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FOREWORD 

BIOLOGICAL FUTURES 
Niles Eldredge 

Commit tee on Evolutionary Processes, and Division of Paleontology, 
The American M u s e u m of Natural History, 

Central Park West at 79th Street, New York, New York 10024 

Predict the future? The future of evolution of life on ear th-human life, bird life, 
fungal life? Most of us New Yorkers would say, "Fageddabout it!" We can't even 
predict weather with any accuracy more than three days in advance, even with all 
our global monitoring stations, constant satellite imagery and computer modeling. 
We go to bed at night, sure that the sun will "rise," but with no way of knowing if 
the Dow Jones Industrial Average will rise, stay flat, or plummet. Sure, we can 
explain what happens ex post facto ("the snowstorm didn ' t materialize because 
high pressure from Canada deflected the low off the Jersey shore," or "the market 
fell on disappointing earnings reports in the tech sector"). But predicting such 
complex systems with any consistency remains an elusive goal, maybe even a 
fantasy. 

So how on earth can we expect to do any better with the future of life—with its 
millions of species, its myriad ecosystems—projecting what's going to happen, not 
this week or next month, but hundreds, thousands, millions of years down the road? 
Fageddabout it! 

But hold on. One of the key ingredients of the scientific endeavor, after all, 
is predictivity: if an idea is true, we reason, there must be certain observable 

IX 



FOREWORD 

consequences—and if we consistently fail to observe the predicted results, there 
must be something wrong with the idea itself: we must "reject the hypothesis." 
Laboratory experiments—though sometimes done blindly ("let's see what hap-
pens if we mix these two chemicals!")—are nonetheless usually performed with 
some expectation in mind of what the results will be: future outcomes, in other 
words, are predicted. 

But even here we encounter difficulties: creationists are fond of pointing out that 
evolutionary biologists have usually been reluctant to predict what will happen in the 
evolutionary future, and claim that this failure to render testable predictions of life's 
future means that evolutionary biology is therefore not true science. In any event, 
none of us will live long enough to see if our predictions turn out to be correct. 

Not so, say the philosophers: the future state of a system is not what is neces-
sarily meant by predictivity in science; rather, for an idea to be scientific, we must 
simply make predictions about what we would expect to observe in the natural 
world if that idea is true. Thus the grand prediction of evolution would be that, if all 
life has descended ("with modification," as Darwin himself put it) from a single 
ancestor, diversifying into separate lineages as the process went along, there should 
be a single pattern of resemblance linking up all life on earth. More closely related 
species should look more like each other than more remote kin—but there should 
be some vestige of common inheritance of features that are found in absolutely all 
forms of life. That 's in fact what we do see: R N A is present in all life forms; all ver-
tebrate animals have backbones (the very meaning of the group's name), all mam-
mals have hair. 

Then, too, we would predict, were evolution "true," that in the history of life 
the simplest forms would have appeared first, the more complex later. That, too, 
we see, haunting our diagrams of the structure of relationships in the living world, 
but especially in the sequence of life preserved in the fossil record. Life was nothing 
but bacteria for its first billion or so years, and nothing but single-celled organisms 
for its first 2 billion years. Simpler forms of animal life preceded the more com-
plex—and reptiles preceded their famous derivatives, birds and mammals. 

So, not only is evolution a legitimately scientific concept, it is also almost cer-
tainly true—having had its two grand predictions about what life should look like 
(both now and in the fossil record) "corroborated" so many times over that there is 
no residual rational doubt that life as we know it is the product of evolution. 

But if we need not predict the future for us to see the scientific nature of the 
very idea of evolution, is that all we can do? W h a t about those of us who do not 
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want to say "fageddabout it!" when we wonder what the future holds—especially 
for ourselves, the human beings who have so recently, so thoroughly changed the 
face of our globe? Is there nothing rational we can say, nothing about what we've 
learned from life's history that can serve as a basis for reading the future—or at 
least narrowing down the possibilities? 

The exciting answer is "Yes!"—there's a whole lot we can say, and with confi-
dence. Life's evolution, though usually portrayed as a string of events that saw the 
eventual emergence of leopards and hippos through a long lineage stretching back 
to primordial bacteria, can also be read as a series of patterns repeated so often that 
we can be sure they will happen again. Specifically, patterns of extinction followed 
by the appearance of new species have demonstrated without any lingering doubt 
that nothing much happens in the way of evolutionary change unless environmen-
tal disruption shakes life up. 

Life can absorb small local disturbances (like fires or tidal waves), and replace 
its local dead with recruits of the same species brought in from undisturbed, neigh-
boring ecosystems. But larger-scale disturbances—like global climate change, or 
objects from outer space colliding with the earth—are another matter entirely. Such 
larger-scale perturbations are often sufficiently devastating that they drive entire 
species extinct. Sometimes, as in the great mass extinctions portrayed so vividly in 
the pages of this book, they drive entire families, orders or even classes of animals, 
plants and microbes extinct. And that's when evolution kicks in. 

Peter Ward, experienced paleontologist that he is, knows all this. He also sees 
that we are in the midst of another major surge of extinction that is bound to trigger 
an evolutionary rebound (indeed, he thinks it already has!). I totally agree with him 
that humans are the root cause of this current spasm of extinction—and that, criti-
cally, it is the fate of humanity that will determine to a very large degree the future 
complexion and composition of life on earth. 

So the question becomes: W h a t is our fate? Others who have taken a shot at 
what life's future evolution will look like have assumed that the current vector of 
extinction—meaning ourselves—will disappear completely, leaving all other forms 
of surviving life to reclaim the planet. The paleontologist and artist Dougal Dixon, 
in his After Man, made this assumption—and produced a whimsical work of great 
charm with his imaginary "sand sharks" and other beasts of the future. 

Alexis Rockman, whose often brightly colored canvasses just as often project 
dark themes, has in the course of his career created a vision of life on earth totally 
informed by the presence of humanity—tin cans and discarded tires forming the 
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substrate of an exuberant, ongoing Life. Alexis's vision dovetails perfectly with 
Peter's notion that humanity is going to survive—and that all life's future will revolve 
around our presence. The future is already here, with domestication of barnyard ani-
mals and the heady days of genetic engineering beginning to unfold before our eyes. 
A rational supposition—and one very different from Dixon's bucolic outlook. 

I wonder if past cultural extinctions, where technologically advanced and com-
plexly organized societies have disappeared even while their descendants have per-
sisted, living simpler lives, might not also be a source of predicting the future. The 
current wave of human planetary disruption might cause, not our physical extinc-
tion so much as a loss of the "high culture,"—our knowledge—if we do overrun our 
Malthusian limits. Loss of topsoil, lack of access to fresh water, loss of fisheries, 
spread of famine, warfare and disease—all the usual apocalyptic visions, all duly 
acknowledged in these pages—may not drive our bodies extinct, but could very well 
play hob with our minds, our cultural memories, our knowledge. 

It is the exercise itself that is important: the careful development of a view of 
the future based on what we've seen happen in the past, and what is going on right 
now with the human joker-in-the deck, the wild card that is mimicking the effects 
of the asteroid that wiped out the dinosaurs 65 million years ago. It is up to all of us 
to contemplate the effects of our collective lives on the future of life on our planet. 
Peter and Alexis have combined to develop a stimulating vade mecum, an invita-
tion to each of us to journey along with them as we wrestle with the problem our-
selves. And that, of course, is the real point about reading anything. 
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PREFACE 

The ringing phone was one more interruption in a day filled with them, the day just 
another in the blur of time we call life. I anticipated the mