
organizing idea that could help explain the transition from the hostile early
earth to the earth we know today. In the late 1960s, with the appearance and
widespread acceptance of the theory of plate tectonics, earth sciences acquired
acentral idea or paradigm as powerful as that of the big bang theory in mod-
ern astronomy. Then, for the first time, it became possible to tell a coher-
ent, scientific story of the earth’s history.

The modern tradition of geology evolved in Europe, so it was greatly
influenced by the creation myths of Christianity. But as we have seen, the
belief that the earth had been created by God about 6,000 years ago began
to be threatened as early as the seventeenth century. A Danish scientist,
Nicholas Steno, first argued that fossils were the remains of organisms that
had once lived on earth. He also argued that mountains were built up over
long periods by familiar geological processes such as volcanicactivity. These
claims had significant consequences. For example, they suggested that fish-
like fossils found high in the Alps might indeed be the remains of ancient
forms of fish. Any nonmiraculous explanation of such facts had to suppose
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that the Alps had risen up from lands that had once been under water. And
it was hard to imagine how such processes could have been compressed into
a mere 6,000 years without imagining a series of catastrophic events in be-
tween. Some geologists, taking the biblical flood as their model, did indeed
argue that the earth’s history had included many catastrophic events. And
such theories made it possible, at least in some circles, to defend the bibli-
cal chronology until the nineteenth century.

But geologists became more and more skeptical. In the eighteenth cen-
tury, some began systematically to map different layers of rock. The nine-
teenth-century geographer Charles Lyell first stated clearly what came to
be known as the principle of uniformitarianism. This was the principle, al-
ready hinted at by Steno, that the earth was created not in a series of ca-
tastrophes but over huge periods of time by the same slow geological forces
that we see at work today. These included processes such as vulcanism (vol-
canic activity), which could raise land above its existing levels, and erosion,
which slowly swept the material of highlands down to the lowlands and
eventually into the sea. Lyell argued that most features of the modern world
could be explained as the result of these opposite processes, the one build-
ing mountains up while the other tended to wear them down. And in a fun-
damental work, Principles of Geology (1830), he drew out the clear impli-
cation of this theory: the earth had existed for millions rather than thousands
of years.

By the late nineteenth century, the conventional wisdom was that the
earth had existed for at least 20 and perhaps as many as 100 million years.
These figures were estimated by William Thompson (Lord Kelvin), by as-
suming that Earth and the Sun had once been molten balls of matter, which
had gradually cooled. On this reading, the crucial factor in the earth’s his-
tory was its gradual cooling over millions of years. As the earth cooled, the
present configuration of the lands and seas had emerged, shaped by vul-
canism and erosion. Not until the discovery of radioactivity early in the
twentieth century, and the discovery by Marie Curie that radioactive ma-
terials produce heat, was it realized that the Sun and Earth might have
sources of heat within themselves. This suggested that they were cooling
much more slowly than Lord Kelvin had imagined, and were probably much
older than his influential estimate.

WEGENER AND THE MODERN THEORY OF PLATE TECTONICS

In the meantime, an odd observation, first made in the seventeenth century,
had prompted a number of thinkers to suggest a rather different way of de-
scribing the earth’s history. The first modern maps of the world were pro-
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duced in the century after Europeans began to travel to the Americas and
the Pacific. As the English philosopher Francis Bacon pointed out in 1620,
it was easy to see from these maps that the continents looked like pieces of
a jigsaw puzzle. This similarity was most striking when the west coast of
Africa was matched up with the east coast of South America. With a little
imagination it was possible to suppose that at one time all the continents
had fitted together. What could explain this odd fit?

The idea that the continents really had drifted apart was given a thor-
ough scientific basis in a book called The Origin of Continents and Oceans,
written in 1915 by a German geographer, Alfred Wegener. Wegener as-
sembled a huge amount of evidence suggesting that at one time the conti-
nents had been joined together. He showed that the fit between the con-
tinents was much more impressive if, instead of matching them at their
present-day water lines, he matched them at their continental shelves. Fur-
ther, he showed that many modern-day geological features seemed to con-
tinue from one continent to another. For example, he described a series of
rock formations, known as the Gondwana sequence, all formed, apparently,
by glacial activity. The sequence reached from the north of Africa, through
to West Africa, then to South America, through Antarctica, and into Aus-
tralia. Wegener argued that these features had been laid down as each re-
gion had moved over the South Pole. In other words, the continents had not
always been fixed in their present positions, but had, as it were, “drifted”
across the surface of the earth. As a result, Wegener’s idea came to be known
as the hypothesis of continental drift.

Wegener’s evidence was impressive, but he could not explain how blocks
of land the size of Africa or Asia or the Americas could have moved across
the surface of the earth. Partly because of this, in 1928 his theory was
officially rejected by the influential American Association of Petroleum Ge-
ologists. For the next forty years, most geologists regarded his theory as no
more than an interesting hypothesis, and they looked for more conventional
explanations of the anomalies Wegener had explored. It was not until after
the Second World War that it became possible to explain how and why the
continents might move across the face of the earth. But once such an ex-
planation was available, Wegener’s ideas became respectable again. Indeed,
with modern additions, they now form the central organizing idea of mod-
ern geology: the theory of plate tectonics.

The modern theory of plate tectonics originated from technologies de-
veloped during the Second World War. New forms of warfare encouraged
the development of sonar to detect submarines. But sonar also made it pos-
sible to map the seafloor more thoroughly than ever before. As oceanogra-
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phers began to examine the bottom of the sea in detail, some strange fea-
tures emerged. One was a chain of high subterranean mountains that ran
through the center of the Atlantic and through other seas as well. At the
center of these suboceanic ridges were lines of volcanoes, from which lava
seeped out onto the neighboring seabed.

Studies of the magnetic fields on the seabed near the suboceanic ridges
revealed a further oddity. While rocks close to the ridges generally had a
normal magnetic orientation, bands farther away often had a polarity op-
posite to that of the modern earth, with their north pole to the south and
vice versa. Farther out, the polarity was reversed again, and so on, creating
a series of bands with alternating magnetic polarity. Geologists eventually
realized that the polarity of the earth itself seems to switch every few hun-
dred thousand years, and this suggested that the different bands had been
laid down in different periods. As other, more precise dating techniques were
applied to the seafloor, it became clear that the youngest seafloor lay clos-
est to the midocean ridges, while bands farther away became successively
older. The oldest areas of seafloor were those farthest from the midocean
ridges. These turned out to be at most about 200 million years old—much
younger than the oldest parts of the continental crust, some of which are
almost 4 billion years old.

In the 1960s, starting with the work of an American geologist, Harry
Hess, a coherent explanation of all these anomalies began to emerge. Lava,
seeping up through cracks that ran through most of the major ocean sys-
tems, was creating new seafloor. Such regions are known as spreading mar-
gins. As new oceanic crust was formed, it reared up in huge ridges of basalt,
but it also acted like a wedge, driving apart seafloor that already existed. As
a result, some oceans, such as the Atlantic, appeared to be widening. Mod-
ern satellite observations have shown that the Atlantic is getting about 3
centimeters wider every year; it's growing at about the same rate as our
fingernails. This suggests that the Atlantic Ocean was born about 150 mil-
lion years ago, as parts of what is now North America began to split away
from what is now West Eurasia.

This evidence did not mean that the earth was expanding, for geologists
also realized that there were areas of the earth, such as the western coast of
South America, where seafloor was being sucked back into the interior. These
are known as subduction margins. Here, tectonic plates collide, pushed to-
gether by seafloor spreading elsewhere in the world and jamming seafloor
crust up against plates of continental crust. Oceanic crust, which consists
mainly of volcanic basalts, is heavier than the granitic material that domi-
nates continental crust. So, when an oceanic plate collides with a continen-
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tal plate, the lighter continental plate usually rides over the oceanic plate.
The oceanic plate dives beneath the continental crust and is eventually pulled
down into the interior. {This constant recycling explains why oceanic crust
is normally so much younger than continental crust.) Slabs of descending
oceanic crust grind against the continental plates above them as well as the
material below them, creating enormous heat and pressure. In South Amer-
ica, this heat, combined with the motions of both oceanic and continental
crust, generates the volcanic activity that has created the Andes.

In some areas, regions of continental crust are forced together in what
are known as collision margins. The most striking example is in northern
India, where the plate that contains the Indian subcontinent has been forced
up against the Asian plate. In such regions, both plates buckle up and huge
mountain ranges {here, the Himalayas) are formed. Finally, there are re-
gions in which plates seem to slide past each other, such as the San Andreas
fault in California. Most plate movements cause earthquakes, because the
friction between plates and the material beneath them ensures that plate
movements are rarely smooth: they normally come as sudden slippages af-
ter a prolonged buildup of pressure. So in principle it is possible to map the
edge of the various tectonic plates by mapping the regions of most intense
earthquake activity.

Detailed mapping of regions where different portions of crust meet has
shown that the uppermost layer of the earth (the lithosphere) consists of a
number of rigid plates, like a cracked eggshell. There are eight large plates
and seven smaller ones, as well as smaller slivers of material. These move
over a layer of softer materials just below them, the asthenosphere, which
is between 100 and 200 kilometers thick. The plates are driven by move-
ments in the asthenosphere and also by the pressure of materials squeezed
up from even deeper in the earth through the cracks between (and some-
times within) the plates. Like the scum on the surface of a slowly cooking
soup, the more rigid material of the plates buckles, cracks, and moves be-
cause of the currents of softer, hotter, and more malleable materials un-
derneath. In other words, it is the heat of the earth’s interior that provides
the power needed to move great plates of matter about the surface of the
earth. That heat, in its turn, is generated largely by radioactive materials
within the earth, which had been formed in the supernova explosion that
occurred just before the creation of our solar system. Here was the geo-
logical motor that Wegener was unable to find: he could not possibly have
anticipated that the continents were being pushed around the earth by the
remnant energy from a supernova that exploded more than 4.6 billion years
ago. And that takes us back, once again, to gravity, for it was gravitational
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forces that first constructed and then destroyed the star that died in that
supernova explosion.

The theory of plate tectonics provided a unifying idea for many differ-
ent aspects of geology. It can help explain mountain building, volcanic ac-
tivity, and the many geological anomalies explored by geographers such as
Wegener. And it shows how, in principle, it might be possible to construct
ahistory of the earth’s surface, showing what the surface of the earth looked
like at different stages of its history. Meanwhile, the use of more accurate
mapping systems, such as GPS (the Global Positioning System), has made
it possible to measure the movement of tectonic plates with great accuracy.

A SHORT HISTORY OF THE EARTH AND THE ATMOSPHERE

The theory of plate tectonics, combined with what we know of the forma-
tion of the earth, means that today we can offer a reasonably coherent his-
tory of our earth.

The Hadean phase of the earth’s history lasted from the planet’s for-
mation, 4.56 billion years ago, until about 600 million years later.® During
that period, the earth’s surface was hot, volcanic, and unstable. It was also
subjected to a constant bombardment from comets and other surviving
planetesimals.

By 3.8 billion years ago, at the beginning of what geologists call the
Archean era, we know that continental crust had appeared on the earth’s
surface, because some crust as old as this is still present. It is also probable
that seas existed. The earth’s atmosphere was probably dominated by gases
such as carbon dioxide, nitrogen, and hydrogen sulfide, much of it brought
in by comets. There was little free oxygen, for oxygen is highly reactive and
therefore combined with other elements to form chemical compounds. The
earliest portions of continental crust may have moved, but we cannot be sure
that plate tectonics worked in exactly the same way as today. With an at-
mosphere, and plenty of water about, processes of erosion and surface change
probably occurred as fast as they do today. Rapid erosion and constant bom-
bardment explain why the early earth’s surface was made over many times,
a process that left few traces for us today; our knowledge of the very earli-
est stages of the earth’s history thus remains sketchy.

The earliest fragments of continental crust probably formed tiny and
short-lived micro-continents. These may have been surrounded by seas with
many small volcanic islands, as well as subterranean volcanoes. By about 3
billion years ago, some of these micro-continents must have fused into larger
plates, for plates this old can be found at the heart of modern continents,
including Africa, North America, and parts of Australia. But it is only for
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the last half billion years that we can actually begin to reconstruct the
arrangement of these plates on the surface of the earth.

Modern geology has built up an increasingly sophisticated picture of tec-
tonic movements during the past few hundred million years. These move-
ments have been discovered largely by studying the magnetic orientation
of modern rocks whose ages are known. From this, it is possible to estimate
roughly where these rocks were when they first formed. Such studies seem
to reveal a simple pattern of dispersal and convergence. About 250 million
years ago, most of the continental plates were joined into a supercontinent,
which Wegener had christened “Pangaea.” It was surrounded by a single,
large sea, known as Panthalassa. By about 200 million years ago, Pangaea
began breaking up into two large continents. Laurasia, in the north, con-
tained most of modern Asia, Europe, and North America; Gondwanaland,
in the south, contained most of modern South America, Antarctica, Africa,
Australia, and India. Then, both Laurasia and Gondwanaland began to frag-
ment. Now, we may be in the early stages of a reconvergence, as Africa and
India move north to join Eurasia. Recent evidence suggests that some 500
million years before the existence of Pangaea, there existed an even earlier
supercontinent, now known as Rodinia.” But at present, this is as far back
as we can trace modern processes of plate tectonics (see map 3.1).

This history is a vital part of the modern creation myth, for the exact
configuration of continents and seas at different eras of the earth’s history
has played a crucial role in the way that life-forms evolved and atmospheres
and climates operated, as we will see in chapter 5. In these and other ways,
the history of the earth shaped the evolution of living organisms. The next
two chapters will explore how living organisms made a home for themselves
on the changing earth, and how the earth itself changed as it was clothed in
a thin membrane of life.

SUMMARY

The Sun and the solar system were created at the same time, about 4.56 bil-
lion years ago, during the gravitational collapse of a cloud of matter. The
Sun formed at the center of this cloud and absorbed most of the material it
contained. However, the sprinkling of matter left outside the Sun orbited
the new star in a flat disk. Within each orbit, clumps of matter formed
through collisions and gravitational attraction, until eventually there ap-
peared a single planetary body in each orbit. Because the more volatile el-
ements had been driven away from the central regions by the solar wind,
the inner planets tended to be more rocky and the outer planets more
gaseous.
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Map 3.1.  The changing earth: tectonic movements over 540 million years. From
Cesare Emiliani, The Scientific Companion: Exploring the Physical World with
Facts, Figures, and Formulas, 2nd ed. (New York: John Wiley, 1995), p. 190: from
Emiliani, Dictionary of the Physical Sciences: Terms, Formulas, Data (Oxford:
Oxford University Press, 1987), p. 48, reproduced with permission of Oxford
University Press, Oxford, England.
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Soon after it formed, the early earth melted; heavy materials sank to the
core, and lighter materials rose to the surface. By about 4 billion years ago,
the earth’s interior structure was similar to its structure today. However,
the earth’s surface and its atmosphere underwent a long process of change
before they were as we observe them today. Since the emergence of the the-
ory of plate tectonics in the 1960s, it has become clear that the continental
plates have moved slowly over the earth’s surface, gradually changing the
configuration of continents and seas.

FURTHER READING

There are a number of good histories of the earth, including Peter Catter-
mole and Patrick Moore, The Story of the Earth (1986), and J. D. Macdougall,
A Short History of Planet Earth (1996). The books by Preston Cloud {Cos-
mos, Earth, and Man [1978]; Oasis in Space [1988]) are classics, though some
of their details may now be dated. Armand Delsemme, Our Cosmic Origins
(1998), and Cesare Emiliani, The Scientific Companion (2nd ed., 1995), sum-
marize many of the more technical details of this story, while Steven Stan-
ley’s Earth and Life through Time (1986) shows how closely linked are the
histories of the earth and of life on earth. James Lovelock’s several books
on the Gaia hypothesis also describe the history of the earth and of life on
earth as two closely intertwined stories. Isaac Asimov offers readable sum-
maries, though some are beginning to date. Ross Taylor’s short essay “The
Solar System: An Environment for Life?” (2002) conveys well how con-
tingent events made each planet unique.
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THE ORIGINS OF LIFE AND THE THEORY OF EVOLUTION

LIFE: A NEW LEVEL OF COMPLEXITY

“What is life?” The physicist Erwin Schrédinger asked this question in a
famous series of lectures given in Dublin in 1943. Schrodinger’s answer was
remarkably prescient, for he wrote before we had any real understanding
of the genetic basis of life. He argued that we should be able to explain life
as scientifically as we can explain physics or chemistry. But he also under-
stood that we cannot define life simply by referring to a checklist. Like all
complex entities, living organisms manage significant flows of energy and
matter, so they must have some form of metabolism. They take in and ex-
crete energy and nutrients. They also reproduce, again like many other com-
plex but nonliving entities from tornadoes to crystals. So neither metabo-
lism nor reproduction alone can provide a satisfactory definition of life; it is
the way they work together to create a new level of complexity that is crit-
ical. Schrodinger therefore suggested another way of defining what is dis-
tinctive about life. Life is not just complex—it is significantly more complex
than anything else in the universe; and the level of orderliness achieved by
living organisms is remarkable, given the general tendency of the universe
toward disorder. “The unfolding of events in the life cycle of an organism
exhibits an admirable regularity and orderliness, unrivalled by anything we
meet with in inanimate matter.”’

Stars can climb the thermodynamic down escalator (see appendix 2), but
living organisms climb it with greater agility. Indeed, Eric Chaisson has ar-
gued that the level of complexity achieved by living organisms can be mea-
sured, roughly but quite objectively, by estimating the density of the en-
ergy flows that sustain them against the destructive pressure of the second
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law of thermodynamics.? Table 4.1 gives Chaisson’s approximations of these
energy flows. The right-hand column, which measures the amount of free
energy passing through a given mass in a given amount of time, appears to
indicate that living organisms can handle far denser flows of energy than
stars without breaking down. And this ability is what lets them climb far-
ther and faster up the thermodynamic down escalator. In Schrédinger’s fa-
mous phrase, each living organism seems to have an astonishing capacity
for “continually sucking orderliness from its environment.”? The simplest
structures have also been around longest, and the more complex structures
have appeared more recently, which suggests that creating them was a more
difficult evolutionary task. Finally, it is also clear that the more complex en-
tities in the bottom half of the table are more fragile. While stars and plan-
ets may live for many billions of years, even the longest-living organisms
(at least those we know of ) can live for only a few thousand years, and most
live for only a few days or years. That the most complex structures break
down so fast is a measure of the difficulty of managing particularly dense
energy flows: this is the price living organisms pay for their aggressive chal-
lenge to the second law of thermodynamics. Thus in dealing with life we
are dealing with a new level of order and complexity, a new capacity to con-
trol and organize free energy that is achieved at the price of greater fragility.
As Martin Rees has written, “A star is simpler than an insect.”* But a star
also lives much longer.

Chemical processes may have generated life elsewhere in the universe,
though at present we do not know if this is true. But we do know that life
appeared on Earth within 600 million years of the planet’s creation. By ge-
ological standards, and given the harsh conditions of the early earth, that
was quick. And from the moment life appeared, living organisms have mul-
tiplied and changed in a dazzling and apparently endless cascade of new life-
forms, each finely tuned to handle the particular energies and resources in
its immediate environment. Unlike stars or crystals, which are general, all-
purpose antientropy machines, living organisms can adapt constantly to new
terrain and new challenges in their more flexible guerrilla war on entropy.
Collectively, living organisms explore their environment in ways that have
no parallel in the inanimate world. And what they find is new sources of
energy and new ways of organizing themselves so as to survive the hurri-
cane of energy flowing through them. Notall of these changes lead to greater
complexity, but some do. This is why life has such an astonishing capacity
to conjure up new types of complexity.

What is the source of the energy differential that sustains these complex
entities? The answer to that question is blessedly clear: the ultimate source
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TABLE 4.1. SOME ESTIMATED FREE ENERGY RATE DENSITIES

Free Energy Rate Density

Generic Structure (erg st g™l
Galaxies (e.g., Milky Way) 1
Stars (e.g., Sun) 2
Planets (e.g., Earth) 75
Plants (biosphere) 900
Animals (e.g., human body) 20,000
Brains (e.g., human cranium) 150,000
Society (e.g.,, modern human culture) 500,000

source:  Eric]. Chaisson, Cosmic Evolution: The Rise of Complexity in Nature (Cambridge,
Mass.: Harvard University Press, 2001), p. 139.

is gravity. We have seen that gravity can create stars—objects of great den-
sity and high temperatures. But the universe as a whole is extremely cold;
its average temperature is about 3°C above absolute zero, the temperature
of the cosmic background radiation. So stars are embedded within the cold
universe like billions of tiny points of light and heat. It is no accident that
we live huddled near a star, for here we can tap the huge energy flows pour-
ing into space from the nuclear furnace at the Sun’s core.

As for the rules of complexity in living organisms, these are different
from those that dominate at the astronomical scale. Individual organisms
(atleast as we know them) flourish at much smaller scales than stars or plan-
ets. At those smaller scales, gravity counts; but other forces count for more.
Life is shaped largely by electromagnetism and the nuclear forces that con-
trol how atoms work. These are the forces that determine how atoms are
assembled and how they combine into larger and more complex molecules.

But at the biological level of complexity, new rules appear as well. Liv-
ing organisms operate according to distinctive and more open-ended rules
of change, which are superimposed on the simpler and more deterministic
rules of physics and chemistry. The rules of biology are made possible by
the high degree of precision with which living organisms reproduce. Han-
dling large energy flows is such a delicate task that it requires extremely
precise mechanisms; the rule book for creating and re-creating such struc-
tures has to be complex, exact, and accurate. A system of reproduction that
could copy these mechanisms only approximately would soon lose the re-
quired exactness (though one that copied them perfectly would rule out any
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possibility of change). Thus, a high level of metabolic precision requires a
high (but not perfect) level of reproductive precision. This is why large or-
ganisms like ourselves need more genetic information than do bacteria. It
is also why most of those studying the origins of life have concentrated on
the origins of the genetic code, the intricate molecular “software” that ex-
plains why living organisms reproduce with a precision not matched by any
other complex entities.

Allin all, the shift from chemistry to life counts as one of the great tran-
sitions in the history of the universe. Complex organisms, replicating ac-
cording to new and exquisitely precise blueprints, introduced new types of
historical change—certainly on this planet, and perhaps in many other parts
of the universe. As chemicals combine to form living organisms, emergent
properties appear that we cannot explain simply by studying the chemicals
from which organisms are constructed. So, to understand living things, we
need a new paradigm, one that takes us beyond the rules of nuclear physics,
chemistry, or geology and into the realm of biology. This chapter will dis-
cuss the basic rules by which living organisms change, and some current
ideas about the origins of life on Earth. It will focus on the ideas of Charles
Darwin, who first described clearly what is distinctive about the biological
rules of change. The next chapter will survey the history of life on earth.

DARWIN AND THE THEORY OF EVOLUTION

Many societies have tried to explain life by assuming that there is a creator
spirit or god who somehow breathed life into inanimate matter. Modern sci-
ence regards this explanation as the easy way out, because theories that de-
pend on deities can be made to explain more or less anything and are not
subject to objective verification. Instead, modern science tries to explain the
creation of life as a consequence of inanimate forces and processes, just as
it approaches the creation of our sun and earth.

The fundamental idea used in modern biology to explain both the de-
velopment and the origins of life is that of “evolution” by “natural selec-
tion.” The theory was first presented systematically in Charles Darwin's
book On the Origin of Species, which appeared in 1859.% Darwin rarely used
the term evolution, perhaps because it seems to imply some sort of mysti-
cal force that drives biological change in particular directions and thus would
contradict his own view of biological change as a more open-ended process.
However, Herbert Spencer, who did the most to popularize the term, saw
biological change as a movement from “lower” to “higher” life-forms, as a
form of progress. This is unfortunate, because such an approach introduces
arbitrary and subjective value judgments into our understanding of the his-
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tory of living organisms. But despite the associations carried by evolution,
we will continue to use the term simply because it remains the word most
commonly applied to Darwin’s theories of biological change.

Darwin argued that species are not fixed entities. They are constantly
changing, and the way they change is governed by some simple rules. A
species is a large collection of individual organisms that are similar enough
to interbreed, but are not quite identical to each other. Species are defined
by those features that individuals share rather than by the minor ways in
which they differ from each other. However, over long periods of time, ran-
dom variations in the features of individuals may cause the average features
of an entire species to alter. Its average height might change, for example,
or the average size of individual brains may grow. Such minor changes, ac-
cumulating over thousands of generations, must eventually transform the
average features of the entire species. To understand how species change,
we therefore must understand how and why the features of some individ-
uals become more common, while those of others dwindle and disappear.

Darwin knew that in most populations only a minority of individuals
survive to adulthood and produce offspring. Yet the future of the species can
be shaped only by those individuals that do survive and reproduce. So later
generations of life are the offspring only of the survivors. (Evolution, like
history, apparently is written by the winners.) But what determines which
individuals reproduce, and which do not? Pure chance may play a role here,
of course. But in the long run, he argued, the individuals most likely to sur-
vive and reproduce are those that have had the good luck to inherit from
their parents features that make them slightly better adapted to their en-
vironment. They will then pass these same features on to most of their off-
spring. Over time, these features will become more and more common be-
cause those individuals that do not possess them will produce fewer healthy
offspring, until their lineages die out. Over thousands of generations, many
small changes of this kind will ensure that the species as a whole appears
to change or evolve in ways that make it better adapted to its environment.
In this metaphorical sense, we can say that the environment “naturally”
selects certain features and discards others, just as animal breeders “artifi-
cially” select some individuals to breed and not others. And it is in this
metaphorical sense that species appear over time to “adapt” to their natu-
ral environments.

Adaptation is such an important notion in modern biology thatit is worth
defining more carefully. It refers to the fact that all living organisms seem
to be exquisitely fitted for the environments in which they live. Indeed, so
perfect is the fit between organisms and their environments that many of



84 LIFE ON EARTH

Darwin’s opponents argued, as some still argue, that organs such as the hu-
man eye or the elephant’s trunk must have been designed by a benign cre-
ator. Darwin tried to show that blind processes could do the job equally well.
Adaptation helps explain the great variety of living organisms, for there is
ahuge variation in environments to which organisms can adapt themselves.
To describe these different environments, biologists and ecologists use the
notions of habitats and niches. Habitats are simply the geographical envi-
ronments in which species live. The idea of a niche is more complex, as it
includes the way they live as well. The word niche is derived from the Latin
word meaning “nest.” In architecture, a niche is a recess or alcove in a wall
in which a statue or other object can be placed. In biology and ecology, a
niche is the particular way of living for which an organism seems to have
been sculpted or adapted by evolutionary processes. The niche of a wood-
pecker is defined by the way it finds edible insects in certain trees; many
single-celled bacteria find attractive niches in the guts of larger animals, in-
cluding ourselves. But of course environments also change—and as they do
so, while old niches may close down, new niches may open up elsewhere.
As environments are varied and changeable, organisms have to keep adapt-
ing if they are to survive. This is why evolution never ends. Because there

’

is no fixed standard of perfection or “progress,” adaptation is an endless
process.

Modern biologists use the idea of evolution to explain the colossal vari-
ety of life-forms on earth. They also use it to try to explain the initial emer-
gence of life on earth, for it seems that nonliving substances may also have
evolved by some simplified form of natural selection. And, given a favor-
able environment and enough time, they eventually evolved into living or-
ganisms. The idea of evolution is so basic to the modern understanding of
what life is and how it changes that we must begin our account of the his-
tory of life on earth by describing the theory in more detail and seeing how
it, too, evolved from older attempts to explain the emergence of life in all
its variety.

ORIGINS OF THE MODERN THEORY OF EVOLUTION

We have seen that in the seventeenth and eighteenth centuries, some Eu-
ropean scientists began to doubt the creation myth of the Judeo-Christian
Bible. The Bible seemed to say that species were created by God, about 6,000
years ago, and that they remained essentially as God had created them. This
belief was held even by the Swedish botanist Carl Linnaeus, the eighteenth-
century founder of modern systems of taxonomy, or biological classification.
Yet even in the seventeenth and eighteenth centuries, there were difficul-
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ties with this account. For example, many fossils suggested the existence of
strange creatures never mentioned in the Bible or in historical records. Some,
which appeared to be sea creatures, were found high up in mountains that
had taken millions of years to create, while others were found buried deep
within rocks. Surely, this location suggested, they must have been buried
many millions of years ago.

Then there was the fact, known to every farmer, that species of dogs, cats,
cattle, and sheep are not as fixed as they might seem. Indeed, by careful choice
of mates, breeders of pigeons or dogs can produce some very strange crea-
tures. Darwin was fascinated by the activities of pigeon breeders, and he was
a member of two London pigeon clubs. Here, he describes some of the va-
rieties he saw, all apparently bred from the common rock pigeon:

Compare the English carrier and the short-faced tumbler, and see the
wonderful difference in their beaks, entailing corresponding differences
in their skulls. The carrier, more especially the male bird, is also re-
markable from the wonderful development of the carunculated skin
about the head, and this is accompanied by greatly elongated eyelids,
very large external orifices to the nostrils, and a wide gape of mouth.
The short-faced tumbler has a beak in outline almost like that of a
finch; and the common tumbler has the singular and strictly inherited
habit of flying at a great height in a compact flock, and tumbling in the
air head over heels. The runt is a bird of great size, with long, massive
beak and large feet; some of the sub-breeds of runts have very long
necks, others very long wings and tails, others singularly short tails. . ..
The pouter has a much elongated body, wings, and legs; and its enor-
mously developed crop, which it glories in inflating, may well excite
astonishment and even laughter.6

Did these exotic creatures belong to the same species that God had origi-
nally created? Or were they entirely new species? If they were new, then
apparently God was continually tinkering with life—and such tinkering
seemed to imply that his original creation may have been less than perfect.
As Europeans traveled more widely in the centuries after Columbus, they
also became aware that there were many more species than were mentioned
in the Bible. The many contrasts in animal and plant life found in the Pacific,
the Americas, and Eurasia posed a great challenge to Christian theologians.
Had God created all these species? If so, why in such profusion? And why
had he distributed them in such a curious and arbitrary way across the globe?
Why were there no kangaroos in England, and no pandas in Australia?
By the late eighteenth century, some biologists were considering the pos-
sibility that living organisms changed over time by natural mechanisms of
some kind, as it seemed messy to suppose that God was continually tinker-
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ing with his creation. Perhaps such a mechanism could account for why there
were so many species and subspecies, and why so many were not described
in the biblical account of creation. The trouble was that no one could ex-
plain how or why species changed.

In the early nineteenth century, Darwin’s uncle, Erasmus Darwin, sug-
gested that species evolved so as to adapt better to their environments. This
made sense, because all living species do, indeed, seem to fit their environ-
ments with great precision. Bug, like all biologists of his time, he had no clear
idea how they became so well adapted. In a book first published in 1809, the
French naturalist Jean-Baptiste Lamarck suggested a possible mechanism.
Perhaps minor changes acquired during a creature’s lifetime could some-
how be passed on to its descendants. For example, he argued, the ancestors
of giraffes may have stretched to browse on leaves high up in trees. Those
that stretched hardest may have passed on their long necks to their offspring.
Gradually, long necks would have become more and more common, until
eventually they became the main distinguishing feature of an entire species.
Unfortunately, any animal breeder could tell what was wrong with this the-
ory. Acquired characteristics—that is, qualities acquired through a particu-
lar lifestyle or the exertions of a particular individual—are not normally
passed on to offspring. Only inherited characteristics are transmitted in this
way. Time we spend in the gym does not guarantee that our children will
be fit. A fattened pig will not necessarily produce fat offspring; but a pig
whose ancestors were fat is likely to produce fat offspring.

Lamarck’s mechanism didn’t work. But if the genetic makeup of orga-
nisms was determined by their past (by what they inherited from their par-
ents), how was it possible for them to adapt to present-day conditions? This
was the conundrum that Darwin solved. From childhood, Darwin was fas-
cinated by animals, and by his twenties he was already an expert natural-
ist. Like most naturalists of the day, he understood that species are malleable.
He also understood that humans were quite capable of altering species
through artificial selection. What he didn’t know yet was why species also
changed without human intervention. What, apart from a god or a human
being, could allow some individuals to reproduce and condemn others to ge-
netic extinction?

In 1831, his abilities as a naturalist and some fortunate family connec-
tions secured him a position as the naturalist on a ship called the Beagle,
which was embarking on an expedition around the globe. Darwin was stag-
gered by the variety of species he encountered on this trip, and by the ex-
tremely subtle variations he noted between closely related species. He also
saw clear fossil evidence of evolution in creatures such as armadillos. In
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South America, he saw fossil animals that were similar to living animals,
but with slight differences. But it was in the Galdpagos Islands, off the Pacific
coast of Chile, that he discovered the clues that led him eventually to his
theory of evolution. There, on a number of recently formed volcanicislands,
he found several species of finches that seemed closely related to finches from
the American mainland. Yet they differed slightly from island to island. Their
beaks, for example, showed minor variations that ensured that each species
was adapted with exquisite precision to the particular plants and animals
that flourished on its home island.

Here was clear evidence of the sort of adaptation that Erasmus Darwin
had written about. Clearly, species could in some sense “adapt” to chang-
ing environments. But how did they do it? In about 1838, Darwin read the
work of Thomas Malthus, the pioneer of modern population studies, and
this seems to have suggested the central idea of his theory. Malthus noted
that in most species, including humans, many individuals (sometimes a large
majority) do not survive to produce offspring. It was immediately obvious
to Darwin that only those individuals that reproduced could have any
influence on the nature of later generations. So it was important to explain
why some individuals survived and others did not. When he studied the ac-
tivities of pigeon breeders, the answer was clear. Breeders artificially selected
some individuals and allowed only them to reproduce. In Darwin’s time, this
was already a highly developed art:

That most skilful breeder, Sir John Selbright, used to say, with respect
to pigeons, that “he would produce any given feather in three years,
but it would take him six years to obtain head and beak.” In Saxony the
importance of the principle of selection in regard to merino sheep is so
fully recognized, that men follow it as a trade: the sheep are placed on a
table and are studied, like a picture by a connoisseur; this is done three
times at intervals of months, and the sheep are each time marked and
classed, so that the very best may ultimately be selected for breeding.’

But what did the selecting in the natural world? What “chose” some indi-
viduals to reproduce and condemned others to geneticextinction? What dif-
ference was there between those individuals that reproduced and those that
did not?

The answer, he suggested, was “fitness.” In a statistical sense, it had to
be true that the individuals that survived and had healthy offspring were
fractionally healthier than those that did not. They reproduced because they
were healthy enough to survive longer than others and to find a healthy
mate. In individual cases, of course, luck may have played a role. {If light-
ning strikes you dead, it really doesn’t matter how “fit” you were.) But with
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large numbers, and over large periods of time, fitness must have played the
crucial role. On average, those individuals that survived to adulthood and
reproduced must have been slightly healthier, slightly better adapted to their
environments, than the nonsurvivors. So it wasn't really that species
adapted; it was the other way around. Those individuals who happened to
be better adapted by pure chance were the ones most likely to survive and
shape future generations of their species.

Darwin understood that this random statistical process of sorting, which
occurs in all forms of life generation after generation, could alter species as
effectively as any human breeder if repeated with sufficient frequency. Over
and over again, millions of times in each generation, the environment elim-
inated some individuals, while allowing others to survive. Later generations
inherited only the qualities of the survivors; as a result, over time the en-
tire species began to resemble the survivors more than the nonsurvivors. In
a metaphorical sense, then, the environment was acting like a human ani-
mal breeder. And this was why Darwin called the mechanism “natural se-
lection,” in contrast to the “artificial selection” performed by those who bred
animals.

In this way, Darwin showed that purely statistical and totally mindless
processes, repeated over and over again, could explain how species changed
in ways that seemed to make them constantly adapt to changing environ-
ments. To understand his argument fully, it is vital to understand the ran-
dom nature of many of these processes. Individuals vary from their parents
in minor but essentially random ways. They do not, in any sense, “try” to
adapt. It is not the individuals that “evolve,” but the average features of the
species.

Darwin argued that these mechanisms, repeated over long periods of time,
can also explain how distinct species arose, for it is clear that populations of
a single species scattered over a large area, and shaped by slightly different
environments, are likely to evolve in slightly different ways. The Galépa-
gos finches were a clear example to him of an early stage in the creation of
distinct species. Over time, Darwin argued, such processes could explain all
the variety of living organisms to be found on earth. As an admirer of the
geologist Charles Lyell, Darwin was sure that the earth had existed for a
very long time—long enough, perhaps, for such minute changes to create
the huge variety of species existing today.

These were astonishing conclusions, for they implied something utterly
revolutionary: all the beautiful and complex organisms on Earth, from amoe-
bae to elephants to hummingbirds to human beings, can be created by blind,
repetitive processes. Unconscious processes can create not just stars and
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galaxies, it seemed, but even life itself.? Such reasoning seemed to deprive
God himself of any reason for existence, which is why Darwin’s theory has
met, and still meets today, such profound resistance.

Here is how Darwin himself described the workings of natural selection:

There is no obvious reason why the principles which have acted so
efficiently under domestication should not have acted under nature . ..
[since] more individuals are born than can possibly survive. A grain in
the balance will determine which individual shall live and which shall
die,—which variety or species shall increase in number, and which shall
decrease, or finally become extinct. . .. Owing to this struggle for life,
any variation, however slight and from whatever cause proceeding, if
it be in any degree profitable to an individual or any species, in its infi-
nitely complex relations to other organic beings and to external nature,
will tend to the preservation of that individual, and will generally be
inherited by its offspring. The offspring also, will thus have a better
chance of surviving, for of the many individuals of any species which
are periodically born, but a small number can survive. T have called this
principle, by which each slight variation, if useful, is preserved, by the
term of Natural Selection|[.]°

EVIDENCE OF EVOLUTION THROUGH NATURAL SELECTION

In On the Origin of Species Darwin stated, as clearly as possible, the argu-
ments for his theory of evolution. He also tried to deal with some possible
objections to it. He had few illusions about the difficulty of the task he faced.
Most of his readers were traditional Christians. They believed that God had
created distinct species, and the thought that species might have emerged
through blind processes shocked them. So it was to this audience that Dar-
win directed most of his arguments.

He was able to show from the fossil record that species seem to change
over time. But this was perhaps the least powerful argument available to
him, for the fossil record consists of a series of individual, fossilized “pho-
tos”; his opponents could easily argue that each was a distinct species cre-
ated separately by God, and now extinct. What Darwin had to show was the
existence of transitional species. Some fossils did appear to be halfway be-
tween existing animal types. The most famous fossil of this kind was the
birdlike dinosaur known as archaeopteryx, which lived about 150 million
years ago. Archaeopteryx seemed to be half reptile and half bird. The first
fossil specimen was found in 1862, just after the publication of The Origin
of Species, and Darwin was able to comment on it in later editions. It was
exactly the sort of discovery that Darwin's theory had predicted. However,
it was also easy for opponents to point out that the fossil record was ex-
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tremely imperfect. There were vast gaps in all fossil lineages, so that the
fossil record on its own could never offer a completely satisfactory proof of
the workings of natural selection.

Darwin also offered many other types of evidence for his theory. He ar-
gued that where modern species shared many common features, this was a
sign that they had evolved from common ancestors. Oddly, the evidence for
this claim was most persuasive where apparently useless features survived
from remote ancestors by a sort of biological conservatism. Whales have
finger bones, which have no obvious adaptive function today. But their ex-
istence does make sense if we assume that modern whales are descended
from land animals that once did have a use for hands and fingers. Indeed,
modern whales may be distantly related to hippopotami, a species of con-
temporary mammals that seems to be in the early stages of adapting to an
aquatic lifestyle. The theory of natural selection could explain such phe-
nomena easily, for it suggested that organisms evolve in tiny steps, pre-
serving much from the past, even if some of those features cease to be of
any use. This argument was particularly persuasive because traditional the-
ories found such evidence difficult to explain. What reason could a god have
for preserving such useless organs, rather than redesigning each species from
scratch?

Darwin was also able to show that the geographical distribution of
species was more consistent with his theory than with the theory of God
the Creator. Why should a god not have placed particular species in all those
regions of the earth for which they were adapted? Why weren’t all deserts
full of camels? Why, instead, did naturalists find that most species in a par-
ticular region were closely related—so that, for example, in Australia there
were mouselike creatures that were more closely related to kangaroos than
to the mice of Europe? Darwin’s answer, of course, was that marsupials lived
in Australia because that was where their ancestors had lived. That was
where they had evolved.

Particularly distasteful to Darwin’s critics was another implication of his
theory: humans might be closely related to apes {an implication that is alive
and well today; see chapter 6). To some people, the idea is still distasteful;
the anthropologist Yves Coppens remembers his grandmother saying to
him: “You may have descended from a monkey, but I certainly didn’t!”1°
But in Darwin's time, his theory faced many other difficulties. For exam-
ple, most geologists believed the earth to be no more than 100 million years
old. Darwin understood that natural selection needed huge periods of time
in which to generate the immense variety of creatures present on Earth, and
he conceded that 100 million years was probably not long enough. He be-
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lieved that evolution worked extremely slowly. Indeed, he was convinced it
worked so slowly that it could never be observed directly, and thus all the
evidence for evolution would have to be indirect. Furthermore, nineteenth-
century biologists had no real understanding of how inheritance worked.
For Darwin'’s theory to work, the mechanism of inheritance had to be very
accurate (otherwise no stable species could exist), but not too accurate (oth-
erwise there would never be change). It was important that the qualities of
parents be passed on to their offspring, but it was also important that there
should be slight variations that might either enhance or threaten the health
of particular individuals. But because no one understood fully how the mech-
anism of heredity worked, it was not certain that heredity worked in ex-
actly the way required. Darwin himself could only suggest that the quali-
ties of parents were “blended,” like two colors mixed together. But this
seemed to guarantee that variations from the norm would be eliminated in
each generation, even if they were beneficial, an outcome that would have
made natural selection impossible. The absence of a clear understanding of
inheritance was to undermine the credibility of Darwin’s theory for more
than half a century.

Most of the difficulties Darwin faced were to be resolved in the twenti-
eth century. Religious resistance to the theory of evolution diminished.
Meanwhile, new types of evidence emerged to bolster the theory, and gaps
in it were filled in. In important respects, Darwin’s theory has been modified
and improved. As a result, Darwin's central ideas have become the funda-
mental organizing principle of modern scientific accounts of the history of
life on earth.

One reason why his theory is now so widely adopted is that in the twen-
tieth century it proved possible to see evolution at work directly. It is easi-
est to watch evolution when studying small species that breed rapidly, such
as fruit flies. We have also seen evolution at work when new forms of bac-
teria have appeared in response to the use of antibiotics (as further discussed
below).

The fossil record is also much richer than it was in Darwin’s time, and
new discoveries have created a fuller account of evolution over long peri-
ods. This account can never completely prove Darwin’s theories, but it re-
mains perfectly consistent with them. Modern dating techniques, by push-
ing the age of the earth back from 100 million years to over 4 billion years,
have also provided a time span forty times as long for Darwinian processes
to work in. Finally, twentieth-century biologists came to understand how
inheritance works, and their account is fully consistent with Darwin’s the-
ory. Gregor Mendel, a contemporary of Darwin’s, had already figured out
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the basic principles of heredity, though his work was ignored until the twen-
tieth century. He showed that although sexually reproducing organisms in-
herit traits (or genes) from both parents, they inherit them in discrete pack-
ages—one from this parent, and one from that. He also showed that in many
instances, only one of these traits is expressed in the offspring. If your par-
ents have blue and brown eyes, this doesn’t mean that your eyes will be a
muddy blue; you will inherit one color or the other. So inheritance does not
automatically lead to the dilution of traits that Darwin had feared. Particu-
lar genes may not be passed on to all offspring; but if they are, they are passed
on intact. We also understand exactly how genes are transmitted from gen-
eration to generation. Deoxyribonucleic acid, or DNA, transmits genetic in-
formation from an organism to its offspring with great accuracy, so that
species have great stability. But it is not perfect. As DNA copies itself, it
makes, on average, one error for every billion bits of genetic information,
the equivalent of a typist making one error in half a million pages. This al-
lows for the small variations necessary if evolution is to occur.!! The ex-
planation of DNA's structure by Francis Crick and James Watson, in 1953,
was therefore a crucial stage in the consolidation of Darwin’s theory as the
central idea of modern biology.

Modern microbiology has also proved another hunch of Darwin’s: all or-
ganisms on earth are related. All living organisms, from the simplest bac-
teria to the largest modern mammals, contain cells that use the same basic
chemical processes and pathways. And they all use the same genetic code.
In this sense, all living organisms are related. This means one of two things.
Either life evolved only once or life evolved more than once, but only one
of these experiments has survived to the present day, while all other line-
ages were eventually wiped out. In either case, all organisms living today,
from humans to bananas to sea squirts and amoebae, are descended from
the same (bacterial ) ancestor.

In minor ways, Darwin’s theory has been modified. For example, Dar-
win seems to have believed that all evolutionary changes occurred because
they enhanced the survival chances of the individuals that carried them. But
it is now clear that many genetic changes occur at random. There are large
amounts of genetic material (perhaps as much as 97 percent of the human
genome, for example) that have no impact on the makeup of the adult in-
dividual, so changes in these areas will not directly affect an individual's
chance of survival. The general principle seems to be this: random changes
that have no impact on the survival chances of individual members of a
species can lead to slow, and essentially random, changes in the genetic struc-
ture (or genotype) of an entire species. However, such “neutral” changes
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may become significant in the future, if, as sometimes happens, some of these
inactive genes are reactivated.

Darwin also seems to have believed that evolution occurred at a steady
pace. It is now clear that this is not always true. In periods of climatic or en-
vironmental stability, species may change slowly. But if environments or
climates change more rapidly, species can evolve and diversify very quickly.
This is precisely how modern bacteria have evolved in response to the chal-
lenge of modern antibiotics. Where antibiotics are widely used, those indi-
vidual bacteria least affected by antibiotics suddenly become much more
likely to produce healthy offspring. Within a few generations, their genes
will tend to dominate the species. In this way, there have appeared new
species of bacteria that seem more or less immune to the action of antibi-
otics. It now appears that this rhythm is normal in evolution. During the
earth’s history, there have been both periods of extremely rapid evolution-
ary change and periods of relative biological stability. Evolution works in
fits and starts, according to the modern theory of “punctuated evolution,”
which was proposed by Niles Eldridge and Stephen Jay Gould in 1972.

THE BEGINNINGS OF LIFE ON EARTH

Modern Darwinian theory can explain how modern organisms have evolved
from the simple life-forms present on the early earth (see the next chapter).
But can it take the next step and explain the origin of the earliest life-forms?
Is it possible to offer a purely scientific explanation of the emergence of life
from nonliving matter?

The notion that life might appear spontaneously has been taken seriously
by scientists from at least the time of classical Greece.!? And with good rea-
son. After all, maggots seem to appear, apparently from nowhere, on the car-
casses of dead animals. In the seventeenth century, studies using the newly
invented microscope demonstrated that the air was full of tiny organisms,
making it possible to explain the apparently spontaneous growth of orga-
nisms such as maggots by supposing that their eggs traveled through the
air and settled on decaying meat. But this still left open the possibility that
tiny microorganisms might be generated spontaneously, perhaps by some
form of “life force” floating in the air.

In a remarkably simple experiment, the French biologist Louis Pasteur
seemed to finally disprove the idea that life could be generated sponta-
neously. All life is based on organic molecules—that is, on molecules that
use carbon. Because carbon can bond to itself in complex ways, it can form
more complex and varied molecules than any other element. By the nine-
teenth century, many experiments had shown that if soups rich in organic
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materials were boiled to kill all living organisms, and then placed in airtight
containers, no life would appear. However, some argued that this was be-
cause the containers excluded an all-pervasive life force. In 1862, Pasteur
devised an ingenious experiment to test this idea. He boiled a broth of or-
ganic materials, and then placed it not in a sealed container but in a swan-
necked container, open to the air. On the one hand, if a life force existed, it
would surely be able to enter and use the organic materials to generate new
organisms. On the other hand, spores or microorganisms floating in the air
would not be able to travel up the neck of the retort. Pasteur’s broths have
remained sterile for more than a century, and can still be seen today in Paris.
His experiment seemed to prove, finally, that life could not be generated
spontaneously and that there was no life force floating through the air. Life
could be generated only from life.

This cleared up one mystery, only to create another. If life could not be
generated from nonlife, then how had life appeared on the early earth? Pa-
leontologists knew that life seemed to appear quite suddenly in the so-called
Cambrian era, which we now know began less than 600 million years ago.
How could this sudden burst of life be explained? Were biologists forced
back to the idea of a creator deity? Many nineteenth-century biologists felt
they were, because any purely scientific explanation of the origins of life
had to suppose that life could be generated from nonliving material, and
Pasteur seemed to have shown that this was impossible. Another possibil-
ity was to argue that organic molecules were somehow quite different from
inorganic molecules. Perhaps they were different in their origins and their
capacity to generate life. Was there something special about carbon? This
theory was disproved when chemists showed in the mid—nineteenth cen-
tury that many organic molecules could be synthesized from inorganic
chemicals in the laboratory.

Not until the twentieth century did a more plausible scientific theory of
the origins of life emerge. This account, pioneered in the 1920s by Alexan-
der Oparin and J. B. S. Haldane, uses the basic ideas of evolutionary theory
to explain not just the evolution of life on earth but also its initial appear-
ance. Its key idea is that evolution works to some extent even among com-
plex but nonliving chemicals. Thus even some chemicals may be capable of
evolving if, like crystals, they can stabilize themselves and create reason-
ably accurate copies of themselves. Once this happens, then those chemi-
cals that produce the most stable “offspring” (i.e., the offspring best adapted
to their environment) will tend to multiply more rapidly than those whose
descendants survive less well. Such a process would be similar to Darwin-
ian evolution. As such chemicals became better adapted to their environ-
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ment, they might also become more complex until, eventually, we might
start thinking of them as living organisms. Biologists refer to these processes
as chemical evolution.

But precisely how chemical evolution generated the first living organisms
remains unclear. To understand these difficulties, we must break the prob-
lem into several levels. First, we need to explain how the basic raw materi-
als of life were created: the chemical level. Second, we need to explain how
these simple organic materials were assembled into more complex struc-
tures. Finally, we need to explain the origins of the precise mechanisms of
reproduction encoded in the DNA that is present in all living organisms to-
day. At present, we have reasonably good answers to the first question; we
have plausible answers to the second question; and we are still puzzled by
the third question.

The first task now seems surprisingly easy. Living organisms are con-
structed, for the most part, from compounds of carbon and hydrogen. Car-
bon is critical because of its astonishing flexibility. Add hydrogen, nitrogen,
oxygen, phosphorus, and sulfur and we can account for 99 percent of the
dry weight of all living organisms.’? It turns out that where the conditions
are right and these chemicals are abundant, it is easy to construct simple
organic molecules, including amino acids (the building blocks of proteins,
the basic structural materials of all organisms) and nucleotides {the build-
ing blocks of the genetic code).!* Pasteur’s experiment had seemed to show
that such molecules could not form spontaneously. We now know why: to-
day’s atmosphere, with its large amounts of free oxygen, offers a peculiarly
hostile environment for simple organic molecules. Oxygen is extremely re-
active, and when it reacts it generates heat (we normally become aware of
its destructive power in fires). Oxygen is particularly destructive of organic
molecules such as those in wood or paper. Wherever possible, it breaks them
down into water and carbon dioxide in a form of slow burning.

However, Oparin and Haldane pointed out there may have been little free
oxygen in the atmosphere of the early earth. Perhaps, then, life appeared
long before the Cambrian era, in an oxygen-free atmosphere that allowed
simple organic molecules to survive long enough to engage in the complex,
slow-motion chemistry needed for chemical evolution to take place. In 1952
this possibility was tested in a famous, and remarkably simple, laboratory
experiment conducted by two American scientists: Harold Urey and his
graduate student, Stanley Miller. They created a model of the early atmos-
phere by filling a large, closed retort with methane, water, and ammonia.
They warmed the mixture, and provided shots of free energy by passing
electric currents through it, thereby simulating the lightning that un-
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doubtedly flashed through the skies of the early earth. After seven days,
they found a dark-red sludge in their retort. This contained several of the
twenty most important amino acids. Amino acids are simple organic mol-
ecules (containing about twenty to forty atoms) that link up in different
patterns to form the proteins that dominate the chemistry and the struc-
ture of all living organisms. By rerunning the experiment under slightly
different conditions and in slightly different pseudo-atmospheres, scientists
have shown that all twenty basic amino acids can be manufactured in this
way. Here we have the basis for the construction of proteins, the fundamental
building blocks of life. The Miller-Urey experiment also created, in smaller
quantities, other important organic molecules, including sugars and the main
components of nucleotides, the molecules from which the genetic code is
constructed.

Some claimed that Miller and Urey had come close to creating living or-
ganisms. It is now clear that this was not so. Many difficult steps lie between
the creation of simple organic molecules and the creation of life. In any case,
the atmosphere of the early earth probably contained less ammonia and
methane than the two chemists had supposed, and more carbon dioxide and
nitrogen. Such an atmosphere would have been less fertile in simple organic
molecules. But the Miller-Urey experiment remains important neverthe-
less. What it showed is that the creation of many of the basic chemical build-
ing blocks of life may not have been too hard on the early earth.

Since this experiment, amino acids, simple nucleotides, and even the phos-
pholipids from which cell membranes are constructed have turned up in
many surprising environments, both on Earth and in space. Amino acids
have been identified in dust clouds in interstellar space. So have vast quan-
tities of water and alcohols, which are vital to the manufacture of phos-
pholipids. We know that both water vapor and many simple organic mole-
cules are also present within meteorites and comets. The presence in space
of water, as well as many different types of simple organic molecules, sug-
gests that the entire solar system has been bombarded throughout its his-
tory with life’s raw materials, either through violent impacts or through
the constant drift of cosmic dust onto planetary surfaces. Indeed, it now
seems possible that several bodies within the solar system—including
Mars; Venus; Jupiter’s planets, Europa and Callisto; and Saturn’s moon,
Titan—may have had (and in some cases may still have) liquid water, so
they could have evolved simple organic molecules, even if they are now ster-
ile (as both Venus and Mars seem to be). It is also possible that at least in
their early life, the planets swapped organic material, as debris chipped off
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the planets by meteoriticimpacts floated between them. In 1996, for example,
it was claimed that a meteorite found in Antarctica, which had arrived about
13,000 years ago, contained trapped gases corresponding to the mix of gases
in Mars’s thin atmosphere. If this claim is correct (and many scientists doubt
that it is), it may mean the meteorite came from Mars. If we discover liv-
ing organisms on Mars, we will have to take seriously the possibility that
they are related to us.’®> All in all, it now appears that the basic chemicals
from which life is formed were abundant in the early solar system.

The second task is more difficult. It is to explain how these simple chem-
icals, containing no more than a few tens of molecules at the most, were as-
sembled into the vast and complex structures necessary for life to exist. Even
viruses contain up to 10 billion atoms organized in highly specific patterns,
while the complex cells of plants and animals each contain between 1 and
100 trillion (i.e., 10! to 10'¥) atoms. At present, there is little certainty about
where or how this great leap in size and complexity was achieved. Yet it was
this change that created true life from organic chemicals. Currently, there
seem to be three possible answers to the question of where life first began.
It may have been created first in space, or on the surface of planets, or (and
this is the latest possibility) deep within planets.

For many years, Fred Hoyle and Chandra Wickramasinghe have argued
that Earth was seeded with life from outside. This theory is known as
Panspermia. If organisms were first created on planets somewhere else in
the universe, then of course we have simply shifted the problem to another
planet, and are still left to explain how life could have been constructed there
rather than here. Alternatively, it has been suggested that extremely sim-
ple organisms were assembled in space. We know that chemical processes
occur in interstellar space, and that some simple organisms are robust
enough to survive periods of space travel. Yet at present it seems unlikely
that life itself could have originated in space, where both energy and raw
materials are in short supply, thereby ensuring that chemical processes are
normally very slow. Besides, many of the chemical reactions vital to life seem
to require water in liquid form, and this cannot be found in space.

Planets—where conditions are more complex, free energy is more abun-
dant, liquid water can collect, and chemicals occur in greater density and
profusion—offer a more promising theater for biogenesis. Until recently,
most biologists assumed that if life originated on Earth, it must have ap-
peared on the surface. As early as 1871, Darwin suggested that life might
have begun in “some warm little pond, with all sorts of ammonia and phos-
phoric salts, light, heat, electricity, etc.”% Ever since Darwin’s time, biolo-
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gists have tried to figure out how natural chemical and physical processes
could have assembled these chemicals into simple organisms somewhere in
the seas or on the seashores of the early earth.

Water plays a crucial role in all these theories. Amino acids and nu-
cleotides, once formed, could have been protected to some extent as long as
they stayed in water. Both molecules can form naturally into long chains,
though this process requires drier conditions. It is possible that such chains
were formed in shallow coastal pools where dissolved molecules would have
been periodically dried out and then dissolved again. Under the right con-
ditions, chains of amino acids form proteins, while chains of nucleotides form
nucleic acids. So, after millions of years, the seas of the early earth could
have been full of simple organic chemicals, which could have joined together
into more complex patterns. A. G. Cairns-Smith has suggested that in shal-
low water, tiny crystals of clay may have provided a template for the for-
mation of more complex molecules.’” Here, electrostatic forces may have
held atoms in complex patterns governed by the molecular structure of the
clay itself, until eventually they began to link together in new ways. It is
even possible that crystals of clay, sitting inside early cells, played some of
the roles of modern DNA by providing templates that could be used over
and over again to produce the chemicals used in the metabolism of their
host cells.

However they were created, early organic molecules could have formed
a weak organic “soup” of simple proteins, nucleic acids, and other organic
molecules. Such molecules have a natural tendency to form simple mem-
branes or “skins” made of phospholipids and to form into small globules,
“like drops of oil in a vinaigrette sauce.”!® Some of these molecules can also
absorb chemicals through their skins in a process analogous to eating, which
provides them with the energy needed to expand and absorb more chemi-
cals. Furthermore, when they grow too large and ungainly, such molecules
simply split into parts, each of which then goes its own way, just as large
water drops on an oily surface can split into smaller droplets. So, along the
shores and in the warm seas of the earth 4 billion years ago, there may al-
ready have existed organic molecules that duplicated many of the activities
of life. They formed into cell-like globules with an outer skin; they “ate” other
chemicals; and they could split into separate globules as if reproducing.

All these theories are plausible, but none can explain all the steps lead-
ing from nonlife to life. And there are problems with the “warm pond” the-
ory, including the fact that the early atmosphere may not have been as fa-
vorable to organic evolution as Miller and Urey had supposed—particularly
if, as some evidence suggests, the earliest living organisms appeared before
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3.8 billion years ago, when the earth’s surface was still being bombarded
regularly by extraterrestrial material. Recent research has offered some
promising new approaches to the problem, as it has revealed the existence
of previously unknown forms of bacteria, the archaebacteria, that evolved
well below the surface of Earth.!® Like all prokaryotes (the simplest type of
single-celled organisms), archaebacteria have no nucleus. But unlike most
prokaryotes, which extract energy either from sunlight or from other cells,
archaebacteria “feed” on chemical energy produced within the earth. They
can extract energy from iron, sulfur, hydrogen, and many other unlikely
chemicals that are buried in rocks or dissolved in seawater. Archaebacteria
can live comfortably deep below the surface of the earth, even under ex-
tremely high temperatures and pressures, so their existence raises the pos-
sibility that life originated not on but well below the surface of planets. In
the 1990s, archaebacteria were found living inside rocks more than a kilo-
meter below the earth’s surface; and they have been found living at tem-
peratures well above boiling point in volcanic vents on the seafloor, as well
as in porous rocks below the seabed. In 2001, they were found in a huge re-
gion that researchers described as a “lost city” on the seabed, where heat
was generated not by volcanic activity but by chemical reactions associated
with the exposure of a green rock known as olivine to seawater. Such areas
may have been common early in the earth’s history.?? But archaebacteria
also live in huge quantities at the earth’s surface. They have been studied,
for example, in the hot springs of Yellowstone National Park in Wyoming.
Finally, the extreme habitats they occupy suggest the possibility that life
may exist, or may once have existed, on neighboring planets and moons, for
similar habitats may well exist elsewhere in our solar system.

There are several reasons for supposing that archaebacteria offer a bet-
ter model than most other modern organisms for the earliest forms of life
on Earth. Archaebacteria live in environments that have changed little since
the Hadean era. And their ability to live well below the surface means that
they would have been less affected by the meteoriticimpacts that were com-
mon early in the earth’s history and may have periodically wiped out life
near the surface. They would also have been protected from changes in the
earth’s atmosphere, and from the heavy doses of ultraviolet radiation that
bombarded the early earth before the appearance of an ozone layer. Though
the habitats of heat-loving archaebacteria may seem forbidding to us, they
may have been the best place for early organisms to establish themselves.
These environments contained plenty of chemical food to produce organic
material of the kind generated in the Miller-Urey experiments. Particularly
around thermal vents, they also contained plenty of energy to drive multi-
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ple chemical reactions. Studies of the genetic material in archaebacteria also
suggest that they have evolved far more slowly than most other surviving
organisms. And, perhaps most striking, the oldest organisms of all, whether
archaebacteria or ordinary bacteria, all appear to be heat-resistant. This sug-
gests that however we classify the earliest organisms on earth, they were
probably heat-loving organisms that evolved in the highly productive en-
vironments around deep ocean vents. If these arguments are right, then life
may have appeared first beneath the surface of the earth and its seas, before
producing new species that could survive in the cooler environments near
or at the surface.?!

The third task, to explain the origins of the genetic code, is even trickier
than the previous two. In a sense this is the most fundamental problem of
all, for the key to all modern forms of life appears to be a division of labor
between nucleotides, which store and read the instructions for making an
organism (the genome), and the proteins that use those instructions to con-
struct each individual organism. Crudely speaking, nucleotides handle repli-
cation, while proteins handle metabolism. The distinction is almost exactly
analogous to the distinction between hardware and software in computing.
So, which evolved first, metabolism (chemical activity) or replication (the
genetic code)—or did they evolve together???

Oparin’s theory implied that metabolism came first and accurate mech-
anisms of replication evolved later. This idea is intuitively plausible, on the
grounds that hardware can exist without software but not the other way
around. In Oparin’s theory, the earliest organisms were bags of chemicals
that could reproduce in a rough-and-ready way, and even “evolve.” And they
may have evolved in quite complex ways. Many people find it difficult to
understand how random processes of this kind can generate complexity.
However, evolutionary processes, even of a crude sort, are not in fact en-
tirely random. Of all the chemical experiments conducted randomly in the
early earth, some would have created more stable by-products than others.
So the process of assembling early molecules did not necessarily begin from
scratch each time. On the contrary, every time a relatively stable molecule
was produced, it was likely to survive, thereby becoming, in turn, the basis
for further experiments. As Cesare Emiliani points out, the odds of a mon-
key typing the entire Bible by tapping away randomly for millions of years
are almost infinitely low. But if a rule is added saying that each time a cor-
rect letter is typed it is locked into position, then the odds change radically,
and we can expect a Bible to be produced within a decade.?? To put it slightly
differently, we can say that the organic chemicals of the early earth were
already subject to the laws of evolution. Most chemicals vanished, but those

FARIS
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well adapted to their environment were likely to get “locked in.” The few
that survived long enough had offspring, and all later generations were their
descendants. In this brutal way, the environment “selected” those chemi-
cals best able to survive and reproduce.

And there are many reasons to suppose that chemical evolution of this
kind may be quite a powerful mechanism of change. For example, some sci-
entists speculate that there exist deep mechanisms that encourage organi-
zation where we might expect pure randomness.?* In certain types of chem-
ical reactions, a particular chemical may catalyze, or stimulate, its own
production, in a process known as autocatalysis. Bring together a sufficient
number of chemicals of this type and, eventually, there is likely to be a run-
away reaction, rather like bringing together a critical mass of uranium in a
bomb. Once the critical mass has been reached, these chemical chain reac-
tions can form extremely complex structures very quickly. If this (essen-
tially mathematical ) logic is correct, then it suggests that the construction
of the large and complex chemicals that were the earliest life-forms may be
a natural tendency of organic chemistry. If so, then wherever in the uni-
verse conditions allow large amounts of organic chemicals to form and in-
teract, life may be a near certainty.

But all forms of evolution require reasonably accurate mechanisms for
replication; otherwise, even the most successful traits will be lost over time.
So even theories that put metabolism first have to explain what mechanisms
of replication existed in the early days. And this is not easy. DNA, the key
to the genetic code in all living organisms today (except for a few viruses),
is a fantastically complex molecule, containing billions of atoms. Untwisted,
a single molecule of human DNA would be almost two meters long. The
atoms of DNA are arranged in precise patterns that, like a piece of software,
contain all the information needed to create a living organism. Every cell of
our body contains a complete set of these instructions, though it uses only
a tiny portion of its DNA instruction manual. These instructions are selected
and triggered by the particular environment in which it finds itself. Thus,
different parts of the code are used by brain cells and bone cells.

A DNA molecule consists of two long chains of nucleotides that are linked
together by rungs, like a ladder. The ladder is then twisted into a long he-
lix, like a spiral staircase. Each section of the ladder has attached to it one of
four simple clusters of atoms known as bases. Each base can link with only
one of the other four, and thus each rung of the ladder consists of two linked
bases in a strict order. Adenine (A) links only with thymine (T) and cyto-
sine (C) with guanine {G). The order in which these bases appear on each
side contains the code for manufacturing the proteins from which orga-
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nisms are constructed. Each group of three bases codes for a particular amino
acid. Special molecules periodically unzip a part of the DNA spiral, and read
off the order of bases in groups of three. Elsewhere in the cell, these amino
acids are assembled into chains to make the thousands of proteins that drive
chemical reactions and form structures within the cell. DNA can also repli-
cate itself. First, the entire double helix splits down the middle like a zipper
as the two bases that make up each rung of the ladder separate. Then, each
base attracts a counterpart from the surrounding environment, A joining
with T and C with G, until each half of the original helix has built up an en-
tirely new, complementary chain. In this way, a single molecule of DNA can
form two new molecules, each more or less identical to the parent molecule.

Explaining how this complex, elaborate, and elegant mechanism was con-
structed is one of the most challenging tasks facing modern biological the-
ory. One problem is that DNA appears to be helpless on its own. Like any
software, it is useless without hardware. So it is difficult to imagine how it
could have evolved independently. But there are also problems with the no-
tion that metabolism {the “hardware”) evolved first—in particular, it is hard
to see how rough-and-ready evolutionary processes could generate a high
level of complexity. If cells reproduce without much precision, then the
mechanism Emiliani describes simply doesn’t work as well. Even if a com-
plex organism evolves, the blueprint for it is likely to get blurred in later
generations. For this reason, many who have struggled with these issues
have insisted that life cannot achieve significantly new levels of complex-
ity without a capacity to replicate more precisely. And that leads us back to
the argument, despite its difficulties, that perhaps the genetic code came be-
fore complex metabolism.

What gave such theories a boost in the 1960s was the discovery that
DNA’s close cousin, RNA, is less helpless than DNA. RNA is software and
can, like DNA, code information. But it exists in only a single strand, which
means that it can also fold up like a protein and engage in metabolic activ-
ities. So, it can play both of the roles of life; it can reproduce itself and pro-
vide the set of instructions for reproducing. It can be both hardware and
software. Perhaps the first molecules that replicated accurately enough to
have some form of “heredity” were made from RNA. Indeed, some viruses
even today use RNA instead of DNA as the basis for their genome.

The discovery that RNA can act as hardware as well as software gave
rise to theories suggesting that RNA was the earliest form of life. In these
theories, associated with the work of Manfred Eigen and Leslie Orgel, the
genetic code evolved first, before complex metabolism, even before cells.?>
Unfortunately, RNA copies itself less accurately than DNA, and this cre-
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ates real problems. A system of replication that is good but not quite good
enough may be the worst of all possible worlds, because it may be bad
enough to accumulate errors and good enough to transmit those errors
faithfully to later generations. It has been shown that such a system may
lead to breakdown more rapidly than the sloppier forms of replication re-
quired in “metabolism first” models of the origins of life. (Manfred Eigen,
the great champion of RNA, has described this problem, ruefully, as the
“error catastrophe.”)?¢

Freeman Dyson has suggested that perhaps these two theories can be
combined.?”” Perhaps metabolism did indeed come first, and cells without a
precise mechanisms for replication dominated life on earth for many mil-
lions of years, managing, despite their limitations, to evolve many meta-
bolic processes that still occur inside modern cells. One of these processes,
present in all living organisms today, involves the storing of energy inside
amolecule known as ATP (adenosine triphosphate). And this, as it happens,
is closely related to another molecule that is a crucial component of RNA.
So perhaps RNA evolved within such cells, which might have provided a more
benign environment than the outside world for their evolution. Eventually,
acting as a sort of parasite, RNA may have hijacked the reproductive mech-
anisms of the cell until, in an early form of symbiosis, the cell and its para-
sitic RNA reached a compromise under which the cell focused on metabo-
lism and the RNA on reproduction. With more accurate mechanisms of
replication available (if the “error catastrophe” could somehow be avoided),
the RNA in such cells might eventually have evolved into DNA, which is a
close relative of RNA.

Or perhaps life as we know it emerged through a symbiosis between two
rather different types of organisms, one of which was good at metabolism
and the other at coding. Something like this division of labor still exists to-
day between bacteria and the many different viruslike entities that float be-
tween them (see chapter 5). Bacteria often use free-floating bits of software
similar to viruses for their own purposes, while entities like viruses exploit
the metabolic powers of bacteria and other organisms to reproduce. We can
imagine a very early world in which metabolizers used viruslike organs to
steady their own mechanisms of replication, while virus-type organisms
used bacteria to do their metabolism for them, until eventually the two
merged to form single organisms.

If none of these theories is totally persuasive, we should not be surprised.
There doesn’t yet exist a complete theory of the origins of life. In explain-
ing the origins of the genetic code, the key to the emergence of really com-
plex organisms, we are still in difficult territory. However, progress has been
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rapid in recent decades, and ongoing research holds out the promise that a
more satisfactory story may appear within the next decade or two.

SUMMARY

Darwin'’s theory of evolution, as modified in the twentieth century, provides
the fundamental organizing idea of the modern life sciences. Darwin argued
that slight random variations within species explain why some individuals
are more likely to reproduce than others. Those individuals that are slightly
better adapted to their environment are slightly more likely to survive into
adulthood and produce healthy offspring, so they are more likely to pass
their genes on to later generations. In this way, by what he called “natural
selection,” species slowly change, and over time entirely new species can be
formed.

Such processes may also have shaped the organic chemicals that floated
in space, on the earth’s surface, and below its surface in the early days of
the earth’s history. As the more “successful” and stable of these forms sur-
vived, over billions of generations more and more stable and complex or-
ganic chemicals appeared, through a chemical form of natural selection. In
this way, the earliest living organisms were created, within less than a bil-
lion years of the formation of our earth. These organisms were the ances-
tors of all modern life-forms.

FURTHER READING

Darwin is one of the few founders of modern scientific thought whose own
writings are worth reading. On the Origin of Species (1859; reprint, 1968)
is still readable today; and Steve Jones has offered a modern update in Al-
most Like a Whale (2000). Armand Delsemme’s Our Cosmic Origins (1998)
offers a quick introduction, as do many good modern textbooks on biology
and evolution. In recent years, biology has generated a superb literature for
the general, nonspecialist reader. The writings of Stephen Jay Gould on evo-
lution are always worth reading, even when he does not take a mainstream
position. Daniel Dennett’s Darwin's Dangerous Idea (1995) is amodern clas-
sic, while Ernst Mayr (One Long Argument [1991]) and John Maynard
Smith (The Theory of Evolution [3rd ed., 1975]) offer slightly older accounts.
There are several good books on modern attempts to explain the origins of
life. Paul Davies, The Fifth Miracle (1999), is one of the most recent and most
accessible. Erwin Schrodinger, What Is Life? (1944; reprint, 1992), is still
worth reading, and is updated in Freeman Dyson’s Origins of Life (2nd ed.,
1999). A. G. Cairns-Smith’s Seven Clues to the Origin of Life (1985) and
Robert Shapiro’s Origins (1986) are good, accessible discussions. The writ-
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ings of Lynn Margulis and Dorion Sagan offer an immensely readable in-
troduction to a view of life that emphasizes the role of bacteria (the “mi-
crocosmos”; see especially Microcosmos [1987]). Eric Chaisson { Cosmic Evo-
lution [2001], The Life Era [1987], Universe [1988]), Stuart Kauffman (At
Home in the Universe [1995]), and Roger Lewin (Complexity [1993], Hu-
man Evolution [4th ed., 1999]) discuss notions of complexity and their role
in modern discussions of life.
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THE EVOLUTION OF LIFE AND THE BIOSPHERE

DIVERSITY AND COMPLEXITY

Once life had appeared on Earth, natural selection ensured that living or-
ganisms would multiply and diversify as long as they could find new niches
to fill in a changing world. This chapter will describe the main changes in
the history of life on Earth. How did evolution generate the variety of or-
ganisms present today? What are the main stages in the history of life on
Earth? Though many details of this story remain obscure, its broad outlines
are now remarkably clear.

After almost 4 billion years of evolution, most living organisms are still
simple and small. Bacteria rule, as they always did, and few bacteria are more
than a hundredth of a millimeter in diameter. Unlike stars (whose complexity
does not necessarily increase with size), living organisms seem to get more
complex as they get larger. So the predominance of bacteria is in accordance
with the general rule that simpler entities are easier to create and sustain
than complex entities, as well as being more durable and more numerous.
The vast majority of living organisms belong to what Lynn Margulis and
Dorion Sagan have called the “microcosmos.”! This is why Stephen Jay
Gould has argued that even if the appearance of life marks the emergence
of new forms of complexity, the history of life on Earth is not merely a story
of entities becoming complex. The simplest genetic recipes still work well,
so there is no particular evolutionary virtue in complexity.? Indeed, in some
cases organisms have evolved toward greater simplicity: snakes have lost
their legs, moles have lost their eyes, and viruses have lost even the ability
to reproduce independently.

Nevertheless, it is also true that natural selection has experimented end-
lessly with new ways of living, and in the course of this 4-billion-year-long
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experiment, it has given rise to organisms more complex than those living
on the early earth. They have appeared even though there seems to be no
active drive toward greater complexity, and even though complex organisms
may not be terribly important in the overall scheme of things. As John May-
nard Smith and E6rs Szathmary point out, “The theory of evolution by
natural selection does not predict that organisms will get more complex. . ..
Yet some lineages have become more complex.”® A world of “macrocosmic”
organisms eventually appeared within and alongside the microcosmic world;
as large organisms ourselves, we tend to pay attention to this process—
just as our history of the universe has concentrated on one obscure planet
orbiting one obscure star, simply because that planet happens to be our
home.

The story of increasing biological complexity can be told as a series of
major transitions. These include the origin of life itself, the appearance of
eukaryotic cells, sexual reproduction, the construction of multicellular or-
ganisms such as ourselves, and the appearance of organisms that join to-
gether in social groups.* At each stage, molecules, cells, and individuals were
linked together in larger structures—Ilike businesses during corporate
mergers—and evolution had to find new ways for them to communicate
and cooperate with each other. Explaining how complexity arose through
natural selection means explaining why it occasionally proved advantageous
(in Darwinian terms) for replicating molecules to cooperate in larger and
larger entities, until there appeared towering organisms like us—huge struc-
tures made up of billions of closely cooperating cells.

Despite our size (we are to a single-celled organism what the Empire State
Building is to a human), we shouldn’t exaggerate our complexity. One fa-
miliar way of measuring increasing complexity is by estimating the number
of genes it takes to construct different types of organisms. But this calcula-
tion, it appears, does not flatter us as much as we once thought. Humans do
not have the 60,000 to 80,000 genes we once believed were necessary to con-
struct us but half that number, about 30,000. Roundworms have two-thirds
as many genes as us {ca. 19,000), and fruit flies just under half (ca. 13,000);
even Escherichia coli, a bacterium that inhabits our gut, may have as many
as 4,000 genes. So, though constructing large organisms is tougher than con-
structing small organisms, the difference is not as great as we once imagined.
Our biological relatives include amoebae and roundworms as well as chimps.

THE ARCHEAN ERA: THE AGE OF BACTERIA

The most important evidence for the history of life on Earth comes from
the fossil record, which tells us a great deal about the last 700 million years.
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But this is less than one-fifth of the period during which life has existed
here. The fossil record can tell us less about earlier periods—during which
living organisms consisted of single cells, all living in the sea—because these
early organisms lacked hard parts that could form fossils. However, pale-
ontologists have learned how to find and analyze the tiny “microfossils” of
bacteria, and the oldest of these date back 3.5 billion years, close to the ear-
liest signs of life on Earth. In recent years, biologists have also made in-
creasing use of techniques for studying and comparing the genetic material
of different modern species. This work can show evolutionary links between
modern species that cannot be detected from the fossil record alone.

In the conventional planetary chronologies, the Hadean era is the era of
Earth’s formation, and lasts until about 4 billion years ago; the Archean age
is the earliest era of life on Earth, lasting from ca. 4 billion to ca. 2 to 2.5 bil-
lion years ago. The first life-forms on Earth evolved early in that age, and
they did so in the presence of water. They may have been archaebacteria,
which evolved in hot volcanic vents in or below the seabed. Or they may
have been other forms of bacteria, if recent research is right in suggesting
that both archaebacteria and eukaryotic organisms evolved from earlier and
simpler organisms, the so-called eubacteria.®

Either way, life appeared early. Living organisms probably existed by 3.8
billion years ago, for rocks of this age from Greenland contain a level of the
C!? isotope that is normally associated with the presence of life. Life was
certainly present by 3.5 billion years ago, the date of rocks from South Africa
and Western Australia that seem to contain microfossils of bacteria similar
to modern cyanobacteria (i.e., blue-green algae).® These were similar to the
organisms that turn stagnant water green today. Their presence suggests
that the seas of the early earth were then already full of life. The speed with
which life appeared on Earth has encouraged many biologists to think that
given appropriate conditions anywhere in the universe, life may appear rap-
idly and naturally. So life, far from being rare, may exist throughout the
universe. As Paul Davies has recently argued, the universe itself, at least in
the current phase of its evolution, seems to be a “bio-friendly” place.”

But that “friendliness” has its limits. Any complex structure requires a
constant flow of energy if it is to survive. So one of the fundamental tasks
for all organisms is to find sources of nutrients and energy—a task that is
not always easy. The solutions found by the earliest organisms on Earth had
a profound effect on the history of life here and also shaped the planet itself.

The earliest organisms may have extracted their energy from chemicals
below the earth’s surface. They “ate” chemicals. If the earliest organisms
were archaebacteria, they probably extracted the energy they needed from
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chemical vents deep within the seas. But quite early some organisms learned
to acquire energy by eating other organisms. In this way, there emerged a
clear distinction between primary producers, which extract their energy from
the nonliving environment, and organisms higher up the food chain that
feed on other living organisms, including the primary producers. If these had
been the only ways of extracting energy, then the history of life on Earth
would have been limited by the energy supplied from the earth’s molten
core and available to organisms living deep within the sea. But by at least
3.5 billion years ago, some organisms were living near the surface of the seas,
where they learned to feed on sunlight. And the Sun is a richer source of
energy than the heat engine at the center of the earth. The cells of cyanobac-
teria contained molecules of chlorophyll, which enabled them to process sun-
light in the fundamental chemical reaction known as photosynthesis.
Photosynthesis is so important for life on earth that it is worth making
the effort to understand how it works.® Molecules consist of atoms linked
together by chemical bonds. However, creating chemical bonds requires en-
ergy, and some of that energy can be released by breaking the bonds again.
So chemicals can be thought of as stores of energy. Living organisms get at
the energy stored in organic molecules such as glucose by breaking their
chemical bonds. As it also takes energy to break chemical bonds, the trick is
to do it in such a way that more energy is released than is used to break the
bond. This is the work of enzymes. Enzymes are molecules (mainly pro-
teins) whose shape enables them to destabilize particular energy-containing
molecules with very little effort. By doing so, they release much more en-
ergy than they expend. The principle of using a small amount of energy to
release a much larger amount is one we are all familiar with—we do it when-
ever we use a match to light a fire. However, this whole process requires an
initial input of energy to create the chemical bonds that act as stores of en-
ergy. This is where photosynthesis comes in. In photosynthesis, chlorophyll
(in the presence of water and carbon dioxide) uses the energy of light to set
up a tiny electric current. This current drives a complex chain of reactions
that form molecules of substances such as glucose that can store energy. In
this way, plants use the energy of sunlight to create tiny energy packages
in their own bodies, which they unwrap when they need more energy. Of
course, other organisms can also use the stored energy by eating plants.
When we eat an apple, we are breaking into and using the energy stored by
the apple tree. When we burn coal, we are releasing energy stored by trees
of the Carboniferous era, 300 million years ago. In this way, large amounts
of energy derived from sunlight can be stored in quite small packages. It is
easy to forget that a cup of gasoline, which contains the energy stored by
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organisms many millions of years ago, can drive a truck up a hill. It is also
easy to forget that without the constant inflow of energy from sunlight, the
whole biosphere would run out of energy.

Using the complex chemical reactions of photosynthesis, living organisms
began to harvest the colossal bounty of sunlight. Fueled by sunlight, life
could flourish in ways that would have been unthinkable in a sunless world.
Much of the rest of the history of life on Earth is governed by the differ-
ent ways in which sunlight was captured, distributed, and divided among
the different species that shared the planet. Human history is part of this
story, for humans have found increasingly powerful ways of harvesting sun-
light, through foraging, farming, and the use of fossil fuels.

Cyanobacteria are the remote ancestors of modern plants, and they are
among the most important primary producers in the world today. Many
cyanobacteria secrete a sticky slime, which enables them to stick together
in mats. Over time, these form large, mushroom-shaped objects called stro-
matolites, with a thin upper layer of living bacteria atop a thickening layer
of their congealed ancestors. Stromatolites still form in a few environments
today (one of the most famous such places is Shark Bay in Western Aus-
tralia), but fossil stromatolites are common from as early as 3 billion years
ago. They are a reminder that many of the earliest life-forms were so suc-
cessful that they still survive today, with remarkably little obvious change.

So we should resist the temptation to think that the Archean world was
boring in comparison with ours. Properly understood, this world was as var-
ied and exotic as our own. Margulis and Sagan offer a dramatic description:

Shrunk to microscopic perspective, a fantastic landscape of bobbing
purple, aquamarine, red, and yellow spheres would come into view. In-
side the violet spheres of Thiocapsa, suspended yellow globules of sul-
fur would emit bubbles of skunky gas. Colonies of ensheathed viscous
organisms would stretch to the horizon. One end stuck to rocks, the
other ends of some bacteria would insinuate themselves inside tiny
cracks and begin to penetrate the rock itself. Long skinny filaments
would leave the pack of their brethren, gliding by slowly, searching
for a better place in the sun. Squiggling bacterial whips shaped like
corkscrews or fusili pasta would dart by. Multicellular filaments and
tacky, textilelike crowds of bacterial cells would wave with the currents,
coating pebbles with brilliant shades of red, pink, yellow, and green.
Showers of spores, blown by breezes, would splash and crash against
the vast frontier of low-lying muds and waters.?

In the microcosmos, genetic information can float around in the form of
bits and pieces of DNA or RNA known variously as replicons, plasmids,
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phages, or viruses. These objects exist right at the borderline between life
and nonlife, for most consist of little more than genetic information look-
ing for a body to do their “living” for them. Bacteria can make use of these
fragments of genetic information at any stage of their life, not just at re-
production. And they do so to supplement the limited range of metabolic
skills available in their small genetic libraries.’® Replicons may never be-
come incorporated into the permanent genetic store of each bacterium, but,
like borrowed software, they can be used by their host before moving on
elsewhere. So bacteria can share genetic information with a flexibility not
available to larger organisms, a feature that may help explain their aston-
ishing variety and adaptability. Despite its tiny genetic library, each bac-
terium has access to a global genetic data bank that is off-limits to larger
organisms such as us (or was off-limits, before the era of genetic engineer-
ing). As Margulis and Sagan put it: “For the macrocosmic size, energy, and
complex bodies we enjoy, we trade genetic flexibility.”!! We will see later
that symbolic language may have returned, at least to our species, some of
the adaptive flexibility that bacteria enjoy through their ability to freely
swap genetic material, by permitting us to swap information instead of genes.

By many measures, bacteria remain the dominant forms of life on earth
today. Eventually, though, some single-celled organisms began to join to-
gether in more tightly organized structures. These constitute the first steps
toward the creation of multicellular organisms such as ourselves. The be-
ginnings of multicellularity occurred during the Proterozoic era.

THE PROTEROZOIC ERA: NEW FORMS OF COMPLEXITY

Early forms of photosynthesis pried hydrogen loose from hydrogen sulfide
to store the energy of sunlight. Eventually, though, some forms of cyano-
bacteria learned to pry hydrogen loose from the much tougher bonds of
water molecules in a more efficient form of photosynthesis, one of whose
by-products was free oxygen. Over millions of years, this new, and more
powerful, metabolic technology began to transform the early atmosphere
by pumping into it huge amounts of free oxygen, a gas that was poison to
most early life-forms.

At first, free oxygen was quickly reabsorbed in chemical reactions, such
as rusting, that bound it to iron. (The presence of huge bands of rust from
the early Proterozoic era is one of the reasons we know about the increase
in free oxygen.) However, from about 2.5 billion years ago on, free oxygen
was being produced too fast to be soaked up in this way, and it began to ap-
pear in the atmosphere. By 2 billion years ago, free oxygen may have ac-
counted for 3 percent of the gases in the atmosphere; in the last billion years,
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the level has risen to about 21 percent.!? If there were much more oxygen
around, we’d self-ignite if we rubbed our hands together too hard!

The appearance of an oxygen-rich atmosphere was one of the greatest of
all revolutions in the history of life on earth. Margulis and Sagan describe
the change as “the oxygen holocaust.”?® Because oxygen is so reactive, its
presence kept the atmosphere in a continuous chemical imbalance, creating
a new level of chemical tension that could drive more powerful forms of
evolutionary change. Here, fueled indirectly by the Sun, was a new source
of free energy that could be used to construct more complex life-forms. As
James Lovelock has written: “[Free oxygen] provides the chemical poten-
tial difference wide enough for birds to fly and for us to run and keep warm
in winter; perhaps also to think. The present level of oxygen tension is to
the contemporary biosphere what the high-voltage electricity supply is to our
twentieth-century way of life. Things can go on without it, but the poten-
tialities are substantially reduced.”**

The life-forms that dominated the earth until less than 2 billion years
ago were simple, single-celled organisms that lived in the sea. Biologists call
such organisms prokaryotes. The DNA of prokaryotes floats freely within
the cell. At reproduction, the cell splits, and each half receives an identical
copy of the DNA of the parent cell. Thus, in prokaryotic organisms the off-
spring are normally clones of the parents. However, as we have seen, they
can exchange genetic information “horizontally” with their neighbors, as
well as “vertically” with their parents and offspring, an ability that allows
for types of evolution not available to more complex organisms.' This partly
explains why prokaryotes were so successful in discovering and exploiting
many of the basic chemical processes on which life depends even today. They
altered the earth’s surface as well as its atmosphere; in the words of Mar-
gulis and Sagan, “The Age of Bacteria transformed the earth from a cratered
moonlike terrain of volcanic glassy rocks into the fertile planet in which we
make our home.”

However, until living organisms had access to the powerful batteries of
an oxygen-rich atmosphere, there was a limit to their complexity and size.
Free oxygen is extremely damaging to simple organic materials, which is
why life could not have appeared in an oxygen-rich atmosphere. But after
2 billion years of evolution, life was robust and flexible enough to survive
the appearance of this new pollutant. Though many species must have per-
ished, those that managed to survive in an oxygen-rich atmosphere would
have flourished, because oxygen can supply much more energy than most
other forms of “food.” In addition, free oxygen, floating high in the atmo-
sphere, eventually created the ozone layer. Though only a few millimeters



14 LIFE ON EARTH

thick and about 30 kilometers above the earth’s surface, this layer of three-
atom oxygen molecules (O%) shielded the earth from much ultraviolet ra-
diation and thus made it easier for life to spread on land as well as in the
sea. In these ways, the appearance of oxygen steered evolution into new
pathways.

These changes may explain the appearance of distinctively new life-forms,
known as eukaryotes, about 1.7 billion years ago.!” Their arrival marks a
clear increase in the genetic complexity of organisms, so it counts as one of
the major transitions in the history of life on earth.’® While most prokary-
otes are tiny, somewhere between 1 and 10 thousandths of a millimeter in
size, eukaryotic cells are normally much larger. Most are between 10 and
100 thousandths of a millimeter across, which means that the largest can
just be seen with the naked eye. They are also more complicated and con-
tain much more (roughly 1,000 times more) DNA than most prokaryotes,
though much of this extra genetic information seems not to be used. Fi-
nally, eukaryotes thrived in an oxygen-rich atmosphere, because they found
ways of exploiting this new energy source. On a paleontological timescale,
their appearance is also quite sudden. Margulis and Sagan cite the analogy
of the astronomer Chet Raymo: “The difference between the new cells and
the old prokaryotes in the fossil record looks as drastic as if the Wright Broth-
ers’ Kitty Hawk flying machine had been followed a week later by the Con-
corde jet”? (see figure 5.1).

Because eukaryotes contain so much more genetic information than
prokaryotes, and have access to more powerful energy sources, they have
more metabolic tricks up their sleeve and can give rise to more complex or-
ganisms. By extracting energy from oxygen, eukaryotes were indirectly ex-
ploiting the efforts of photosynthesizing organisms such as cyanobacteria,
which were constantly pumping fresh oxygen into the atmosphere. Eu-
karyotes have more flexible and adaptable membranes than prokaryotes, and
these allow them to exchange energy, foods, and wastes with their envi-
ronment with more precision. Eukryotes also protect their delicate genetic
machinery in a special internal compartment known as a nucleus. Finally,
their insides are more complex, for they contain internal organs, or or-
ganelles.

Lynn Margulis has shown that eukaryotes probably evolved through the
joining together of different types of prokaryotes and their genetic mate-
rial in a form of symbiosis—the process by which independent organisms
evolve so as to become more dependent on each other. Symbiosis is ex-
tremely common, and it illustrates one of the most complex aspects of evo-
lutionary change: the fact that competition and cooperation are so closely
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Figure 5.1.  Prokaryotic and eukaryotic cells compared. Eukaryotic cells are
larger and more complex than prokaryotic cells. In all cells, ribosomes assemble
proteins, using instructions from the DNA. Flagella, which allow movement, are
present in many (but not all) cells. But eukaryotic cells also contain other struc-
tures (or organelles) that are not present in Prokaryota. Eukaryota keep their
DNA in a special area (the nucleus), where it is protected by a special membrane,
and often organized into special parcels called chromosomes. They also have mito-
chondria, which convert food into chemical energy; and many have chloroplasts,
which convert light into chemical energy in the process known as photosynthesis.
Finally, Eukaryota also have a cytoskeleton, a complex structure made up of pro-
tein rods and tubes, that organizes the different organelles within the cell. From
Armand Delsemme, Our Cosmic Origins: From the Big Bang to the Emergence
of Life and Intelligence (Cambridge: Cambridge University Press, 1998), p. 164.
Reprinted with the permission of Cambridge University Press.

intertwined. In evolution, as in commerce, not all games let the winner take
all. Often, the winning move for a particular organism requires cooperat-
ing with other organisms. Biologists identify several different kinds of sym-
biosis. Parasitism is a relationship in which one species benefits at the ex-
pense of another. Robins laying eggs in the nests of other birds are acting
like parasites. But parasitism is not predation (in which the victim loses
everything). If the relationship is to endure and benefit the parasite, the host
must be kept alive, at least for a time; otherwise, the parasite gains little. In
the relationship known as commensalism, two species live together and one
benefits while the other seems to suffer no harm. Mutualism is a relation-
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ship in which both species seem to benefit from the partnership. Most flow-
ering plants depend on insects or birds for pollination, but to attract their
pollinators they “offer” nectar or food of some kind. Human agriculture in-
volves a form of mutualism between humans and domesticated species of
animals and plants. For example, humans eat maize (the cereal commonly
known in North America as corn), and in some regions they will starve if
the crop fails. But maize benefits from this relationship, because humans
protect their plants, helping them to reproduce and flourish. Indeed, so de-
pendent are modern strains of maize on this relationship that they can no
longer reproduce without the help of humans. This is true symbiosis: a re-
lationship in which one or both partners can no longer survive outside of
the symbiotic relationship. Such relationships are surprisingly common in
the animal world because where both partners gain something, the rela-
tionship may prove more stable than if one partner is gaining very little.
This is why virulent disease bacteria so often evolve in ways that do less
and less harm to their “hosts.” The most familiar examples for humans are
“childhood” diseases such as chicken pox, which have all evolved from more
virulent species that did so much damage to their hosts that they sometimes
killed them off.

In extreme cases, mutualism may lead to the creation of a single orga-
nism from two species that had been independent. In a sense, eukaryotes
are therefore the first “multicelled” organisms. With the appearance of eu-
karyotes, as Margulis and Sagan note, “Life had moved another step, beyond
the networking of free genetic transfer to the synergy of symbiosis. Sepa-
rate organisms blended together, creating new wholes that were greater than
the sum of their parts.”? We know this step was taken, because the inter-
nal organelles of eukaryotes seem to have developed from once-independent
prokaryotic organisms that may originally have acted like parasites. Eu-
karyotic organelles include thousands of tiny ribosomes, in which different
proteins are manufactured according to recipes contained in the DNA. They
also include mitochondria, which specialize in extracting energy from oxy-
gen in chemicals “eaten” by the cell, and lysosomes, which destroy harm-
ful intruders. The whiplike flagella, which are present in most eukaryotes,
allow them to move; thus eukaroytes, unlike prokaryotes, can move to con-
genial environments rather than just surviving wherever they drift. Pre-
sumably, motion revolutionized many evolutionary processes: “As the
steamn engine sped up the cycles of industrial production, including the man-
ufacture of more steam engines, spirochete partnerships may have initiated
a burst of development, increasing the number and diversity of symbiotic
life forms.”?! Eukaryotic photosynthesizers also contain chloroplasts, or
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packets of chlorophyll. Indeed, the earliest eukaryotic organisms were prob-
ably green algae. The fact that some of these organelles, including mitochon-
dria and chloroplasts, still contain their own DNA (mitochondria contain
about a dozen genes) is one of the reasons for thinking that eukaryotes
evolved through the symbiotic union of once-distinct organisms.
Eukaryotes reproduce in more complex ways than do prokaryotes. While
most prokaryotes produce identical copies of themselves, eukaryotes nor-
mally reproduce only after merging the genetic material between two dif-
ferent parent individuals. The DNA from two adults merges randomly to
produce new strands of DNA, which contain a mix of the genes of both par-
ents. As a result, individuals vary more among eukaryotes than among
prokaryotes. They are no longer clones of their parents. This innovation,
the first step toward sexual reproduction, had a profound impact on the pace
of evolutionary change, for it gave natural selection a greater variety of bod-
ies to choose from in each generation. The evolutionary acceleration trig-
gered by the emergence of eukaryotic organisms and of sexual reproduc-
tion explains why, in the last billion years, life has flourished in entirely new
ways, creating the profusion of large life-forms that inhabit the modern
earth. Sexual reproduction counts, along with the appearance of eukaryotic
organisms, as one of the major turning points in the history of life on earth.?

THE CAMBRIAN EXPLOSION: FROM THE MICROCOSM TO THE MACROCOSM

The evolution of eukaryotic cells was part of a suite of evolutionary changes
that were as significant as any since the first emergence of life on earth.

Sexual reproduction accelerated evolutionary change. Increasing amounts
of free oxygen and the evolution of breathing (i.e., the ability to extract en-
ergy from oxygen) made more energy available for more exotic and pow-
erful forms of metabolism. And, perhaps most important of all, eukaryotic
organisms began to combine into teams that eventually formed the first mul-
ticellular organisms. Taken together, these changes help explain the “Cam-
brian explosion”—the relatively sudden proliferation of larger, more com-
plex, and more energetic life-forms that began almost 600 million years ago.

The first multicellular organisms (as opposed to mere colonies of orga-
nisms, such as stromatolites) may have evolved as early as 2 billion years
ago.?’ But they became common only in the last billion years. Before such
organisms could flourish, there were some serious problems to overcome.
Most important of all, large numbers of cells had to be able to communi-
cate and cooperate with each other in new ways.

This was not easy. To understand how it happened, it is important to dis-
tinguish between different types of biological cooperation. The first is sym-
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biosis, which we have already encountered. A second type of cooperation
arises from the formation of societies or colonies made up of many indi-
viduals of the same species. Sometimes these animal societies are held to-
gether quite loosely. We know that early organisms, including cyanobacte-
ria, gathered in huge colonies, for stromatolites are formed from such
colonies. However, though they gave protection to individuals, these colonies
are not yet examples of symbiosis, as the individual organisms can still sur-
vive on their own when necessary. Some modern sponges appear to be sin-
gle organisms, but in fact they can be passed through a sieve. They will break
into a pulp, then reconstitute themselves as the individual cells regather.
Equally extraordinary is a type of amoeba that feeds on bacteria. Joél de Ros-
nay explains:

If you deprive it of food and water, it emits a distress hormone. Other

amoebas rush to the rescue and gather into a colony about a thousand

strong—a thousand “individuals,” as it were, moving like a slug in

search of nourishment. If they don’t find it, they stop moving, put up

a spore-producing stalk, and remain there indefinitely, just like that, as

long as it’s dry. But if you add water, the spores germinate and give rise

to independent myxamoebas, which head off in different directions.?!

Such entities consist, essentially, of millions of separate individuals huddling
together in a sort of crowd, capable if necessary of working together in a
team.

In so-called social animals, such as ants or termites, the dependence be-
tween individuals is greater. In ant or termite colonies, many individuals
are sterile. Cooperation of this kind poses a serious problem to evolution-
ary theory, for what evolutionary advantage could there be for an orga-
nism that has no offspring? Why would genes evolve that seem to commit
suicide in this way? The solution seems to be that natural selection works
in such communities as long as the cooperating organisms are closely re-
lated. Genes that encourage an individual organism to enhance the repro-
ductive chances of close relatives can indirectly enhance their own survival
chances. For example, a sterile worker ant may share 50 percent of its ge-
netic material with other ants in the colony that can reproduce. By helping
them to reproduce, it is encouraging the survival of many of its own genes.
Indeed, it can be shown mathematically that in certain situations the sur-
vival of particular genes may be maximized not just by having lots of off-
spring but also by helping relatives to have lots of offspring. But those rel-
atives must be close. {The geneticist J. B. S. Haldane once commented that
he would lay down his life for two brothers or eight cousins; he was refer-
ring to the fact that he shared half his genetic material with his brothers,
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but only one-eighth with his cousins.)® Only through arguments of this
kind is it possible to show how Darwinian mechanisms of natural selection
can give rise to individuals that cooperate with other members of their
species, even if doing so reduces their immediate reproductive chances.

Multicellular organisms are an extreme example of this type of cooper-
ation. Organisms such as ourselves consist of hundreds of billions of indi-
vidual cells, yet only a tiny number, the so-called germ cells, have any chance
of reproducing. Why do the bone, blood, and liver cells put up with this?
The answer seems to be that all the cells contain the same genetic material.
They are clones, so they have identical DNA molecules. By cooperating, they
maximize the survival chances of their shared genetic blueprint. In genetic
terms, they have a common “interest” in ensuring the survival and repro-
duction of the entire organism, and therefore of the tiny number of germ
cells. In such organisms, billions of individual cells cooperate so closely that
we no longer think of them as separate organisms, but consider them to be
parts of a single, complex, multicellular organism.

So, before multicellular organisms could evolve, there had to exist a mech-
anism that allowed a single germ cell (a fertile egg) to multiply into many
different kinds of genetically identical cells in the adult form. What hap-
pens is that each cell inherits the same genetic material; but as the organism
develops, external factors switch on different genes in different cells, lead-
ing different cells to develop differently. Once set, these genetic switches
can then be passed on to further cells, so that a single brain cell may mul-
tiply by cloning many identical daughter cells.?® In the same way, muscle
cells produce more muscle cells, bone cells produce more bone cells, and so
on. This secondary form of heredity, by which only some of the total genome
contained in the DNA is expressed in each cell, is characteristic of the way
cells develop in all multicellular organisms.

The first extensive fossil evidence of multicellular organisms dates from
the Ediacaran era, ca. 590 million years ago. But the fossil record of multi-
cellular organisms really becomes abundant during the Cambrian era, from
ca. 570 million years ago. Quite suddenly, in geological terms, there appeared
organisms with protective shells, made from secretions of calcium carbon-
ate. Their shells have survived exceptionally well as fossils. The worldwide
appearance of shells marks the beginning of the Cambrian era, but it is hard
to tell whether this signals a real flourishing of multicellular organisms or
merely the appearance of organisms more likely to be preserved as fossils.

The largest multicellular organisms, such as trees or humans, may con-
tain as many as 100 billion cells—as many cells as there are stars in the
Milky Way. Humans have as many as 250 or more distinct types of cells,
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which are created and controlled by the activity of about 30,000 genes. At
the other extreme are simpler multicellular organisms, such as fruit flies,
which have only about sixty different types of cell. The hydra, an inverte-
brate that consists of little more than a translucent tube about 30 millime-
ters long, has only sixty different types of cell.?” Clearly, the evolution of
multicellularity implied a significant increase in the complexity of living or-
ganisms. {As always, we must be careful not to assume that “more com-
plex” means “better.”)

Few multicellular species survive in the fossil record for more than a few
million years. As a result, the multicellular species that exist today are a
tiny proportion of the many different species that have evolved in the past
600 million years. However, some of the larger types of species that have
evolved since the Cambrian explosion have proved remarkably durable. Tt
is as if there emerged standard general patterns, on which evolution kept
weaving minor variations.

To understand the history of these different types of multicellular orga-
nisms, we need a system of classification, a taxonomy. Biologists classify
species into many different groups and subgroups. The smallest unit of clas-
sification is a species. A single species consists of individual organisms that
are so similar biologically that they can, in principle, interbreed with each
other, but not with members of other species. Modern humans constitute a
single species. According to one well-known definition, a species consists of
“groups of actually or potentially interbreeding natural populations, which
are reproductively isolated from other such groups.”?® Similar species are
grouped together in genera, related genera are grouped into families and
superfamilies, and these, in turn, are classified within orders, classes, phyla,
and, finally, kingdoms and even superkingdoms.

Currently, biologists differ about the best ways of classifying organisms
at the highest levels. Linnaeus, the pioneer of modern systems of classi-
fication, grouped all organisms into two large systems: plants and animals.
However, as they made more use of microscopes, biologists became aware
of a vast array of single-celled organisms that did not fit into these two
categories. In the middle of the nineteenth century, the German biologist
Ernst Haeckel suggested that all single-celled organisms be classified with-
in a separate kingdom of Protista. Then, in the 1930s, biologists realized
that there was a fundamental difference between cells with nuclei and those
without. As a result, they began to divide all organisms into two distinct
kingdoms, the Prokaryota {organisms whose cells had no nuclei) and the
Eukaroyta (organisms whose cells had nuclei). In some systems, the Eu-
karyota also include all multicellular organisms. In the second half of the
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twentieth century, powerful arguments emerged for the creation of sepa-
rate kingdoms for fungi and for viruses (which are so simplified that they
cannot even reproduce without hijacking the metabolic systems of other
organisms). In the 1990s, Carl Woese proposed a new large classification
to distinguish between the archaea and other forms of bacteria. Like all
prokaryotes, archaea do not have nuclei; but unlike other prokaryotes they
take in energy neither from sunlight nor from oxygen but from other
chemicals.

Table 5.1 describes one contemporary system of classification at the high-
est levels. This recognizes two superkingdoms, the Prokaryota and Eukary-
ota. Within these, it recognizes five kingdoms: Monera (the only kingdom
within the Prokaryota), Protista (single-celled eukaryotic organisms), and
Plantae, Fungi, and Animalia (all multicelled Eukaryota). Using this sys-
tem, we can say, for example, that modern humans belong to the super-
kingdom of Eukaryota; to the kingdom of animals (Animalia); to the phy-
lum Chordata, or backboned animals; to the class of mammals, or Mammalia;
to the order of primates; to the superfamily Hominoidea (which includes
humans and apes); to the family Hominidae (which incudes humans, go-
rillas, and chimpanzees); to the subfamily Homininae (which includes hu-
mans and their ancestors of the last 4 or 5 million years); to the genus Homo;
and to the species sapiens.?

Multicellular organisms divided quite quickly into three great kingdoms:
plants (organisms that derive their energy from photosynthesis), animals
(organisms that consume other organisms), and fungi (organisms that di-
gest other organisms externally before absorbing nutrients from them). In
the Ediacaran era, from ca. 590 to 570 million years ago, an astonishing range
of multicellular organisms appear, some quite similar to organisms such as
sponges, sea worms, corals, and mollusks that still exist today. But some
species were quite different from anything that exists today. This is also true
of many Cambrian organisms such as those excavated in the “Burgess shale”
in British Columbia, which date from ca. 520 million years ago. This was
clearly a period of genetic experimentation. From it there emerged, through
adaptation or perhaps (as Stephen Jay Gould has argued) more through the
sheer exuberance of evolutionary change, a number of basic patterns for the
organization of multicellular plants and animals.?® Many of these patterns
have survived to the present day.

The discovery of fossil spores from the Ordovician era ( 510—440 million
years ago) suggests that plants were the first multicelled organisms to leave
the sea and colonize the dry land. For multicelled organisms, colonizing the
land was like settling another planet. Above all, the process required spe-
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Superkingdom

Kingdom

Members

Prokaryota (single-cell
organisms without
nuclei)

Eukaryota (organisms
whose cells have nuclei
and organelles)

Monera

Protista (mostly

single-celled)

Plantae (multicell,

contain chlorophyll
and photosynthesize,
normally cannot
move)

Fungi (multicell, no

chlorophyll, obtain
energy by decom-
posing organic
remains, normally
cannot move)

Animalia (multicell,

no chlorophyll,
obtain energy from
other organisms,
often mobile)

bacteria, blue-green algae,
and archaebacteria
(sometimes put in a
separate kingdom)

protophyta, protozoa,
and slime fungi

algae, bryophytes (mosses,
liverworts, and horn-
worts), ferns, psilo-
phytes, lycopodiophytes,
conifers, gnetophytes,
ginkgophytes, cycads,
and flowering plants

yeasts, toadstools, and
mushrooms

protozoans, sponges,
corals, flatworms,
tapeworms, arthropods,
mollusks, lampshells,
annelids, bryozoans,
echinoderms, hemichor-
dates, and chordates,
including the vertebrates

cial protective equipment to prevent the organism from drying out and col-
lapsing. The wet insides had to be protected by an insulating layer of some
kind; indeed, all land animals still carry small surrogate seas within them-
selves, and it is there that their young are fertilized and begin to grow. Once
on land, and without the buoyancy of water, bodies also needed more in-
ternal rigidity, a problem most often solved by using calcium compounds
secreted from their cells to make skeletons. Special ways of feeding, breath-
ing, and reproducing had to be developed as well. The land was, as Margulis
and Sagan succinctly describe it, a hellish environment “of torturous sun,
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biting wind, and decreased buoyancy.”* The earliest dry land colonizers were
similar to modern liverworts or ferns. The first seed-bearing trees appeared
during the Devonian period (410—360 million years ago). These formed huge
forests from which most modern reserves of coal are derived. (Coal, like oil
and natural gas, the other major “fossil fuels,” is literally formed from the
fossilized remains of once-living organisms.)

Animals have taken multicellularity further than have plants. Their cells
are more specialized, and communicate with each other more efficiently. An-
imals have also made a specialty of mobility and complex behavior. But this
is not necessarily a cause for pride; rather, it is a sign of the all-pervasive-
ness of symbiotic relations in evolution, for plants don’t just feed animals
but also exploit the mobility of animals to spread their own seeds. They don't
need brains or legs—they use ours!?? The first animals to move on land were
probably arthropods, a bit like giant insects. We know of their presence from
the Silurian period (440—410 million years ago). They included creatures
similar to modern scorpions but as large as human beings. Arthropods, such
as modern lobsters, carry their skeletons on the outside. In contrast, verte-
brates, the group of animals that includes modern human beings, all have
internal skeletons. The earliest vertebrates evolved in the sea, during the
Ordovician period, between 510 and 440 million years ago, from wormlike
ancestors. They included early forms of fish and sharks. All vertebrates had
a backbone, limbs, and a nervous system whose parts were concentrated at
one end, the head. This thicket of nerves at the end of the backbone was the
first brain. Eventually it was to become the seat of consciousness, for at some
point in the evolution of vertebrate brains (we do not know when), there
appeared the capacity not just to react to stimuli but also to feel them, to be
in some sense aware of them.

With the appearance of the earliest nervous systems, we can perhaps claim
that simple forms of “consciousness” had evolved, if we accept Nicholas
Humphrey’s argument that consciousness is the capacity to feel sensations,
even where there is no systematic thought or self-awareness. “To be con-
scious is essentially to have sensations: that is, to have affect-laden mental
representations of something happening here and now to me.” But con-
sciousness clearly has degrees or grades, and these depend on how the brain
represents and experiences the external world. Terrence Deacon has sug-
gested that the experiences Humphrey refers to here should really be de-
scribed as sentience, while the word consciousness should be applied to the
way in which organisms “represent aspects of the world to themselves.”3*
He argues that all creatures with nervous systems can construct internal
representations of the external world that allow them to react in more com-
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plex ways to external changes. Thus, a bear will come to feel that there are
similarities between all animals that look like bears. It may also learn to feel
a close correlation between the onset of winter and a desire to hibernate.
These felt representations of the external world may exist in all animals with
nervous systems, though their diversity, the number of links between
them, and the power of the sensations associated with them may increase
in larger-brained species. But Deacon further argues that only humans can
think in symbols—that is, in purely arbitrary signs that link together many
different types of representation and can create a quite distinct internal world
of their own.® So, it seems likely that the inner world of humans shares
much with that of the earliest organisms with brains, even if the glare of
our symbolic thinking normally casts a mental shadow over these more di-
rect and universal forms of sensation. The sensations that lurk in the back-
ground of our consciousness are probably shared with all organisms that
are “aware” in this minimalist sense.

Though the earliest forms of consciousness evolved in the sea, con-
sciousness was to flourish most spectacularly on land. Vertebrates (animals
with backbones) first colonized the land in the late Devonian period, though
the earliest steps on land may have taken place in the Silurian. Modern land
vertebrates are still quite similar in their basic layout. All have four limbs,
each with five digits even when, as in snakes, the limbs and digits have almost
shriveled away. Such similarities suggest that all of them—amphibians, rep-
tiles, birds, and mammals—are descended from the earliest colonizers of the
land. The first amphibians evolved from fish that could breathe oxygen and
whose fins could be used to move on land, like modern lungfish. However,
amphibians have to lay their eggs in water, which normally confines them
to seashores, rivers, or ponds. Reptiles evolved eggs with hard shells, just as
trees evolved seeds with tough skins, so both types of organism can repro-
duce on dry land. The earliest reptiles appeared about 320 million years ago,
during the Carboniferous era (360—290 million years ago). But evidence is
growing that they began to flourish after the “great dying,” the massive
extinctions of ca. 250 million years ago (at the end of the Permian period),
which were perhaps caused, like the later Cretaceous extinctions, by a huge
asteroid impact.*® To modern humans, the most spectacular of the ancient
reptiles were the dinosaurs. These first appeared during the Triassic period
(250—210 million years ago) and flourished until the end of the Cretaceous
period, ca. 65 million years ago.*”

Modern evidence suggests that the many different species of dinosaurs
died out quite suddenly after an asteroid collided with the earth, creating
a huge dust cloud.?® The Cretaceous impact may have created the 200-
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kilometer-wide Chixculub crater in the north of Mexico’s Yucatan Penin-
sula. For many months, temperatures on the earth’s surface would have
dropped as the Sun’s light was obscured. But then, as layers of dust insu-
lated the earth, creating a sort of greenhouse effect, temperatures would have
risen once more. These wild temperature fluctuations were enough to wipe
out many species of warm-adapted creatures. Modern birds, with their in-
sulating layer of feathers, may be descendants of the few species of dinosaurs
that survived the catastrophe of the late Cretaceous period.

MAMMALS AND PRIMATES

Unlike reptiles, mammals are warm-blooded and furry. Their young are
nourished before birth inside the bodies of females and after birth from
modified sweat glands that produce milk {see timeline 5.2).

Mammals first appeared during the Triassic, at about the same time as
the earliest dinosaurs. However, they remained limited in variety, number,
and size during the era of the dinosaurs. Typically, mammals were small
night creatures—similar in size, perhaps, to modern shrews. Their small bod-
ies, and the fact that many lived in underground burrows, may have helped
them survive the catastrophe that wiped out so many types of dinosaurs.
After the disappearance of most dinosaurs, mammals flourished in a spec-
tacular radiation of new species. They soon filled the many ecological niches
vacated by dinosaurs. Mammal browsers appeared, alongside mammal car-
nivores, mammal insect eaters, and mammal tree dwellers. The asteroid im-
pact of the late Cretaceous period counts, therefore, as a crucial event in the
prehistory of our own species. If the asteroid had been on a slightly differ-
ent trajectory, say a few minutes faster or slower, mammals would have re-
mained limited in numbers and variety, and our own species could not pos-
sibly have evolved.

The crisis of the late Cretaceous is a reminder of the capriciousness and
open-endedness of evolutionary change. Evolution has no preplanned di-
rection. There was no inner necessity about the way in which life evolved
on Earth. It may have been likely that photosynthesizing organisms would
develop, or that, eventually, multicellular organisms would evolve.* In this
limited sense, it was likely that larger and more complex organisms would
at some point appear. But there was no necessity about evolution taking the
particular pathways it took on Earth.

Humans belong to the group of mammals known as primates. Today,
the primates include about 200 species of monkeys, lemurs, and apes. Most
have been tree dwellers. This particular niche encouraged the evolution of
limbs with opposable thumbs (that could grasp); of eyes that could see
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stereoscopically, in order to judge distances accurately; and of brains that
could control the complex movements of limbs and process the complex in-
formation from eyes. The earliest primates appeared soon after the extinc-
tion of the dinosaurs, and the group rapidly diversified, unconscious
beneficiaries of the fluky crash landing at Chixculub.

Humans belong to the superfamily of primates known as the Hominoidea
(hominoids). This includes human beings and the apes (chimpanzees, go-
rillas, gibbons, and orangutans) among living creatures, as well as many ex-
tinct species. The fossil record suggests that the earliest hominoids appeared
roughly 25 million years ago in Africa. That our evolutionary ancestors had
lived in Africa is an idea that even Darwin held, though he had far less ev-
idence than we have today. His reasoning was simple: in the modern world,
the animals most like ourselves all live in Africa. Chimpanzees and goril-
las, he argued, are more similar to modern humans than are Asian orang-
utans. For his contemporaries, though, discriminating between chimps and
orangutans was missing the point; it was the thought that we might be re-
lated to apes of any kind that was shocking and insulting. But the idea was
not as novel as it may have seemed, and many communities have thought
of primates as closely related to humans. A Portuguese missionary, Father
Alvares, who worked in Sierra Leone early in the seventeenth century, re-
ported that “there are heathen that claim to be descendants of this animal
[the dari, or, in modern language, the chimpanzee], and when they see it
they have great compassion: they never harm it or strike it, because they
consider it the soul of their forefathers, and they think themselves of high
parentage. They say they are of the animal’s family, and all that believe they
are descended from it call themselves Amienu.”*0

According to the classification adopted here, the Hominoidea are divided
into three main groups: the Hominidae, the Pongidae (orangutans), and the
Hylobatidae (gibbons). The Hominidae, in turn, include two main groups:
the Gorillinae (gorillas and chimpanzees) and the Homininae. The Homi-
ninae are the only primates who have customarily walked on two legs. Mol -
ecular dating techniques suggest that the hominine line diverged from the
Gorillinae between 5 and 7 million years ago. Modern humans are the only
living members of the hominines, but the group also includes many extinct
species, among which are our immediate ancestors (see chapter 6).

EVOLUTION AND THE EARTH'S HISTORY: "GAIA”

L have told the history of life on earth and of the earth itself as if these were
different stories. In fact, they are closely linked. The evolution of new life-
forms transformed the earth’s atmosphere by pumping huge amounts of
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free oxygen into it. The dead bodies of millions of plants and animals cre-
ated the carboniferous rocks and the huge deposits of fossil fuels that power
modern industries, and in these ways they transformed the earth’s geology.
Meanwhile, archaebacteria excavated and mined the regions beneath the
seabed.

It is possible that the impact of life on our planet has been even more
far-reaching. James Lovelock has argued that forms of cooperation between
living organisms are much more extensive than we normally recognize. In-
deed, he has argued that in some sense living organisms constitute a single,
earthwide system; he calls it “Gaia,” after the Greek goddess of the earth.
Gaia acts as a huge self-regulating superorganism, which automatically
maintains an environment suitable for life at the earth’s surface.

The Gaia hypothesis, when we introduced it in the 1970s, supposed
that the atmosphere, the oceans, the climate, and the crust of the Earth
are regulated at a state comfortable for life because of the behavior

of living organisms. Specifically, the Gaia hypothesis said that the
temperature, oxidation state, acidity, and certain aspects of the rocks
and waters are at any time kept constant, and that this homeostasis

is maintained by active feedback processes operated automatically

and unconsciously by the biota.#!

As oneillustration of these mechanisms, Lovelock points out that though
the heat emitted by the Sun has almost certainly increased by perhaps 40
percent during the last 4.6 billion years, the temperatures at the earth’s sur-
face appear to have been maintained at roughly 15°C, or within the range
suitable for life to evolve and flourish. What mechanisms could maintain
such a stable global thermostat? Algal blooms may provide an example of
these feedback processes, linking the living and nonliving environments.
Many algae generate a gas called dimethyl sulfide (DMS). When it reacts
with oxygen high in the atmosphere, DMS creates minute particles around
which water vapor condenses. In effect, by producing large amounts of DMS,
algae create clouds. Massive cloud cover reduces the amount of sunlight that
reaches the surface, cooling the earth’s surface and thus reducing the num-
bers of algae near the surface. As a result, the amount of DMS generated
declines, cloud cover begins to decline, and the amount of sunlight reach-
ing the surface increases. So algae create a sort of worldwide thermostat,
which maintains the earth’s surface within a limited range of temperatures
by constantly adjusting the amount of cloud cover. Lovelock’s theory holds
that the biosphere (the totality of life on Earth) is held in a state of rough
equilibrium by many interlocking negative feedback loops of this kind.#2

One reason why Lovelock’s theory has been greeted with skepticism is
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that it is hard to explain why particular species should have evolved in ways
that benefit the biosphere as a whole. The theory of natural selection en-
courages us to think of competition rather than cooperation as the domi-
nant force in evolution, because there are many individuals and few niches.
So the existence of cooperation between species always requires special ex-
planation. Within multicellular organisms, genetic similarity seems to ex-
plain cooperation. And we have already seen that there are many forms of
symbiosis in which both species benefit. But the idea of cooperation on a
global scale is harder to justify. Why should algae have evolved the capac-
ity to emit DMS unless it is “adaptive” for the species that have evolved
this ability, unless it helps them reproduce their own genes? Lovelock has
always insisted that there must be a Darwinian logic behind such processes,
but explaining that logic is not easy. In specific instances, we can sometimes
see how the benefits to a particular species coincide with those to the bio-
sphere as a whole. It has been suggested, for example, that some algae may
have the ability to ride high in rising air currents before descending again
in rain. Because it disperses their offspring widely, this process offers a clear
evolutionary advantage to the species as a whole. The release of DMS may
help in the process in several ways. When reacting with oxygen, DMS can
generate heat that may help create updrafts to carry bacteria aloft. Once high
in the clouds, the water vapor and ice crystals that form around the by-
products of this reaction can protect the algae from drying out in the upper
atmosphere. The same ice crystals may also help carry them back to earth.
Such arguments, like the “hidden hand” of Adam Smith’s economic theory,
may help explain how competition between individuals and species led to
outcomes that were, on balance, beneficial to most life-forms. The seeding
of clouds may be just one of myriad ways in which life itself, particularly
bacterial life, helps keep the biosphere in a state suitable for the survival of
life in general

There is a further possibility, which is that cooperation is far more nat-
ural in the bacterial realm than in the realm of large organisms because bac-
teria exchange genetic information more freely than do large organisms. As
we have seen, bacteria can exchange replicons almost as easily as modern
humans exchange coins. This means that in the bacterial world, at least, nat-
ural selection shapes entire teams of bacteria that work together. As Mar-
gulis and Sagan put it:

Its minimal number of genes leaving it deficient in metabolic abilities,
a bacterium is necessarily a team player. A bacterium never functions
as a single individual in nature. Instead, in any given ecological niche,
teamns of several kinds of bacteria live together, responding to and
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reforming the environment, aiding each other with complementary
enzymes. ... Intricately meshed in this way, bacteria occupy and
drastically alter their environments. In huge and changing numbers,
they perform tasks of which individually they are incapable.#

If this argument is correct, it may be that bacterial cooperation extends even
to the planetary scale—in which case it would be much easier to explain the
forms of cooperation that Lovelock has detected within “Gaia.” It would cer-
tainly make sense of the fact that bacteria seem to play the crucial roles in
maintaining the viability of the biosphere.

Whether the Gaia hypothesis is literally true or not, it is a powerful and
inspiring idea. “Si non é vero, & ben trovato” (if itisn’t true, it was well in-
vented). Besides, it is abundantly clear that living organisms really have
transformed the earth’s surface. But the reverse is also true. Geological
changes have shaped evolution. In eras in which most of the continents were
joined together, there was less biodiversity than in eras in which the conti-
nents were scattered more widely over the face of the planet, because there
was less ecological variety. Today, the continents are widely scattered, so life
has been exceptionally diverse in the earth’s recent history (until the ac-
tions of our own species began to reduce that diversity in the past few cen-
turies). By altering the number and variety of available niches, the re-
arrangement of the continents by plate tectonics may explain why in the
past 500 million years there have been at least five periods of sharply de-
clining biodiversity—periods in which perhaps 75 percent or more of all
species may have vanished. Of these, the most catastrophic occurred in the
late Permian period, ca. 250 million years ago, as the supercontinent of Pan-
gaea formed. In this period, it appears that more than g5 percent of all ma-
rine species may have become extinct.# The evolution of primates occurred
during a period of accelerated evolutionary change caused both by the me-
teoritic impact of the late Cretaceous and by the existence of an exceptional
number of distinct ecological niches in a geologically complex world.

The precise configuration of continents and seas at any time can also pro-
foundly affect climatic patterns. Indeed, our own species evolved in a period
of unusually rapid climatic and ecological change. Climates became cooler
during the Miocene epoch, from 23 to 5.2 million years ago. Reduced evap-
oration from the oceans meant that climates generally also became drier, so
that forests shrank while steppe and desert regions spread. These changes
were partly due to rearrangement of the earth’s continental masses, as the
Atlantic sea widened, and as Africa and India both drifted north to collide,
respectively, with the western and eastern parts of the Eurasian landmass.
When warm, equatorial water can circulate freely to the poles, it keeps the
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earth’s climates warm. In the current era, the presence of Antarctica over
the South Pole prevents warm water from warming the South Pole, while
the circle of continents around the North Pole limits the movement of equa-
torial waters northward. This conjunction, which blocks off the circulation
of warm water at both poles, may be unique in the planet’s history. The trend
toward cooler, drier climates has accelerated during the Pliocene epoch, from
5.2 to 1.6 million years ago, and into the Pleistocene, the epoch in which
our hominine ancestors evolved. About 6 million years ago the Mediter-
ranean became a semienclosed inland sea locking up some 6 percent of the
salt of the world’s oceans. With lower concentrations of salt, the remaining
oceans froze more easily and the ice cap of the Antarctic began to expand
rapidly, causing a sharp fall in world temperatures. About 3.5 to 2.5 million
years ago, ice sheets began to form in the northern hemisphere and in
Antarctica, and by 900,000 years ago there were already large sheets in the
far north. The world had entered the “ice ages” (see figure 5.2).%

Specialists in climatic history can now measure the most recent changes
in global climates with great precision. Oxygen has three isotopes (i.e., atoms
with different numbers of neutrons in their nuclei). Because ice sheets and
water absorb them in different amounts, the ratio of these isotopes re-
maining in the oceans varies depending on the amount of water locked up
in ice. By finding fossil organisms that have taken in oxygen, and measur-
ing the ratios of these isotopes in their remains, scientists can estimate the
size and extent of the world’s ice sheets when these organisms were alive.
Such calculations show that within the longer, cooling trend, there have also
been shorter cycles of warmer and colder periods. These are partly caused
by changes in the earth’s tilt and orbit. It is now clear that the frequency of
these shorter cycles has changed in the last 5 million years. A complete cy-
cle, from a warm interglacial period to a longer glacial period and back again,
lasted about 40,000 years up to ca. 2.8 million years ago. From then until
ca. 1 million years ago, they lasted about 70,000 years, and in the last mil-
lion years the dominant cycles have lasted about 100,000 years.*” The cur-
rent pattern seems to consist of brief interglacials, or warm periods, lasting
about 10,000 years, and much longer cool periods, with short periods of ex-
treme cold preceding quite rapid transitions to a new interglacial. The most
recent ice age began about 100,000 years ago, and lasted until about 10,000
years ago. So, for the last 10,000 years, the earth has been in a warm, inter-
glacial phase of these cycles.

The significance of both the long-term cooling of the earth’s climates and
of these shorter-term cycles for the study of hominine evolution is that they
created unstable ecological conditions. All land organisms had to adapt to
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periodic changes in climate and vegetation, and that necessity undoubtedly
accelerated the pace of evolutionary change. Modern humans are one prod-
uct of this period of accelerated change.

INDIVIDUAL SPECIES AND THEIR HISTORIES

Today, there may be between 10 and 100 million different species on the
earth. Each consists of many individual organisms that can, in principle, in-
terbreed. Species may be divided into many regional populations, which are
separated geographically. A population consists of those members of a species
who actually encounter each other and may breed, while the species con-
sists of all individuals who are biologically similar enough to interbreed,
even if, in practice, most will never meet.

The rest of this book will focus on the history of just one of these many
species, our own. But first it may be worth describing some of the more gen-
eral features of species histories. Ever since Darwin, it has been clear that
species are not eternal. They evolve from other species; they exist, some-
times for many millions of years; then they either become extinct or evolve
into one or more other species. In this sense, each species has its own his-
tory, even though most of these histories will never be recorded. During its
lifetime, each species may undergo minor changes of many different kinds.
Regional variations may appear, but biologists will continue to classify the
individuals as members of a single species as long as they can continue to
interbreed and produce fertile offspring. For example, all modern breeds of
dogs can interbreed, despite their great variety of shapes, sizes, and tem-
peraments (which is the product of artificial selection). This is why domes-
tic dogs are regarded as members of a single biological species.

We can describe a species” history largely in terms of its population his-
tory. If a new species succeeds in establishing itself, then it has found a niche
within the community of other species, a way of extracting enough resources
from the environment so that individual members of the species can suc-
cessfully survive and reproduce. Migration into new regions, or minor in-
novations in lifeways or genetic endowment, may enable a species to widen
that niche, or even to exploit new niches or new regions. When this hap-
pens, the population of a species may grow. And its growth often follows
a characteristic pattern that we can summarize in a formula: migration,
innovation, growth, overexploitation, decline, and stabilization (MIGODS).#
The initial innovation leads to rapid population growth. Eventually, too
many individuals are produced, until at least one critical resource (such as
food, water, or space) becomes so scarce that further growth is impossible.*
This is the stage of overexploitation. It is followed by sometimes catastrophic
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Figure 5.3.  Basic rhythm of population growth. A schematic representation
of typical patterns of population growth. Eventually, this pattern ends for most
species in a period of decline leading to extinction.

population decline, though the decline may be less drastic if population
growth slowed as the species reached the maximum sustainable level. Fi-
nally, populations may rise again as the species adapts in subtler ways to
the opportunities and limits of its environment and reaches the stage of sta-
bilization. In its existence, a particular species may pass through this cycle
many times. But eventually there will come a time when a phase of decline
is not followed by a phase of stabilization—perhaps because the environ-
ment changes, or because other species transform the environment in ways
that prove fatal. The species will become extinct, though it may leave de-
scendants that are different enough to be classified as members of a new
species.

This rhythm is described graphically in figure 5.3, which charts the pop-
ulation growth of an imaginary species. It provides a way of describing the
characteristic rhythms of a species” history, and of its relationship with other
species and with the biosphere as a whole. It also provides some ideas that
may help us identify some of the more important similarities and differ-
ences between our own history and the histories of other species.

SUMMARY

Duringalmost 4 billion years, evolutionary processes have generated all the
biological diversity apparent on the modern earth. Indeed, the species alive
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today are only a tiny sample of the total number of species that have evolved
during the earth’s history.

For more than 3 billion years, life consisted only of single-celled orga-
nisms. However, even in the world of bacteria there was change. Cells ac-
quired the ability to secure energy from sunlight and eventually from oxy-
gen. Eukaryotic cells acquired internal organelles. And from ca. 600 million
years ago, some cells joined together to form multicellular organisms, the
first nonmicroscopic organisms on earth. Since the Cambrian explosion,
trees, flowers, fish, amphibians, reptiles, and primates have all evolved. Many
other evolutionary experiments may also have flourished and vanished with-
out leaving any traces.

As life evolved so did the earth itself, and the two processes were inter-
related at many points. Living organisms created carboniferous rocks and
an oxygen-rich atmosphere. At the same time, the processes of plate tec-
tonics slowly shaped and reshaped the earth’s surface and its climatic pat-
terns in ways that accelerated or slowed the rate of evolutionary change,
while violent events such as meteoritic impacts and volcanic eruptions oc-
casionally diverted the course of evolution in particular regions. The bio-
sphere and the earth have evolved together as part of a complex, interlinked
system.

Within this constantly changing system, the basic ecological units are
particular species. Each has its own history, which is governed by relations
with other species. The history of each species is shaped mainly by that
species’ particular niche, the way it extracts resources (including food) from
its surroundings. Over time, the niche of a species may alter in more or less
subtle ways, and these alterations may affect the population of the species.
The history of each species is shaped largely by these fluctuations in num-
bers, which are related in turn to changes in the environment and to the
way each species exploits its environment. The characteristic ways in which
populations change suggest a way of approaching the history of living species
in general and our own species in particular.

FURTHER READING

Despite its title, John Maynard Smith and Eérs Szathmary’s The Origins of
Life (1999) is a history of life on Earth, constructed around the central idea
of the evolution of complexity. Hubert Reeves et al., Origins: Cosmos, Earth,
and Mankind (1998), follows similar themes. In Life’s Grandeur (1996 [U.S.
title, Full House)), Stephen Jay Gould has criticized the idea that life has, in
any fundamental sense, become more complex over time, while in Wonderful
Life (1989) he stresses the serendipitous nature of evolution. Malcolm Wal-
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ter’s The Search for Life on Mars (1999) is extremely helpful on the earli-
est fossil evidence of life on Earth. There are short surveys of the history
of life in Armand Delsemme, Our Cosmic Origins (1998), and longer ac-
counts can be found in Richard Fortey, Life: An Unauthorised Biography
(1998), and Steven Stanley, Earth and Life through Time (1986). Lynn Mar-
gulis and Dorion Sagan powerfully remind us of the importance of bacte-
rial life on earth in Microcosmos {(1987) and What Is Life? (1995); and the
writings of James Lovelock argue for the crucial role of bacteria in regulat-
ing the environment for “Gaia.” Paul Ehrlich’s The Machinery of Nature
(1986) is a good introduction to ecological issues. Tim Flannery’s The Fu-
ture Eaters (1995) and The Eternal Frontier (2001) offer superb ecological
histories of the lands in and around Australia and of North America, re-
spectively, on geological timescales.
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THE EVOLUTION OF HUMANS

The rest of this book will be concerned mainly with the history of just one
species, Homo sapiens. There are two justifications for narrowing the focus
in this way. The first is that we—the author and readers of this book—belong
to this species. To know ourselves, we must know the history of Homo sapi-
ens. The second reason, less obvious and less parochial, is that the history
of our species is significant at some surprisingly large scales.

When we try to explain the appearance of human beings, we face once
again the paradox of beginnings. How can something utterly new appear?
We are animals, we evolved according to Darwinian rules as did any other
living organism, and we are remarkably similar to closely related species,
such as the other hominoids (the great apes). Yet we are also radically dif-
ferent from even our closest relatives. Somehow or other, our species has
moved beyond the Darwinian rules. And this is why our impact on the earth
has been far greater than that of any other large organism.

How can we explain both what unites us to other animals and what di-
vides us from them?

HUMAN HISTORY: A NEW LEVEL OF COMPLEXITY

We have seen similar transitions before. Human history marks the sudden
and unexpected emergence of a new level of complexity, as did the first ap-
pearance of stars, of life on Earth, or of multicelled organisms. We have seen
that complex entities are rarer than less complex entities, they are more frag-
ile, and, because they have to climb faster up entropy’s down escalator (see
appendix 2), they have to manage denser energy flows. We have also seen
that transitions to greater complexity come about through the creation of
new forms of interdependence, as entities that once existed more or less in-
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dependently are incorporated within new and larger structures. Finally, we
have seen that as new levels of complexity have appeared, they seem to op-
erate according to new rules (“emergent properties,” in the jargon of com-
plexity theory).

Human history also marks the emergence of a new level of complexity
on Earth.! As with earlier transitions, human history links once-indepen-
dent entities into larger patterns of interdependence; and this process is as-
sociated with greater energy flows that have a profound transformative ef-
fect. From the perspective of the twenty-first century, we can measure some
of these changes. Humans, acting together, have learned how to manage in-
creasingly large energy flows. Though the spectacular implications of these
changes have become apparent only in the past two centuries, their roots
lie deep in the Paleolithic era, or “Old Stone Age.”?

Table 6.1 shows how humans have learned to extract from their envi-
ronment more than just the energy needed to survive and reproduce. They
have shown an entirely new capacity for “ecological innovation.” From early
in human history, skills such as the management of fire increased the amount
of energy available per capita. In the past 10,000 years, agriculture has in-
creased the food energy humans can extract from a given area, while the
domestication of large herbivores in the past 6,000 years increased the
amount of energy available for traction power as well. In the past two cen-
turies, the use of fossil fuels has multiplied per capita energy use many times
over. As the total number of humans has also increased from perhaps a few
hundred thousand in the Paleolithic to a few million 10,000 years ago and
more than 6 billion today (see figure 6.1), the total amount of energy con-
trolled by our species has multiplied by at least 50,000 times. This is a stag-
gering amount of energy to be under the command of a single species, and
it helps explain why our species has had such an impact on the entire bio-
sphere. A powerful way of measuring this impact is to estimate how much
of the energy supplied to the biosphere from sunlight is co-opted for use by
humans. Net primary productivity {(NPP) is that portion of energy from sun-
light that enters the food chain through photosynthesis and is turned into
plant material. This, in turn, feeds most other organisms. NPP can thus be
used as a rough measure of the biosphere’s energy “income.” Modern cal-
culations suggest that our species is currently co-opting for its own use at
least 25 percent, and by some measures 40 percent, of all the NPP available
to land-based species. Paul Ehrlich sums up the story told by these remark-
able figures: “One of many millions of species, Homo sapiens is now co-opting
about a quarter of all the products of photosynthesis for its own use.”?

Increasing human control of energy has shaped human history and the
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TABLE 6.1. HUMAN PER CAPITA ENERGY CONSUMPTION
IN HISTORICAL PERSPECTIVE (UNITS OF ENERGY = 1,000 CALORIES PER DAY)

Food
(incl. Home Industry Total ~ World
animal  and and per  Population

feed) Commerce Agriculture Transport Capita  (mill.)  Total

Techno. 10 66 91 63 230 6,000 1,380,000
Soc. (now)

Indust. Soc. 7 32 24 14 77 1,600 123,200
(1850 cE)

Adv. Agric. 6 12 7 1 26 250 6,500
(1000 BP)

Early Agric. 4 4 4 12 50 600
(5000 Bp)

Hunters 3 2 5 6 30
(10,000 BP)

Proto-humans 2 2 n.a. n.a.

source: L. G.Simmons, Changing the Face of the Earth: Culture, Environment, History, 2nd ed.
(Oxford: Blackwell, 1996), p. 27.

histories of many other species as well. It has also enabled humans to mul-
tiply atan accelerating rate. Tables 6.2 and 6.3 and figure 6.1 summarize hu-
man population growth over the past 100,000 years. As human numbers
have grown, so has the ecological range of our species; by 10,000 years ago,
and perhaps as early as 30,000 years ago, humans could be found living in
all continents apart from Antarctica. In the Paleolithic era, human history
was characterized mainly by the increasing range of human settlement. In
the past 10,000 years, the increasing density of human settlement has been
the main shaper of human social evolution, as humans learned how to live
in larger and larger communities, from villages to towns, cities, and states.

Resources used by humans are, by definition, unavailable to other species.
So, as human numbers have risen, other species have felt the pinch. Do-
mesticates such as sheep and cattle, and unintentional domesticates from
cockroaches to rats, have flourished. But many more species have fared less
well, and an alarming number have died out. That process also began in the
Paleolithic, when human activity helped drive to extinction close relatives
such as Neanderthals, as well as many other large species, including mam-
moths in Siberia, horses and giant sloths in the Americas, and giant wom-
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Figure 6.1. Populations of Homo sapiens, 100,000 BP (before present) to now.
Based on table 6.2.

bats and kangaroos in Australia. Today, rates of extinction caused by hu-
man activity have accelerated. Currently, 1,096 of 4,629 mammal species
{24 percent) are thought to be “threatened,” as are 1,107 of 9,627 bird
species (11 percent), 253 of 6,900 reptile species (4 percent), 124 of 4,522
amphibian species (3 percent), 734 of 25,000 fish species (3 percent), and
25,971 of 270,000 higher plant species (10 percent).* And because the pace
of extinctions is accelerating, we can expect many more species to vanish
in the near future. These figures provide a powerful measure of the plan-
etary impact of human history, for paleontologists have surveyed rates of
extinction over much of the past 600 million years, and the current rates
appear similar to those of the five or six most drastic extinction eras dur-
ing that time span.® This means that the impact of human history will be
visible on scales of at least a billion years. In other words, if interstellar pa-
leontologists visit this planet in one billion years’ time and try to decipher
the history of the planet using the tools of contemporary human paleon-
tologists, they will identify a major extinction event that coincides with
the presence of our species.

These figures also help us gauge the uniqueness of human history. No
other large animal species has multiplied like humans, or occupied such a
wide range, or controlled such vast ecological resources. (Once again, the
possible exceptions are species such as cattle or rabbits that have multiplied
as part of the human ecological team.) Our history is utterly different even
from that of our closest relatives, the chimps. Though they are extremely
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TABLE 6.2. WORLD POPULATIONS AND GROWTH RATES,
100,000 BP TO NOW

Rate of
Growth Each Implied

Date Bp Estimated Century since Doubling Source of
(years) World Population Previous Date (%) Time (years) Figure
100,000 10,000 — — Stringer, 150
30,000 500,000 0.56 12,403 Livi-Bacci, 31
10,000 6,000,000 1.25 5,580 Livi-Bacci, 31
5000 50,000,000 433 1,635 Biraben
3000 120,000,000 4.47 1,583 Biraben
2000 250,000,000 7.62 944 Livi-Bacci, 31
1000 250,000,000 0.00 oo Livi-Bacci, 31
800 400,000,000 26.49 295 Livi-Bacci, 31
600 375,000,000 -3.18 n.a. Livi-Bacci, 31
400 578,000,000 2415 320 Livi-Bacci, 31
300 680,000,000 17.65 427 Livi-Bacci, 31
200 954,000,000 40.29 205 Livi-Bacci, 31
100 1,634,000,000 71.28 129 Livi-Bacci, 31
50 2,530,000,000 139.74 79 Livi-Bacci, 31
0 6,000,000,000 462.42 40 Livi-Bacci, 31

sOURCES: J. R.Biraben, “Essai sur I’évolution du nombre des hommes,” Population 34 (1979):
13-25; Massimo Livi-Bacci, A Concise History of World Population, trans. Carl Ipsen (Oxford:
Blackwell, 1992); and Chris Stringer and Robin McKie, African Exodus (London: Cape, 1996).

close to us genetically, physically, socially, and intellectually, we have no ev-
idence that their numbers, the range they occupy, or their technologies have
changed greatly during the past 100,000 years. Indeed, that is precisely why
humans can be said to have had a “history,” while the very idea of chimps
having one seems slightly bizarre. Most animal species don’t have histories
as we usually use the word; once they have evolved, they tend to remain
within their original niche until they vanish from the fossil record. Whole
families or orders of species, such as the dinosaurs or mammals, can be said
to have histories, because different species within these groups can evolve
in many different ways and thus the numbers, the ranges, and the ecolog-
ical “technologies” of whole families of animals do change. But the same is
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TABLE 6.3. GROWTH RATES IN DIFFERENT HISTORICAL ERAS

Rate of Implied
Start End  Population Population  Growth Doubling

(years  (years at Start at End  Each Century  Time
Era BP) sp)  (millions)  (millions) (%) (years)
Late Pal. Era 100,000 10,000 0.01 6 0.71 9,752
Mid. Pal. 100,000 30,000 0.01 0.5 0.56 12,403
Upper Pal. 30,000 10,000 0.5 6 1.25 5,579
Agrarian Era 10,000 1000 6 250 423 1,673
Early Ag. 10,000 5000 6 50 4.33 1,635
Era of Ag. Civs. 5000 1000 50 250 411 1,723
Exc. Ist mill. ce 5000 2000 50 250 5.51 1,292
Modern Era 1000 0 250 6000 37.41 218
Early Mod. Era 1,000 200 250 950 18.16 415
Indust. Era 200 0 950 6000 151.31 75

SOURCE: Table 6.2.

not normally true of single species. Humans have multiplied and diversified
their behaviors in ways that are characteristic not of single species but of
entire families or orders of animals—and they have done so in an aston-
ishingly short period.

Clearly, a fundamental threshold of some kind was crossed with the ap-
pearance of our species. Human history marks the appearance of new rules
of historical change. So, to focus on human history is not just a matter of
genealogical vanity. The appearance of our species marks a significant turn-
ing point in the history of our planet. As A.]. McMichael writes: “Each
species is an experiment of Nature. Only one such experiment, Homo sapi-
ens, has evolved in a way that has enabled its biological adaptation to be
complemented by a capacity for cumulative cultural adaptation. This un-
precedented combination of the usual biologically-based drive for short-term
gain (food, territory and sexual consummation) with an intellectual capac-
ity to satisfy that drive via increasingly complex cultural practices is what

istinguishes the human ‘experiment.
distinguishes the h ‘exp ./

EXPLAINING THE APPEARANCE OF HUMANS

Over the years, many “prime movers” have been proposed to explain the
transition to humanity. These range from bipedalism, which freed our dex-
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terous hands for toolmaking (Darwin’s preferred answer), to hunting and
meat eating, to large brains, to human languages. The explanation that fol-
lows focuses on the importance of human language, but allocates support-
ing roles to some of these other factors.

A somewhat abstract explanation is implicit in the preceding paragraphs.
All species adapt to their environments, but most have only one or two adap-
tive tricks in their repertoire. In contrast, humans seem to constantly de-
velop new ecological tricks, new ways of extracting resources from their en-
vironments. In the jargon of economists, humans seem to have a highly
developed capacity for “innovation.” And they innovated not on the Dar-
winian scale of hundreds of thousands or millions of years, but on a scale
ranging from thousands of years to decades and even less time. Our chal-
lenge is to explain how, when, and why human beings acquired their new
level of ecological creativity. If we can explain this vastly enhanced capac-
ity, we will have gone a long way toward explaining what is distinctive about
human history.

We have seen that the emergence of new forms of complexity always in-
volves the creation of large structures within which previously independent
entities are locked into new forms of interdependence and new rules of co-
operation.” Following this hint, we should expect to find that the transition
to human history is primarily marked not by a change in the nature of hu-
mans as individuals but rather by a change in the way individuals relate to
each other. This suggests that we should focus not just on changes in the
genes, the physiology, or the brains of earlier forms of humans but also on
changes in the ways our ancestors interacted.

Like many other transitions of this kind, the emergence of our species
was quite sudden. On the paleontological scale, it was an almost instanta-
neous event. This means that we should expect to find a single trigger. In
star formation, temperatures rise over long periods until suddenly a trigger
is released when hydrogen starts to fuse. So with human evolution: adap-
tive skills that may have evolved over many millions of years were suddenly
transformed when a threshold of some kind was crossed. How can we de-
scribe this threshold? It clearly has something to do with an enhanced ca-
pacity to learn. Many animals learn, from flatworms to toads. But most of
what most animals learn is ost when they die. Of course, some teaching goes
on. Chimp mothers teach their children to crack nuts or fish for termites by
demonstrating how to do it. And the infants, in time, may teach their chil-
dren. But we know of no animal that can describe what to do in the abstract—
no animal that could explain how to fish for termites without giving a demon-
stration, or give an account of a pathway without walking along it; and we
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certainly know of no animal that could describe abstract entities such as gods
or quarks or pink elephants. The past and future, too, are abstractions, for
only the present can be experienced directly; thus animals without symbolic
language may lack the ability humans have to deliberately think about the
past and imagine the future. These are severe limitations. For many years,
the primatologist Shirley Strum observed a troop of baboons in Kenya that
she named the “Pumphouse Gang.” Compared to other troops, they were
virtuoso hunters; they often ate meat as frequently as once a day. But they
hunted most successfully when led by one particular male. And they had no
way of storing his skills or knowledge once he was gone.®

Human language, however, allows more precise and efficient transmis-
sion of knowledge from brain to brain. That means that humans can share
information with great precision, creating a common pool of ecological and
technical knowledge, which in turn means that for humans, the benefits of
cooperation increasingly tend to outweigh the benefits of competition. (John
Mears has referred to humans as “highly networked creatures.”)® Further-
more, the ecological knowledge contributed to that pool by each individual
can survive long after his or her death. So knowledge and skills can accu-
mulate nongenetically from generation to generation, and each individual
has access to the stored knowledge of many previous generations. Thus what
is distinctive about humans is that they can learn collectively. Cellular think-
ing (thinking that focuses on the individual ) makes it hard to see this; but
in explaining the distinctiveness of humans, we must learn to compare in-
dividual chimps not with individual humans {where the differences are sig-
nificant but not transformative) but with entire groups of humans. We won't
understand the difference if we compare individual human brains with in-
dividual chimp brains; we will begin to comprehend it only if we compare
individual chimp brains with the huge, collective brains created by millions
of humans over many generations.

The possibility of learning collectively changes everything. McMichael
writes:

The advent of cumulative culture is an unprecedented occurrence in
nature. It acts like compound interest, allowing successive generations
to start progressively further along the road of cultural and technolog-
ical development. By traveling that road, the human species has, in
general, become increasingly distanced from its ecological roots. The
transmission of knowledge, ideas and technique between generations
has given humans an extra, and completely unprecedented, capacity
for surviving in unfamiliar environments and for creating new envi-
ronments that meet immediate needs and wants.!°
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Collective learning is what gives humans a history, because it means that
the ecological skills available to humans have changed over time. And there
is a clear directionality to this process. Over time, processes of collective
learning ensure that humans as a species will get better at extracting re-
sources from the environment, and their increasing ecological skills ensure
that, over time, human populations will increase. Generalizations about col-
lective learning cannot predict the exact timing or geography of such
processes, of course, nor how far they are likely to proceed, nor their de-
tailed consequences; but such generalizations can tell us something about
the long-term shape of human history on large timescales.

To get a feeling for the power of collective learning, it is enough to imag-
ine life as it might be if we had to learn everything from scratch, receiving
little more from family or community than hints about appropriate social
behavior and eating habits, which is more or less the intellectual heritage
of young chimps. How many of the artifacts around us (each of which em-
bodies stored knowledge) could we invent or construct in a lifetime? Ask-
ing such questions is a powerful reminder of the extraordinary extent to
which our lives as individuals depend on the accumulated knowledge of mil-
lions of other humans over many generations. Humans as individuals are
not that much cleverer than chimps or Neanderthals; but as a species we are
vastly more creative because our knowledge is shared within and between
generations. All in all, collective learning is so powerful an adaptive mech-
anism that one might argue it plays a role in human history analogous to
that of natural selection in the histories of other organisms.

Why can humans learn collectively ? Because of the distinctive nature of
human language. Human language is more “open” than nonhuman forms
of communication. It is open grammatically because its strict rules of gram-
mar allow us to generate a nearly infinite number of meanings from a small
number of linguistic elements, such as words. It is also open semantically—
that is, it can convey a wider range of meanings—because it can refer not
just to what is in front of us but also to entities that are not present, and
even to entities that could never be present. By using symbols, we can gather
large amounts of information stored in our memories into single blocks;
then we can construct even larger conceptual structures with these sym-
bolic building blocks. Symbols enable us to abstract from the concreteness
of things—to refer, as it were, to the distilled “essence” of what is around
us. But they can also refer to other symbols. So they can condense and store
huge amounts of information, just as the symbolic tokens we call money
offer a compact and efficient way of storing and exchanging abstract val-
ues.’ Symbolic languages let us store and share information that may have
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been accumulated during thousands or millions of lifetimes. All in all, sym-
bolic language is a vastly more powerful data mover than are any pre-
symbolic forms of communication. As Terrence Deacon has argued, presym-
bolic forms of communication “can only refer to something else by virtue
of a concrete part-whole link with it, even if this has no more basis than just
habitual coincidence. Although there is a vast universe of objects and
relationships susceptible to nonsymbolic representation, indeed, anything
that can be present to the senses, this does not include abstract or otherwise
intangible objects of reference.”!2

If this argument is on the right track, it suggests that to understand the
evolution of modern humans, we need to explain the emergence of symbolic
language. But it is important to note straightaway that there was nothing
inevitable about this process. Unlike star formation, which was statistically
predictable, given what we know of the workings of gravity and the strong
and weak nuclear forces, biological change is more random and open-ended,
which is why living organisms are much more varied than stars. The ele-
ments that eventually combined into our species came together erratically
and haphazardly, and there was never any certainty that they would as-
semble themselves in this particular way. As late as 100,000 years ago, well
after our species had appeared, human populations may have fallen to as
few as 10,000 adults, which means that our species was as close to extinc-
tion as mountain gorillas are today.!® This statistic is a powerful reminder
not merely of the haphazardness of evolutionary processes but also of the
fragility of complex entities. The appearance of human beings on Earth was
an extremely chancy business.

EVIDENCE AND ARGUMENTS: CONSTRUCTING THE STORY OF HUMAN EVOLUTION

Creating a coherent and plausible account of human evolution has been one
of the great achievements of twentieth-century science. But how has this
story been constructed? Before we look more closely at the story of human
evolution, we must examine the types of evidence and the sorts of argu-
ments that have been used to assemble it.

The fossil evidence includes the bones of ancestral species as well as the
remains they left behind: their tools, scraps of food, and the marks they made
on bones or rocks. Modern paleontologists can glean a remarkable amount
of information from a bone. A jawbone can do more than identify a species;
the patterns of toothwear can tell us about an animal’s normal diet, and that
can tell us about the environments it lived in and the way it exploited them.
A skull can tell us about the intellectual capacities of a species. And the lower
part of a skull can often tell us whether a species walked on two legs or four;
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with bipedal animals, the spine enters the skull from below, whereas in
quadrupeds it enters from behind. A toe bone on its own indicates how an
animal walked: if the big toe is separated from the other toes (as it is in most
primates), we can be sure the foot was still used for grasping and not yet
specialized for walking. Often, a few bones are all we find. But the bonanza
of a more complete skeleton, such as Lucy (40 percent of whose skeleton
was found by Don Johanson in Ethiopia in the early 1970s), tells us much
more. Lucy and the remains found near her were about 3 to 3.5 million years
old, and they offer detailed evidence of the physiology of at least one species
of early humans from that era.

The remains of human activity are equally important. Most important
of all have been discoveries of stone tools, partly because tools made of less
durable materials—bark, bamboo, and so on—rarely survive. Microscopic
analysis of the cutting edges of stone tools can tell us what they cut; analy-
sis of where the stone came from can tell us whether their makers actively
sought out particular raw materials from other areas; reconstruction of flakes
from the sites where stone tools were made can tell us much about how they
were made; and techniques of toolmaking can give us valuable hints about
how our ancestors thought. Analysis of the bones of other animals from
early human sites can tell us much about whether or not our ancestors ate
meat, as well as how they hunted. For example, careful analysis of cut marks
on bones has sometimes found signs of human butchering overlaid on the
tooth marks of carnivorous animals. Presumably this means that early hu-
mans scavenged animals first killed by other predators. All these types of
material evidence can also be dated, more or less accurately, using the in-
creasing number of modern dating techniques. (On radiometric dating tech-
niques, see appendix 1.)

But the fossil record is spotty; and until very recently, we had no fossils
at all for the crucial period, from about 4 to 7 million years ago, when the
hominines (the lineage leading to our own species) diverged from the lin-
eage that leads to modern chimps. So other forms of evidence have to fill in
the gaps. One of the most important in recent decades has been provided by
molecular dating. As we saw in chapter 4, much evolutionary change is ran-
dom. This is particularly true of those parts of a species” genome that do not
directly affect its survival chances, including the large amounts of “junk
DNA” and the DNA contained in the mitochondria of all human cells. Ge-
netic change in these parts of the genome is “neutral”—it doesn’t affect the
developed organism. Change in junk DNA is thus like the shuffling of a vast
deck of cards. Fortunately, random processes of this kind are subject to gen-
eral statistical laws. If you take a new deck of cards arranged by suit and
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number and shuffle it a few times, a statistician can estimate roughly how
often it has been shuffled by determining how much the pack differs from
its original condition. The larger the number of cards and shuffles, the more
precise and reliable such estimates can be.

In an article first published in 1967, two biochemists working in the
United States, Vincent Sarich and Alan Wilson, argued that much genetic
change is subject to similar rules.'* Thus, if we take two modern species and
calculate the differences between their DNA sequences, we can estimate
pretty well when their two lines diverged from a common ancestor. In this
way, the evolution of DNA can provide a sort of genetic clock. The idea was
ridiculed at first, partly because many took it as a fundamental tenet of nat-
ural selection that all evolutionary change was adaptive, which should have
implied that changes did not occur in statistically predictable ways. How-
ever, it is now agreed that much change is indeed random—and in any case,
the results of such dating methods have turned out to fit remarkably well
with many other types of evidence. Genetic comparisons of this kind are
now made and used routinely to understand the relationship between dif-
ferent species, though some problems remain. For example, it is clear that
not all genetic change occurs with the regularity necessary if it is to be used
as a clock. But these methods can be extremely valuable for many purposes,
particularly in the study of human evolution.'

The first thing Sarich and Wilson showed was that, genetically speaking,
we are closer to chimpanzees than was once thought. In the 1970s, it was
widely believed that the two lines leading to humans and apes had diverged
at least 15 million, and perhaps as much as 30 million years ago—a com-
fortable distance for those unhappy at the thought of close kinship with
chimps. Yet the DNA of modern humans differs from that of our nearest
living relatives by only about 1.6 percent. That is to say, 98.4 percent of our
DNA is identical to that of modern chimpanzees. This means that all the
variation between our history and that of chimps must be explained with
reference to the 1.6 percent of our genetic material that is different from
that of chimps. Comparisons of the rate of genetic change of mammals were
possible because it was known that mammal species had diverged rapidly
from each other about 65 million years ago, when the dinosaurs were driven
to extinction. But it turned out that humans and chimps differed from each
other only by about 10 percent as much as the differences between major
groups of mammals, which suggested that they had diverged from each other
approximately 5 to 7 million years ago. This implies that at the time of that
divergence, there lived an animal that was the ancestor of both modern hu-
mans and modern chimps, though it would have looked different from ei-

A. M.
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ther of these living species. The thinness of the fossil record in this period
means that we can say little about this ancestral being.!® But we can be sure
that such an animal existed—otherwise we would not exist! Similar argu-
ments suggest that humans and gorillas had a common ancestor 8 to 10 mil-
lion years ago, and humans and orangutans about 13 to 16 million years
ago.

We also know a lotabout the environments in which our hominine ances-
tors evolved, based on analyses of changing climates and plant and animal
remains. In the past few million years, global climates were dominated by
the erratic and unpredictable climatic changes of the ice ages (see chapter 5).
These changes altered habitats and environments, which favored species that
were highly adaptable and able to use a wider variety of ecological niches.
Generalist or “weedy” species that can adapt well to ecological disruption,
such as modern humans, may have been typical products of the ice ages.!”

In combination, these various techniques enable us to describe the phys-
ical evolution of hominines and the environments they lived in, but de-
scribing behavior is much trickier. Fossils can tell us something about life-
ways; but to go further, we have to rely on modern analogies with other
species that may have lived similarly. Researchers in recent decades, begin-
ning with Jane Goodall and Dian Fossey, have studied the lives of great apes
in the wild, and we now know a lot about how they live and about their so-
cial, sexual, and political relations.'® Such studies can suggest how early hom-
inines may have lived; but they can also mislead us, for different types of
ape, and even different communities of a given type of ape, can live in dif-
ferent ways. For example, Pan troglodytes, the most familiar species of
chimp, lives in communities dominated by closely related males, which are
joined by females from other communities. Males form hierarchies, but these
are changeable, and females may mate with several males, circumstances that
make the sexual and political life of such communities extremely complex.
Gorillas, in contrast, usually live in smaller groups of several females, with
one or perhaps two males. Orangutans are for the most part solitary, com-
ing together only to mate. So deciding exactly what analogies with primate
societies can tell us about the societies of early hominines is not easy.

The same is true of the other analogy that has been extremely influen-
tial in studies of hominine evolution: the analogy with modern “foraging”
societies.!” Anthropologists constantly remind paleontologists that modern
foraging societies are very modern—all have been influenced in some way
by modern society. So building theories about hominine or early human so-
cial structure on these analogies may be risky. Nevertheless, because the
technologies and the social structures of modern foraging societies are cer-
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tainly closer to those of early humans than are those of a modern urban
community, the anthropologists” warnings are routinely ignored. Modern
studies, such as those of the San peoples of southern Africa, have helped us
construct plausible models of how early hominines and humans hunted, how
males and females related to each other, and what sort of power games may
have been played. Perhaps most important, they have reminded us that so-
cieties that seem simple to modern city dwellers were, in their own ways,
both complex and sophisticated. After all, it was no mean task to live suc-
cessfully for thousands of years, in the deserts of southern Africa or Aus-
tralia, or in the Siberian tundra, using Stone Age technologies.

Finally, modern understanding of how other species have evolved has
been used to construct models of how humans may have evolved. For ex-
ample, it is quite common to find that a new species evolves that is re-
markably like the immature individuals in the species from which it has
evolved. This process is called neoteny, and it occurs through minor alter-
ations in the genetic switches that control the life cycle of a species. Such
changes can launch a cascade of secondary and tertiary effects that cause
significant evolutionary change. It has been argued that in many respects,
humans are more like young chimps than like adult chimps; this similarity
implies that we may have evolved, in part, through some form of neoteny,
while modern chimps may have remained more like the adults of our com-
mon ancestor. Equally, modern evolutionary research has shown that evo-
lution often occurs in fits and starts. If a new niche appears, perhaps as a
result of climatic change, it is often filled quite rapidly (“rapidly” in evolu-
tionary terms, which means in a few hundred thousand or even a few mil-
lion years) with a large number of quite similar species, most of which may
then get weeded out, leaving only one or two surviving lines. This process is
known as an adaptive radiation, and each radiation seems to be associated,
roughly speaking, with a particular ecological trick. Among our ancestral
species, as we will see, there seems to have been several adaptive radiations,
each of which, we can now recognize, added something new to the package
that became us.?

All these types of evidence have been used to construct the modern ac-
count of how humans evolved. That account is far from perfect, but it is
far richer and is based on far more evidence than the accounts of even ten
years ago.

PRIMATE AND HOMININE RADIATIONS

I have argued that the evolution of symbolic language may mark the criti-
cal threshold that leads to human history. But symbolic language could not
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have made such a difference if our ancestors had not had other qualities that
enabled them to exploit the advantages that it bestowed. Among the most
important of these preadaptations are sociability, preexisting linguistic
skills, bipedalism and dexterous hands, meat eating and hunting, a long
period of childhood learning, and large forebrains. Here, we will try to trace
the haphazard processes by which these various elements evolved and com-
bined in the package of features that makes up our species.

Primate Heritage

We share many of the features named above with other primates.”! Most
primates have been tree dwellers. Animals that live in trees have to be able
to see well, or they fall out. So all primates have good, stereoscopic vision.
Smell is less important, much less important than it is for dogs, which is why
most primates have smallish snouts and flattish faces. Visual information,
in a complex, three-dimensional environment, requires considerable pro-
cessing, so most primates have largish brains in comparison to their body
size, and the primate line as a whole has been characterized by increasing
relative brain size. Larger brains usually imply longer lives—perhaps be-
cause they imply greater dependence on learning, and learning improves with
age (in principle). Tree dwelling also requires dexterity, so most primates have
hands and feet that can grip and manipulate objects well. In practice, this
means that their thumbs and big toes can be opposed to their other fingers
and toes. Tree dwelling also encourages a greater specialization of labor be-
tween front and back limbs than is normal for ground-dwelling species.
Though most primates can grip with both their feet and hands, the hindlimbs
tend to specialize in locomotion while the forelimbs specialize in gripping.

Humans belong to a particular group of Old World primates known as
the Hominoidea. This includes humans and the apes—chimpanzees, goril-
las, orangutans, and gibbons—as well as all their now-extinct ancestors. The
oldest fossils classified within this superfamily of organisms are just over
20 million years old, which means they appear early in what geologists call
the Miocene era (ca. 23—5.2 million years ago). These remains belong to a
species known as Proconsul.?2 Though the hominoids probably evolved in
Africa, from as early as 18 million years ago hominoid remains also turn
up in the southern parts of the Eurasian landmass, from France to Indone-
sia. The hominoids were a diverse group, and for a time they may have been
more numerous than other species of Old World monkeys. Their migrations
provide a typical example of an adaptive radiation.

The fossil record is not well-enough defined for us to be sure which were
the evolutionary tricks that best define the hominoids, though increasing
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size, greater manual dexterity, larger brains, and a willingness to move away
from tree cover may be among them. These are all features that we share
with the remaining members of this superfamily of primates.

Bipedalism and the First Hominines

The Homininae are a subfamily of the family of Hominidae, the great apes.
The hominines include only our own immediate ancestors. Their story be-
gins at the transition from the Miocene to the Pliocene eras, between 5 and
6 million years ago. The construction of that story begins with the realiza-
tion, based on molecular dating techniques, that about 6 million years ago,
there existed somewhere in Africa an animal that was the ancestor of both
modern chimps and modern humans. Since then, in a series of adaptive ra-
diations, a large number of different species of hominines has appeared—
perhaps as many as twenty or thirty. Whereas thirty years ago the difficulty
was to find any hominine remains, today the difficulty is to decide which
of the many species we now know of lies on the line that evolved into mod-
ern humans.

For a modern paleontologist, the holy grail is to find the remains of the
species from which both chimps and humans are descended. And it is pos-
sible that this species, or something close to it, has already turned up. In
2000, a team of French and Kenyan archaeologists, working north of Nairobi,
found the remains of a creature about 6 million years old, which was
promptly dubbed “Millennium Man” in the press.?® But its true status re-
mains uncertain. Its appearance is sufficiently apelike that many paleon-
tologists have placed it on the chimp rather than the hominine side of the
great divide between our two species. Similar criticisms have been leveled
atanother possible candidate for the oldest hominine, Ardipithecus ramidus
kadabba, some remains of which were found by an American team of ar-
chaeologists in the Great Rift Valley of Ethiopia, as reported in the journal
Nature in July 2001.2* These remains have been dated to between 5.2 and
5.8 million years ago. They include a toe bone, whose shape suggests that
this creature walked on two legs. At present, most paleontologists are agreed
that the decisive feature distinguishing hominines from apes is bipedalism:
all known species of hominines are bipedal, while no known species of apes
are (though chimps can stand for short periods).?> So the determination of
whether these early specimens were really bipedal or not will be crucial; for
now, the evidence is equivocal.

Debate over the significance of these finds is complicated by the fact that
no one is quite sure why bipedalism evolved, though there have been many
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theories.?® Some focus on the role of climatic change. Twenty million years
ago, the African continent was relatively flat, and its equatorial regions were
covered fairly evenly with tropical forest. But beginning about 15 million
years ago, the African tectonic plate began to tear in half. Tectonic activity
along the Great Rift Valley has created a chain of highlands and rift valleys
running north and south along the eastern part of the continent. By split-
ting open the earth’s crust, the rift valleys have provided a happy hunting
ground for fossil hunters. But it was the mountains that may explain the
presence of hominine fossils here, for they cast a huge rain shadow over the
eastern parts of the continent, making it drier than the lands to the west.
Yves Coppens has argued that this aridity drove some species into less-
forested landscapes, where they had to move greater distances between
stands of trees in order to find the types of foods to which they were ac-
customed. This might have encouraged the evolution of a more upright
stance, for the knuckle-walking characteristic of chimps is not a good way
of traveling over long distances. Unfortunately for this promising theory,
some of the most recent early hominine fossils, including those of Ardi-
pithecus ramidus kadabba, have turned up in environments that were prob-
ably forested.?’

Perhaps bipedalism enabled hominines to see potential predators from a
greater distance in open country. Or perhaps it was more energy-efficient
than the knuckle-walking typical of chimps, and enabled early hominines
to search for food over larger areas. Or perhaps walking upright in unshaded
environments provided some protection from the midday sun by limiting
the area of skin exposed to direct sunlight. These and other pressures would
have favored those individuals that found it easiest to walk upright. (The
last argument may also explain why hominines, at some point in their evo-
lution, became less hairy than the other great apes.) Comparisons with
chimps are suggestive, for as Coppens points out, chimps try to stand in three
situations: “to see farther, to defend themselves or to launch an attack—
since standing up frees their hands and allows them to throw stones—and
to carry food to their offspring.”?®

Whatever the causes of bipedalism, the fossil evidence, thin as it is, shows
that within 2 million years, a number of bipedal species had appeared. These
include the species known as Ardipithecus ramidus ramidus, whose remains
were found in Ethiopia in 1994 and dated to ca. 4.4 million years ago. These
early hominine species constitute the first major adaptive radiation in the
history of hominines, and their success is probably associated with the ad-
vantages of bipedalism, whatever they were.
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Australopithecines

The next two hominine radiations are associated with a group of species that
paleontologists refer to as australopithecines.

All australopithecines were bipedal. We know this from the structure of
the pelvis, the relative length of arms and legs, and the entry point of the
spine into the skull (from below rather than from behind). The oldest of
several species of australopithecines known at present is Australopithecus
anamensis, a species whose remains were found in the Lake Turkana re-
gion in northern Kenya in 1995. These have been dated to ca. 4.2 million
years BP.2 The best-known australopithecine fragments were found in
Ethiopia in the 1970s by the American paleontologist Don Johanson. He
found 40 percent of the skeleton of a bipedal female that he christened Lucy
(reportedly after the song “Lucy in the Sky with Diamonds”). Lucy was
about 1.1 meters tall, though other remains found nearby were up to 1.5
meters tall. All these remains were between 3 and 3.7 million years old;
they are normally classified as members of the species Australopithecus
afarensis, so named after the Afar valley in Ethiopia, where they were
found.*®In 1998, in South Africa, an even more complete australopithecine
skeleton was found along with its skull. This has been dated to between 2.5
and 3.5 million 8p. The famous Laetoli footprints found by Mary Leakey
may have been even older, for they date from at least 3.5 to 3.7 million
years BP. These were made by three australopithecines, two of whom walked
side by side, while a third walked in the steps of the leader. They appar-
ently held hands as they walked through what may still have been hot vol-
canic ash. These astonishing footprints confirm directly what other fossil
remains suggest indirectly: the oldest-known hominines were bipedal. In
1995, archaeologists working in Chad, well to the west of the Great Rift
Valley, discovered the remains of a new species, Australopithecus bahrel-
ghazali, which seems to have lived between 3 and 3.5 million years ago.
Clearly, australopithecines lived on both sides of the Great Rift Valley. The
several hundred individual australopithecines whose remains have been
found in this century thus occupied a large area, reaching from Ethiopia to
Chad to South Africa.

Though australopithecines walked on two legs, close study of their
anatomy and particularly their hands has shown that they remained well
adapted to life in the trees, and their walking was not yet as efficient as that
of modern humans. Even more important, they had small brains, ranging
in size from ca. 380 to 450 cubic centimeters. This contrasts with the 300 to
400 cubic centimeters of modern chimps, and an average brain size of 1,350
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Figure 6.2. A reconstruction of Lucy, an australopithecine who lived in the
Hadar valley in what is today Ethiopia about 3.2 million years ago. Lucy was
about 1.1 meters tall and had a brain about the size of that of a modern chim-
panzee. From G. Burenhult, general ed., The First Humans, vol. 1 of The Illus-
trated History of Humankind, s vols. (San Frandsco: HarperSanFrancisco, 1993).
Copyright © 1993 by Weldon Owen Pty., Ltd./Bra Bocker AB. Reprinted by
permission of HarperCollins Publishers, Inc.

cubic centimeters for modern humans. The first distinguishing feature of
the hominine line was not braininess but bipedalism (see figure 6.2).
There is strong reason to think that our own lineage can be traced back
to early forms of australopithecines. But there also appeared, in a quite dis-
tinct radiation, a second group of australopithecines that, in the language
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of paleontology, were more “robust”-looking than afarensis. These existed
between 3 and perhaps as late as 1 million years ago and are sometimes as-
signed to a separate genus, Paranthropus. What was distinctive about them,
and marks them out as a different evolutionary line from us, is that they
evolved exceptionally strong jaws for the grinding of tough, fibrous plant
foods. They therefore had heavyset skulls with flamboyant crests that pro-
vided anchors for powerful chewing muscles.

What can we say about the lifeways of australopithecines? If we start
with diets, it seems likely that most australopithecines depended mainly on
the types of foods their ancestors had eaten in forested environments. Their
teeth are adapted for grinding the shells of tough or fibrous fruits, leaves,
and other plants. However, they probably ate meat occasionally, for direct
observations have shown that most living primates are occasional carnivores
and eat as much meat as they can.®! Either they hunted small or weak ani-
mals (including other primates) or they scavenged meat from animals that
had died naturally or been killed by other carnivores. But in the main, aus-
tralopithecine diets were vegetarian.

Analogies with modern primates occupying similar niches suggest that
australopithecines probably lived in small family groups that traveled to-
gether, with individuals foraging separately for their own food. There is no
evidence that they had more linguisticability than modern chimps. This does
not mean that there was no politics or no communication. As in many mod-
ern primate societies, males and females probably formed hierarchies of
dominance and spent a lot of time dealing with, and presumably thinking
about, group politics. Like modern chimps, australopithecines may have com-
municated through gestures, sounds, and activities such as grooming. But
neither chimps nor australopithecines had the vocal apparatus or the intel-
lectual ability necessary to precisely communicate abstract information.

Studies of the societies of primates closely related to modern humans of-
fer contradictory suggestions about the nature of the earliest hominine so-
cieties. Genetically, we are closest to chimpanzees, and members of the best-
known chimp species, Pan troglodytes, live in bands linked by closely
related males. Males stay with their natal groups, while females move away
from their natal groups. But most australopithecine species, unlike chimps,
appear to have been quite sexually dimorphic (i.e., males were much larger
than females). This suggests that in some respects australopithecine “soci-
eties” may have been closer to those of gorillas.?> Among gorillas, males are
large because they compete with each other for access to females, which en-
sures that the largest males produce the most offspring. The result is a so-
cial world in which a dominant male and perhaps one other, younger male
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will travel with several females and their children in groups of up to about
twenty individuals. Perhaps we should envisage a world somewhere between
these structures. This may have been a world of bands somewhat smaller
than those of modern chimps, in which closely related males competed for
dominance and for access to females. Perhaps dominant males gained access
to several females, but that access was not exclusive. Australopithecines may
have lived in a world whose males engaged in more or less constant com-
petition with each other to attract female partners. Yet at the reproductive
core of this world of competitive but closely related males, there existed
smaller but closer units, consisting of mothers and their children, as in most
modern primate groups. Chimpanzee mothers are known to form durable
and clearly affectionate relations with their children, while males show lit-
tle interest in the tasks of child rearing and no sense of paternity. All in all,
there is little to suggest that australopithecines were radically different in
their physiology or lifeways from the ape species of today.

Tool Use and Meat Eating: Homo habilis

For hominid specialists, Olduvai Gorge, a 50-kilometer-wide canyon in the
Serengeti Plain in northern Tanzania that is part of the African Rift Valley,
is a special place: finds from here have provided the best evidence that our
species evolved in Africa. Here, in 1960, Jonathan Leakey—the son of Louis
Leakey, one of the pioneers of modern studies of human evolution—found
a hominine fossil about 1.4 meters tall. Louis Leakey claimed that it belonged
to the same genus as human beings (Homo) and therefore christened it
Homo habilis, or “handy man.” This made it the oldest species of the genus
that includes modern humans.

Though many anthropologists felt the remains simply belonged to an
unusually gracile form of australopithecine, two factors encouraged Leakey
to think that this species was more “human.” First, associated with Homo
habilis he found the earliest evidence for the systematic manufacture and
use of stone tools. The skills involved in these activities seemed significantly
more complex than those evident among earlier hominines. Second, the
brains of habilis were a lot bigger than those of the australopithecines, rang-
ing from 600 to 800 cubic centimeters. Homo habilis seemed to be a tool-
using, learning animal, like modern humans; so perhaps the appearance of
the new species, about 2.3 million years ago, marked the real beginnings of
human history. Modern anthropologists have retained Leakey’s nomencla-
ture, and there is no doubt that habilis shows distinctive features, some of
which may have been triggered by ecological changes caused by cooler, drier
climates beginning about 2.5 million years ago. For example, stone tools
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made by habilis show signs of “handedness,” which implies a division be-
tween left and right sides of the brain; that, in turn, may be a necessary pre-
condition for improved linguistic skills.*® Nevertheless, recent research into
the growing number of habilis remains and sites has shown that the gulf
between them and modern humans in intellectual ability and lifeways is
wider than Leakey supposed.®*

Part of the reason for these shifts in attitudes toward habilis is that mod-
ern paleontologists are less impressed than Leakey was by signs of tool use.
We now know that many animals use tools of some kind, and chimpanzees
use tools in more ways than any other animals apart from humans. For ex-
ample, chimps have been observed inserting sticks into termite mounds, then
quickly pulling them out and eating the termites that are still clinging to
them; some even use rocks to crack open nuts. However, habilis seems to
have used tools in new ways that required more planning and foresight. Pa-
leontologists describe their stone tools as Oldowan, a name taken from the
Olduvai Gorge in which so many have been found. These tools have a quite
distinctive form that persists in the archaeological record for almost 2 mil-
lion years, until almost 250,000 years ago (see figure 6.3). They consist
mainly of large stones, often river cobbles of tough basalt or quartzite, from
which smaller chips have been removed by striking with a “hammer” stone,
to create one or two cutting edges.

Making such tools requires considerable planning and experience, much
more than is needed to make the simple tools used by chimpanzees. Mod-
ern experiments in stone knapping have shown that the original stones need
to be chosen carefully, and struck with precision. In fact, making stone tools
requires precisely those skills that are the forte of the prefrontal cortex, that
part of the brain that was to expand most significantly in human evolution.
It is possible that tool use evolved through a process known as Baldwinian
adaptation (named after the nineteenth-century American psychologist who
first described it systematically). This is a form of evolutionary change that
appears to combine Darwinian and cultural elements, because behavioral
changes lead to changes in an animal’s lifeways, thereby creating new se-
lective pressures that lead, over time, to genetic changes. For example, species
that learn new behaviors that let them live in cold climates may eventually
adapt genetically to their new environments by evolving furry coats (as did
mammoths or woolly rhinos). Among humans, groups that herded domes-
tic animals eventually acquired, over many generations, an enhanced ca-
pacity to digest milk, as rare mutations that prolong the production of the
milk-digesting enzyme lactase into adult life became more common. Perhaps,
in a similar way, hominine individuals that were most skilled at making and
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using tools gained such selective advantages that they had more offspring
than others, so that their intellectual skills were soon incorporated into the
genetic makeup of the entire species. If so, then tool use may have been
both a cause and an effect of brain growth, in a process of positive feed-
back.

What were the stone tools used for? Modern experiments have shown
that Oldowan choppers could be used successfully to break up bones or to
work more crudely in wood. But the chips struck off them were probably
more important than the cores, for these made small, sharp flakes that could
be used for butchering and carving. So we can imagine habilis individuals
and groups carrying pebbles with them as they foraged, and striking flakes
off those pebbles when necessary. Microscopic examination of their edges
has shown that Oldowan stone tools had many uses. Perhaps their most im-
portant role was in making available a richer and more varied diet. They
could be employed to get at tubers that were otherwise inaccessible. Even
more important, choppers and the flakes made from them could be used to
scare away other predators from killed animals, to get at the marrow bones
of large animals, and to butcher their carcasses. However they got their meat,
habilis individuals ate more of it than did australopithecines, as dental ev-
idence suggests. This richer food stuff may have provided some of the ex-
tra metabolic energy needed to support larger brains, particularly if, as seems
likely, meat eating permitted a shortening of the gut, thereby reducing the
amount of energy needed to process and digest food. Meat eating may also
have led to more complex social lives, for it has recently been shown that
chimps value meat highly and will use it as a sort of currency—a way of
bargaining with others for sexual, political, or material favors.*® In short,
eating more meat may have stimulated new forms of intellectual and social
complexity.

But we should not exaggerate the importance of meat in habilis diets. It
is no longer believed that these primates were more than occasional hunters,
perhaps like some groups of modern chimps.’® Study of habilis teeth sug-
gests that they, too, lived mainly off fruits and plant foods, even if meat pro-
vided an occasional and highly valued supplementary food. Besides, their
stone tools were remarkably simple in comparison with those of modern
foragers and, while useful in foraging or scavenging, they would have been
of little use in true hunting. Close examination of cut marks on bones at
habilis sites shows that they butchered carcasses but did not always kill them,
for the cuts they inflicted often lie over the tooth marks of other animals.
They may have killed small animals, but they probably scavenged the meat
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of larger animals that had died of natural causes or had been killed by other
animals.

Anatomical studies also suggest that habilis was not completely bipedal,
and may have spent much time in trees. So we should imagine habilis groups
of any number from five to thirty individuals foraging separately during
the day, like modern primates or australopithecines, and perhaps coming to-
gether at night and taking refuge in trees. Their preferred ecological niche
was still similar to that of the australopithecines, though the scavenging of
meat was more important to them and they spent more of their time on the
ground.

All'in all, there is no clear evidence of the quantum leap in intelligence
and social complexity that Louis Leakey assumed when he first encountered
Homo habilis.

Larger Brains and Ranges: Homo ergaster and Homo erectus

Homo habilis lived in East Africa with several other species, including ro-
bust australopithecines ( Paranthropus). Indeed, in a pattern that is common
in the early history of new adaptations such as bipedalism, the early his-
tory of hominines shows a great variety. Perhaps six or more different species
of hominines lived at the time of habilis.

About 1.8 million years ago, at the transition from the Pliocene to the
Pleistocene period on the geological timescale, there appeared a new hom-
inine species, known to modern anthropologists as Homo erectus or Homo
ergaster3” A spectacularly well-preserved sample of ergaster, dated to ca.
1.8 million years ago, was found at Nariokotome, in Kenya, in 1984. “Tur-
kana boy,” as this fossil is known, is the most complete of all hominine fos-
sils. Turkana boy died while still an adolescent, but he was already more than
1.5 meters tall and had a skull of ca. 880 cubic centimeters, almost ' larger
than those of most habilis individuals.?

By one million years ago, in one of the more spectacular hominine radi-
ations, various forms of erectus/ergaster displaced all other forms of hom-
inines. Homo ergaster individuals were taller than habilis and had larger
brains, ranging from 850 to 1,000 cubic centimeters. This brings them close
to the range of brain sizes in modern humans. There are other signs that
they were significantly closer to modern humans. From ca. 1.5 million years
ago, they began to manufacture a new type of stone tool, known as Acheu-
lian hand axes, whose production demanded more intellectual sophistica-
tion than Oldowan tools. They are shaped more precisely and more elegantly
than Oldowan choppers. And they are shaped on all sides, to form pear-
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shaped “axes,” normally with at least two cutting edges. Sometimes, Acheu-
lian stone tools were finished with a bone hammer to produce a finer edge.
Some ergaster populations may also have learned to use fire. This would
have provided valuable protection, particularly in cave dwellings, and would
also have made it possible to soften and clean meat by cooking it. However,
if they did use fire, they did so unsystematically. There is no evidence, for
example, that they used hearths.?

It is likely that ergaster had linguistic abilities superior to those of ha-
bilis, but how superior is hard to tell. Larger forebrains suggest an increased
capacity to understand and process symbols, while a larynx that sat lower
in the throat may have allowed greater vocal flexibility; as a result, vocal
communication may have increased in importance in comparison with ges-
tural communication. Still, there is little direct evidence of the rich capac-
ity for symbolic activity that is apparent in the fossil evidence of modern
humans, so it seems likely that symbolic communication, even if it existed
in some form, had not yet had a revolutionary impact on either the behav-
ior or the consciousness of ergaster.*® Steven Mithen has made the inter-
esting suggestion that ergaster individuals may still have used what lan-
guage ability they had mainly in social situations.*! There is no evidence
that language was used to deal with technological problems, for once they
appeared, the Acheulian axes of ergaster show little change over a million
years. And, though ergaster diets probably included more meat than the diets
of their habilis relatives, it is unlikely that even they engaged in systematic
hunting of the kind we find among modern foragers.

The most important sign that there was an increase in the behavioral flex-
ibility of these species is the fact that they included the first hominines to
migrate out of East Africa and then out of Africa entirely and into Eurasia.
By about 700,000 years ago, communities of Homo erectus lived in parts of
southern Asia and had even entered Ice Age Europe. Erectus remains were
first found in Indonesia in 1891, and perhaps the best-known finds were
made in the 1920s at the Zhoukoudian cave, which is today just a suburban
train ride from modern Beijing. All in all, erectus explored a wider range of
niches than those used by habilis—"wider” both ecologically and geo-
graphically. In particular, they apparently managed to live in regions whose
climates would have been too cold or too seasonal for habilis.

An increase in the niches available to a species is normally a sign of con-
siderable demographic success, and it seems reasonable to assume that the
numbers of hominines increased with the number of available niches.
Though we do not know the numbers of any early species of hominines,
they were probably similar to the populations of great apes before the twen-
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tieth century. There were perhaps a few tens of thousands or perhaps as
many as one or two hundred thousand hominines at any one time, and their
numbers probably grew as they migrated into western and northern Africa
and then into southern Eurasia. But there is as yet no evidence for long-
term growth in the population numbers even of erectus. So we should not
exaggerate the significance of these migrations out of Africa. In southern
Eurasia, erectus entered environments that were more seasonal than those
of East Africa’s savanna lands, but otherwise quite similar. And many other
mammal species had made similar migrations, including earlier species of
hominoids. Finally, it is striking that erectus did not manage to inhabit the
cold heartland of northern Eurasia.*> Nor is there any evidence that they
made the sea crossing to Australia and Papua New Guinea.

Prehuman Hominines of the Past Million Years

During the past million years, several new types of hominines appeared in
different parts of Africa and Eurasia. And everywhere the brains of these
species expanded rapidly. Eventually, many had brains as large as 1,300 cu-
bic centimeters, which puts them within the range of modern human brain
sizes. Beginning about 200,000 years ago, there also appears, after a long
period of little technological change, a new type of stone technology: the so-
called Levallois or Mousterian tools. In these, a stone core, shaped like a tor-
toise shell, was prepared in such a way that several flakes could be struck
from it with a single, precisely calculated blow. Presumably a more varied
tool kit was tied to the exploration of new niches.

Why should hominine brains have grown so quickly? Explaining brain
growth is harder than it may seem, for large brains are rare—and with good
reason. The modern human brain is arguably the most complex single ob-
ject we know. Indeed, E. O. Wilson has argued that the evolution of the hu-
man brain constitutes one of the four great turning points in the history of
life on earth.*> Each human brain contains perhaps 100 billion nerve cells,
as many cells as there are stars in an average galaxy. These connect up with
each other (on average, each neuron may be connected to 100 other neu-
rons) to form networks of astonishing complexity that may contain 60,000
miles of linkages. Such a structure can compute in parallel. That means that
although each computation may be slower than that of a modern computer,
the total number of computations being carried out in a particular moment
is much, much greater. While a fast modern computer may be able to com-
plete one billion computations a second, even the brain of a fly at rest can
handle at least a hundred times as many!* Surely, evolving a biological com-
puter as powerful as this must have been a good Darwinian move.
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But though this argument is intuitively plausible, there is a serious prob-
lem with it. If brains are so obviously “adaptive,” why have so few species
evolved really large brains in comparison with their body sizes? The trouble
is that brains are costly to maintain. The human brain uses 20 percent of
the energy needed to support a human body, but accounts for only 3 per-
cent of body weight. Bearing large-headed infants is also difficult and dan-
gerous, particularly for a bipedal species, as bipedalism requires narrow
rather than wide hips. In other words, growing big brains is a chancy evo-
lutionary gamble. So we cannot just assume that big brains evolved because
they were obviously advantageous. Instead, we have to find more specific
explanations.

One answer may be that brains provided good radiators for species liv-
ing out in the open. This answer is not as flippant as it sounds. But there
may be subtler and better answers. Perhaps there were feedback loops, in-
volving forms of Baldwinian evolution. Changes in one area (either genetic
or behavioral ) may have caused changes in other areas, which created new
selective pressures that reinforced the original change. One such loop, as we
have seen, may link tool use and brain size.

A second loop, which may have operated in tandem, links sociability and
brain size. Even among chimps, it has been shown that the capacity to cal-
culate social relations accurately can increase the reproductive chances of
individuals. And such processes may set up relatively speedy feedback loops,
as more socially skilled individuals mate more frequently, producing more
offspring who, in turn, are likely to have greater social and political skills.
Eventually, such processes could have encouraged the expansion of those
parts of the brain best able to make complex social calculations.* However,
larger brains made birth a more painful and difficult process. At some stage,
this problem may have been solved by a change in the rate of infant devel-
opment. Hominine babies were born at an earlier stage of maturity. But this
solution meant that infants became more and more helpless and demanded
more parenting. That increased the importance of mothers being sur-
rounded by a supportive social group, including both males and females. This
shift may be linked to the fact that humans, unlike most other great apes
(except for orangutans), have lost the estrous cycle; as a result, they can be
sexually active even when conception is impossible. The partial separation
of sexuality from reproduction may have encouraged stronger pair-bonding
between males and females, thereby increasing the role of males in parent-
ing, a change that may also be linked to declining sexual dimorphism in hu-
mans.*® Whatever the details of these complex processes (and the archaeo-
logical record is too ambiguous for any certainty), hominines had to become
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more social as their brains grew larger. But living in larger or more com-
plex social groups requires, as we have seen, complex social skills; and by
and large, those with the greatest social skills were most likely to find mates.
Feedback cycles of this kind—with increasing brain size stimulating in-
creased social complexity, which encouraged further expansion in brain
size—may explain why, at certain periods in hominine evolution, human
brains (and particularly the prefrontal cortex) have expanded rapidly.*’

A further possibility is that brain growth occurred as a by-product of quite
small changes in the developmental schedule of hominines. As we have seen,
neoteny, or the evolution of species similar to the juvenile forms of the
species from which they evolved, occurs because of slight rearrangements
in the genetic codes governing the rate and timing of development, as a re-
sult of which most features of a species develop more slowly, except for its
sexual maturity. Thus, adult humans have flat faces and are relatively hair-
less. Chimps also have these qualities, but only during their youth. As they
age, their muzzles push outward and they become more hairy. Most im-
portant of all, modern humans maintain the rate of brain growth typical of
juvenile chimps, but sustain these rates for longer periods. This means that
they grow larger brains and maintain for a longer time the rapid learning
pace of juveniles. In this way, small alterations in the genes that control de-
velopmental processes can have a huge impact on the adult form of neote-
nous species.

A final possibility is that rapid brain growth has something to do with
the evolution of more sophisticated forms of language. As with tool use,
language skills probably correlated closely with brain power, giving those
individuals with slightly bigger brains a significant Darwinian advantage.
This would have accelerated the evolution of even larger brains in one more
evolutionary feedback loop. We will explore this line of argument more care-
fully in the next chapter.

Whatever the cause, we know that hominine brains grew quickly be-
ginning about 500,000 years ago. These changes provide clear evidence of
increased intellectual capacity, and perhaps of increased linguisticability. But,
frustratingly, there is still little evidence of revolutionary changes in hom-
inine lifeways. The best-known of these later hominine species are the
Neanderthals. The first Neanderthal fossils were found in 1856 in the Ne-
ander valley in Germany. Though Neanderthals were long assigned to the
same species as modern humans (technically, they were known as Homo
sapiens neanderthalensis), recent genetic tests, using remnant DNA from
Neanderthal fossils, suggest that the human and Neanderthal lines diverged
perhaps as much as 700,000 to 550,000 years ago.*
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Neanderthals first appear in the archaeological record about 130,000
years ago, and they vanish from the record as recently as 25,000 years ago.
Their brains were as large as, and perhaps even larger than, those of mod-
ern humans, but their bodies were tougher and stockier. They clearly had
the ability to hunt, and this enabled them to occupy Ice Age landscapes that
had not been inhabited by any earlier hominines—for example, in parts of
modern Ukraine and southern Russia. However, their hunting methods
were inefficient and unsystematic in comparison with those of modern for-
agers, or even humans of the upper Paleolithic era. Their stone tools, usu-
ally described as Mousterian, are more complex than those of erectus, but
show far less variety and precision than the stone tools of modern humans.
There are hints of Neanderthal art or burial ritual, both of which might
have signaled an increased use of symbolic communication (but the evi-
dence is ambiguous). And there is little sign of great social complexity. Like
earlier hominines, Neanderthals seem to have lived primarily in simple
family groups that had limited contact with each other. There is no evi-
dence that Neanderthals could have had the same impact on the planet as
modern humans.

SUMMARY

This is a frustrating conclusion. We have seen that the evolution of mod-
ern humans was a revolutionary event within the history of the earth. And
we can see all the elements of modern humanity being assembled over sev-
eral million years. Hominines evolved larger brains, which gave them an
increased behavioral flexibility and perhaps also the beginnings of a capac-
ity for symbolic language. They learned to use tools in more complex ways
than any other primate, which gave them access to a more varied diet. Taken
together, these changes apparently enabled Homo erectus to explore a wider
range of habitats than any other closely related species. Yet there is not any
clear evidence in the fossil record of revolutionary changes in the behaviors
even of later hominine species before ca. 250,000 Br. We have not yet left
the realm of natural selection, in which genetic change eclipses cultural
change. It is hard to imagine how any earlier species of hominine could have
transformed the world as our own species has done. This is true even of Ne-
anderthals, a species remarkably close to us genetically, with brains as large
and perhaps even larger than ours. What is it, then, that is revolutionary
about modern humans and human history? And in what way did the changes
described in this chapter prepare the way for their revolutionary ecological
impact? The next chapter will offer some tentative answers.
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FURTHER READING

There are many good popular books on human evolution, but the field is
changing so quickly that books can date rapidly. One of the best texts is Roger
Lewin’s Human Evolution (4th ed., 1999), while The Cambridge Encyclo-
pedia of Human Evolution (1992), edited by Steve Jones et al., is a superb
reference work. Two of the major figures in the field, Richard Leakey and
Donald Johanson, have both written accessible books on the subject {Leakey,
The Origin of Humankind [1994]; Johanson and Maitland A. Edey, Lucy
[1981]). Jared Diamond’s The Rise and Fall of the Third Chimpanzee (1991)
is a punchy survey of the field, and Paul Ehrlich’s Human Natures (2000)
is another recent general survey. Other general surveys include Géran Bu-
renhult, ed., The Hlustrated History of Humankind (5 vols., 1993—94); Brian
Fagan, People of the Earth (zoth ed., 2001), a widely used text; Robert Fo-
ley, Humans before Humanity (1995); lan Tattersall, Becoming Human
(1998); Robert Wenke, Patterns in Prehistory (3rd ed., 1990); and Peter
Bogucki, The Origins of Human Society {1999). Clive Gamble’s Timewalk-
ers (1995) is one of the best general surveys of the Paleolithic era. On the
evolution of consciousness and thought, Steven Mithen, The Prehistory of
the Mind (1996); Terrence Deacon, The Symbolic Species (1997); Steven
Pinker, The Language Instinct (1994) and How the Mind Works (1997);
William Calvin, The Ascent of Mind (1991) and How Brains Think {1998);
and Nicholas Humphrey, A History of the Mind (1992) are all valuable,
though this remains territory in which there is more speculation than hard
proof. Craig Stanford’s books, The Hunting Apes (1999) and Significant Oth-
ers (2001), give a good insight into what modern primatology has to offer
to the story of human evolution. In Nonzero (2000), Robert Wright dis-
cusses the crucial role of non-zero-sum games in human history.



200 —1— Earliest possible evidence of modern humans in Africa
175 —
150 —
1256 —]
<
2
o
a
(]
=
L
o
k5]
2 100 —— Last ice age begins
3
L . .
o~ —— Modern humans in Southwest Asia
Qo
w
o
C
3
>
o]
=
= 75 —
—— Modern humans in Australia/Sahul
50 —
—— Modern humans in northern Eurasia
25 —
Modern humans in Americas
End of Ice age; beginnings of agriculture
. - Scale of
Earliest cities and states Timeline 8.1
O —

Industrial Revolution

Timeline 7.1.  The scale of human history: 200,000 years.



THE BEGINNINGS OF HUMAN HISTORY

THE EVOLUTION OF HUMAN LANGUAGE

Many features contributed to the unique evolutionary package that is our
species. But the previous chapter argued that the most critical was the ap-
pearance of symbolic language, which released the new and uniquely po-
tent adaptive mechanism of collective learning. So, to understand when hu-
man history really began, we have to understand when and how humans
acquired their aptitude for symbolic language.

This is murky territory, for language leaves no direct signs in the fossil
record; our attempts to understand the evolution of human language de-
pend on ambiguous hints in the fossil record, padded out with a heavy
wadding of theory. Not surprisingly, experts disagree even on the funda-
mental question of when human language first appeared. Henry Plotkin
writes:

Some put it as recently as 100,000 years ago or less, a few put it back
beyond two million years from the present, and the majority go for
somewhere in the region of 200,000 to 250,000 years ago. It is ex-
tremely unlikely to have occurred instantaneously, if one defines
instantaneously as either a single miraculous mutation or a period
of time less than about 1,000 years. . . . It most likely was smeared

out over tens of thousands, perhaps a few hundred thousand years.!

Currently, it is common to suppose, building on the insights of the lin-
guist Noam Chomsky, that language, like some other distinctive human abil-
ities, depends on the evolution of particular “modules” or “organs” within
the brain that contain the programs for particular skills. Human brains, it
is argued, have a generalized computing capacity that is extremely power-
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ful. But they also contain specialized modules for language and for many
other skills, perhaps including social skills, technological skills, and ecolog-
ical or environmental knowledge. Such theories are tempting, particularly
in the case of language. Human infants acquire language with a speed and
fluency that is incompatible with any process of learning by trial and error
and that has no parallel among our closest relatives, the chimps. In some
sense, it seems, the human capacity for language must be hardwired into
our brains, and it must have been wired in quite recently, in evolutionary
terms. If so, those interested in hominine evolution must try to explain how
a language module evolved.?

Steven Mithen has proposed that a number of once discrete brain mod-
ules, some of which may have been presentin the earliest hominines, merged
quite suddenly—perhaps within the last hundred thousand years—in a sort
of linguistic “big bang.”* But exactly how this might have happened remains
unclear. There are other difficulties with the “Swiss army knife” view of the
human brain. Human brains are certainly different in significant ways from
those of apes (not just in their size), but it has proved impossible to locate
a distinct “language” module. Language skills appear to be distributed
through many different parts of the mind, and their location differs even
between individuals. Language seems to be a product of networks of inter-
actions between different parts of the brain, rather than the work of any
one language area.?

In The Symbolic Species, Terrence Deacon has offered an account of the
evolution of human language that does not rely on the idea of specialized
modules. His argument begins with the use of symbols, the most distinc-
tive feature of human languages. Representations of the external world can
exist in three distinct forms. The simplest two depend on the detection of
similarities (which Deacon calls “icons”) or correlations (“indices”) between
events and things.® Iconic similarities enable organisms as simple as bacte-
ria to react in one way to all manifestations of warmth or light, and in an-
other way to cold or darkness. On the other hand, Pavlov’s dogs learned that
there was a correlation between eating and the sound of bells because the
two regularly occurred together. As a result, they linked the two phenom-
ena despite the absence of any iconic similarity. Both these ways of learn-
ing depend on one-to-one correspondences between internal and external
events. However, “symbols,” the third form of representation, refer not just
to the outer world but also to whole collections of icons and indices, so they
can be used to create much more complicated inner maps of reality.

But symbolic thinking is tricky. It can be done only if iconic and index-
ical forms of representation can be held, as it were, in the background, while
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other parts of the mind distill their conceptual essence into a symbolic form
of some kind. According to Deacon, “The problem for symbol discovery is
to shift attention from the concrete to the abstract; from separate indexical
links between signs and objects to an organized set of relations between
signs. In order to bring the logic of token-token relationships to the fore, a
high degree of redundancy is important” (p. 402; and see chap. 3, passim).
This intellectual maneuver requires a lot of computing power. Deacon’s ar-
gument makes clear the size of the hurdle that had to be surmounted be-
fore symbolic thinking was possible, and this helps explain why symbolic
modes of representation are apparently confined to modern human beings,
with their exceptionally large brains.

Large brains are not enough, however. Symbolic language also requires
many other intellectual and physiological skills. These include a capacity to
quickly make and process symbolic gestures or sounds and to understand
rapid sequences of symbolic sounds uttered by others. How and why could
such a coherent and complex set of skills develop together in the compara-
tively short period of a few million years? Deacon’s answer is that they
emerged through a process of co-evolution during which hominines evolved
to take increasing advantage of rudimentary forms of symbolic communi-
cation, while languages themselves evolved to accommodate, with increas-
ing delicacy and precision, the changing abilities and peculiarities of the
hominine brain. Such changes probably involved some type of Baldwinian
evolution, in which slight behavioral modifications gave a significant re-
productive advantage to those individuals most skilled at these new behav-
iors. That advantage, in turn, would create powerful selective pressures in
favor of these skills; in this way, what started out as a purely behavioral de-
velopment may eventually have been inscribed both in the genetic code of
our species and in the deep structures of human languages.® Rudimentary
forms of symbolic communication may have appeared first as a result of mi-
nor behavioral changes similar to those observable in modern chimpanzees
in experimental situations. But once they became habitual, these new forms
of communication may have created new selective pressures by enhancing
the reproductive chances of those individuals who were, for genetic reasons,
most adept at them.

This discussion suggests that the initial steps toward a symbolic language
probably began a long time ago to allow time for the evolution of the many
behavioral and genetic changes that have made modern language possible.
It also suggests that the first steps required brains little different from those
of modern chimps. But these initial steps were probably followed by evo-
lutionary changes whose most evident feature (at least in the fossil record)
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would have been expansion in the size and importance of the prefrontal cor-
tex, the front part of the brain. Finally, it is only at a later stage in human
evolution that we should look for direct evidence of efficient symbolic com-
munication. Deacon’s account of the extreme difficulty of symbolic commu-
nication suggests that once that threshold was crossed, we might expect a
sudden change in the quality and nature of human communication—
something along the lines of Steven Mithen's linguistic big bang.

The first steps toward symbolic language may have involved a combi-
nation of gestures and sounds. Under experimental conditions, chimpanzees
can be taught to use signs symbolically, even if their capacity to symbolize
remains limited, and australopithecines may have been as competent lin-
guistically as modern chimps.” But if we could observe australopithecines
communicating with each other, we might still be uncertain whether this
was really “language.” Deacon explains:

The first symbolic systems were almost certainly not full-blown lan-
guages, to say the least. We would probably not even recognize them

as languages if we encountered them today, though we would recognize
them as different in striking ways from the communication of other
species. In their earliest forms, it is likely that they lacked both the
efficiency and the flexibility that we attribute to modern language. . ..
The first symbol learners probably still carried on most of their social
communication through call-and-display behaviors much like those of
modern apes and monkeys. Symbolic communication was likely only

a small part of social communication. (p. 378)

If this reconstruction is correct, it suggests that australopithecines had a lim-
ited ability to live in a symbolic realm, which may have permitted a mod-
est degree of abstract thought and perhaps even a degree of self-conscious-
ness. However, for the most part, we should assume that australopithecines,
like most animals with brains, lived in an experiential world dominated by
the sensations of the present moment rather than in a psychic world like
that of modern humans, within which we can often conjure up what is not
present, including the past and future.

Studies of Homo habilis skulls show that their brains were not merely
larger than australopithecine brains; they were also organized differently.
In particular, there are hints of the division of labor between left and right
sides that, in modern humans, is reflected in “handedness.” This feature, in
common with increased brain size, may reflect selection for improved sym-
bolic ability, since the segregation of functions to different parts of the brain
may have increased the ability of the brain to process different types of in-
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formation in parallel.’ Deacon suggests that other skills related to language
may have been present in habilis and later hominines:

Homo habilis and Homo erectus would have had greater motor control
[than australopithecines] and probably also exhibited some intermedi-
ate degree of laryngeal descent as well [thereby increasing the variety
of sounds that could be made]. Homo erectus’ speech might have been
somewhat less distinctive as well as slower than modern speech, and
the speech of Homo habilis would have been even more limited. So,
although their speech would not have had either the speed, range, or
flexibility of today, it would have at least possessed many of the con-
sonantal features also found in modern speech. (p. 358)

But we should not exaggerate these skills. The relatively high larynx of
all early hominines suggests that they could not produce the range of sounds
(particularly vowels) used by modern humans. If they spoke, they proba-
bly did so with a limited vocabulary of words dominated by consonants. Ges-
tures may still have carried most of the burden of communication. Because
they lacked the ability to manipulate symbols with the speed or dexterity
of modern humans, their communication would have been limited and slow
by modern standards. Most important of all, we do not yet see in the ar-
chaeological record any signs of the significantly enhanced adaptive ability
associated with collective learning.

It is during the past 500,000 years or so that we begin to find evidence
of a more decisive shift toward symbolic language, combined with increased
adaptive creativity. Neanderthals had brains as large as humans (see fig-
ure 7.1), but studies of the base of Neanderthal skulls suggest that they,
t0o, lacked the capacity to manipulate sounds in the complex ways demanded
by modern human languages. And this, combined with the absence of any
other unequivocal evidence for extensive symbolic activity among Neander-
thals, leads us to believe that Neanderthals did not use a fully developed form
of language, though their presence in parts of Ice Age Eurasia indicates that
they did have an enhanced capacity to adapt to new environments. However,
the rapid growth in brain size among several distinct species of humans in
the past 500,000 years suggests that a process of rapid co-evolution was tak-
ing place, in which several distinct abilities crucial to symbolic language were
evolving together and quite swiftly. These may have included the descent of
the larynx (necessary to make possible more complex manipulation of
sounds), increasing lateral specialization within the brain, and increasing abil -
ity to control the breath and to recognize and analyze sounds rapidly and
precisely.1
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Figure 7.1. Neanderthal and human skulls. The skull on the left is Neanderthal
(from La Ferrassie); the skull on the right is of a modern human (from Cro-
Magnon). Modern genetic evidence suggests that humans and Neanderthals

are less closely related than was once thought. From Chris Stringer and Clive
Gamble, In Search of the Neanderthals (London: Thames and Hudson, 1993),

p. 185.

WHEN DOES HUMAN HISTORY BEGIN?

When do we first get evidence for the existence of humans that not only
looked like modern humans but also behaved and communicated with each
other like modern humans? This is one of the most important questions that
a historian can ask, for it is really a question about the beginnings of hu-
man history.

In recent years, two rather different answers have been available. The first
is now a minority position, though it is still defended vigorously by some
scholars, including Milford Wolpoff and Alan Thorne. They argue that hu-
mans evolved slowly toward their modern forms throughout Afro-Eurasia,
over almost a million years. Thus all the hominine remains found through-
out Afro-Eurasia in the past million years should be treated as examples of
asingle, evolving species with regional variants, some of whose features, in-
cluding skin color and facial characteristics, survive to the present day. In
this view, regional populations continued to interbreed, so they always re-
mained part of a single species.!? If this account is accurate, we must con-
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clude that human history is perhaps a million years old, though its most
distinctive features do not become apparent until more recently. There are
several difficulties with this approach, however. Above all, the great variety
of fossil remains from the past million years, the huge area they cover, and
the probability that few individuals traveled large distances make it difficult
to see how we can regard these remains as evidence of a single, evolving
species.

A second view, which is currently more popular, is that modern humans
appeared more abruptly, somewhere in Africa, between 100,000 and 250,000
years ago.!? The crucial evidence for this conclusion is genetic, though it is
also compatible with recent fossil finds. Studies of the genetic material of
modern humans show that we vary far less than do neighboring popula-
tions of gorillas. This suggests that our species is very young—perhaps only
200,000 years old. If we had been around much longer, there would have
been time for much more genetic variety to accumulate both within and be-
tween regional populations. Furthermore, most of the genetic variety within
modern humans occurs within African populations, which suggests that this
is where humans have lived longest. Presumably, then, Africa is where mod-
ern humans (Homo sapiens) first appeared. Indeed, this theory suggests that
for at least half of our history, modern humans lived exclusively in Africa.

This account of the relatively abrupt appearance of our species fits well
with what we know of typical patterns of evolution. Modern humans, like
many hominine species, may have evolved by a process known to biolo-
gists as allopatric speciation. When populations of a species range over a
large area, it is common for some groups to become isolated. They may en-
ter a valley or cross a mountain or a river that then cuts them off from
other members of their species. If they cease to interbreed with other pop-
ulations of their species, they will soon begin to diverge genetically from
the parent population. If the isolated population is small, and if the eco-
logical conditions of its new home are very different from its old home, it
may diverge rapidly, because selective pressures are strong and favorable
genetic changes can spread more swiftly in small populations. Besides, a
small population is unlikely, for purely statistical reasons, to be entirely
typical of the parent population, and in it such deviations can multiply
quickly. (This is known as the founder effect.) For all these reasons, new
species often evolve rapidly in small populations living at the edge of the
range of a parent species. If this is how our species evolved, then all mod-
ern humans are descended from a small and isolated group of ancestors who
lived in Africa between 100,000 and 200,000 years ago. If they lived in
southern Africa, this would indeed place them at the extreme edge of the
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range of hominine populations of the Middle Paleolithic (the era from
200,000 tO 50,000 years ago).

But there is a problem with this theory, too, for most of its supporters
agree that evidence of distinctively modern behaviors, including human lan-
guage, does not appear before the Upper Paleolithic, which began about 50,000
years ago. Archaeological evidence from Eurasia and Australia suggests that
some quite decisive changes occurred in human behavior about 50,000 years
ago. The markers that archaeologists have taken as signs of modern human
behavior are of four main types. First are new ecological adaptations, such as
the entry into new types of environment. Second are new technologies, such
as the appearance of small, precisely made, and sometimes standardized blades
that may have been hafted, as well as the use of new materials such as bone,
all of which would presumably have enhanced the capacity to enter new en-
vironments. Third are indications of greater social and economic organiza-
tion, which show up in evidence for networks of exchange extending over
large distances, improved ability to hunt large animals, and evidence of an
increased capacity for organization and planning. Fourth, and in some ways
most important of all, are indirect signs of symbolic activity, such as the ap-
pearance of artistic activity of various kinds, which would have accompanied
the use of symbolic language. On the basis of evidence for all these types of
change, a number of archaeologists and prehistorians have argued that there
was a “revolution of the Upper Paleolithic”: a late, and remarkably sudden,
flowering of human creative activity, beginning ca. 50,000 years ago, which
marks the true beginning of human history.

But why the apparent gap between the appearance of modern humans
and the appearance of modern behaviors? This has remained a tantalizing
puzzle. It has tempted some scholars to suppose that critical changes may
have taken place in the wiring of human brains within the last 100,000 years;
in that case, the real beginning of human history should be put later than
the genetic evidence might suggest. Recently, however, two American pa-
leontologists, Sally McBrearty and Alison Brooks, have proposed an elegant
resolution of these difficulties, based largely on a close analysis of the ar-
chaeological evidence from Africa. Their account dovetails neatly with the
account of language origins offered in the previous section, as it seems to
demonstrate how a process of genetic evolution of the kind familiar to bi-
ologists was transformed, about 250,000 years ago, into a process of cultural
evolution of the kind familiar to historians. The next section will be based
largely on their revised account of early human history in Africa.’®

In “The Revolution That Wasn’t,” McBrearty and Brooks have shown
that the abrupt changes apparent in the Eurasian and Australian evidence
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are not seen in evidence from Africa. Here, they argue, evidence of fully hu-
man behavior can be found much earlier than the Upper Paleolithic, per-
haps from as early as 250,000 years ago, but it appears piecemeal and grad-
ually. Evidence for the use of small blade tools, some of them hafted, as well
as for the use of grindstones and pigments appears very early, while evi-
dence for other innovative technologies—including fishing, forms of min-
ing, long-distance exchanges of goods, the use of bone tools, and migrations
into new environments—also can be seen earlier than in Eurasia. Neither
cultural nor anatomical changes appear in a “big bang”; instead, they evolve
more fitfully.

There was no “human revolution” in Africa. Rather, .. . novel features
accrued stepwise. Distinct elements of the social, economic, and subsis-
tence bases changed at different rates and appeared at different times
and places. We describe evidence from the African MSA [Middle Stone
Age, ca. 250,000-50,000 BP] to support the contention that both human
anatomy and human behavior were intermittently transformed from
an archaic to a more modern pattern over a period of more than
200,000 years. (p. 458)

Instead of a revolution of the Upper Paleolithic, what is apparent in Africa
is a slow process of change that seems to reflect the “fitful expansion of a
shared body of knowledge” over many small groups and large areas (p. 531).
And this, they argue, is just what should be expected if modern humans lived
in small groups and developed these skills community by community.

Furthermore, they argue, the earliest of these changes coincide with the
appearance of a new hominine species, recently dubbed Homo helmei, which
is 50 close to modern humans that it may prove necessary to reclassify its
members as belonging to our own species, H. sapiens. Remains that are
firmly attributable to H. sapiens are certainly present in Africa by 130,000
years ago, and perhaps as early as 190,000 years ago, but there is no sharp
discontinuity between the two species (p. 455). All in all, they maintain that
in Africa, unlike Eurasia, the genetic evidence and behavioral evidence com-
bine to offer a coherent account of how our species originated and began to
display the ecological creativity that is unique to our species.

Both H. helmei and early members of H. sapiens are associated with
MSA technology, and thus it is clear that the main behavioral shift
leading to modernity lies at the Acheulian-MSA boundary about
250—300 ka [thousand years], not at the MSA-LSA [Later Stone Age]
boundary at 50—40 ka as many assume. We have shown here that many
sophisticated behaviors are present in the MSA. This implies increased
cognitive abilities with the appearance of H. helmei, and behavioral
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similarities and a close phylogenetic relationship between H. helmei
and H. sapiens. It could be argued that the specimens referred here to
H. helmei are more correctly attributed to H. sapiens, and that H. hel-
mei should be sunk into H. sapiens. If that is the case, our species has a
time depth of ca. 250300 ka, and its origin coincides with the appear-
ance of MSA technology. (p. 529)

If McBrearty and Brooks are right, we can say that human history began
somewhere between 300,000 and 250,000 years ago in Africa.

AFRICAN ORIGINS: THE FIRST 200,000 YEARS

Before about 100,000 years ago, humans were confined to Africa; but within
Africa they pioneered new technologies and lifeways and they occupied new
environments, including those of the forests and deserts. Only after ca.
60,000 years ago do humans begin traveling into regions that no earlier hom-
inines had settled, including Australia (which required the ability to cross
a significant body of water), Ice Age Siberia (which required the ability to
adapt to extremely cold conditions), and eventually the Americas.

Evidence for the earliest (and longest) phases of human history in Africa
is tantalizingly thin. In principle, we know that once language appeared, each
community had its own history that was rich in epic stories, great names,
disasters, and triumphs. But because we cannot see these histories, we have
to portray the large trends, forgetting about the details that mattered to in-
dividuals. There is little we can do about this except to periodically make
the imaginative effort to remember that each community did have its own
detailed history, which was as vivid and live to community members as any
history constructed today on the basis of written sources.

These generalizations are true of the entire period of human history tra-
ditionally referred to as prehistory because of the absence of written sources.
But they apply with particular force to the earliest eras of human history.
Less archaeological work has been done in Africa than in Europe, dating is
tricky, and, as always, trying to explain behavior on the basis of archaeo-
logical evidence is difficult. Besides, we should expect that in those early
days, processes of collective learning would have worked extremely slowly;
we should not be looking yet for spectacular displays of technological vir-
tuosity. As McBrearty and Brooks note, “Early modern human populations
in late Middle Pleistocene Africa were relatively small and dispersed,
change was episodic, and contact among groups intermittent. This resulted
in a stepwise progress, a gradual assembling of the modern human adap-
tation” (p. 529).

Despite these difficulties, McBrearty and Brooks make a strong case for
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Figure 7.2. Behavioral innovations of the Middle Stone Age in Africa (duration
in thousands of years). Adapted with permission from Sally McBrearty and Ali-
son S. Brooks, “The Revolution That Wasn’t: A New Interpretation of the Origin
of Modern Human Behaviour,” Journal of Human Evolution 39 (2000): 530.

the appearance in Africa, 250,000 years ago, of all the crucial changes once
regarded as evidence for a revolution of the Upper Paleolithic (see figure 7.2).
The earliestand clearest signs of new behaviors can be seen in changing stone
technologies. Most striking is the disappearance, after 250,000 BP, of the
Acheulian stone technologies associated with various forms of H. ergaster.
In their place there appear new and more delicate types of stone tools. Some
may have been hafted so they could be used as spears or projectiles, an in-
novation that would have permitted safer and more precise hunting of large
animals. Traces of the gums used by modern hunters to hold blades in place
have been found on at least one early blade, and many early stone blades are
shaped in ways that are consistent with hafting.! In addition, there are signs
of the use of small-scale resources such as fish and shellfish. These are tech-
nologies that do not appear o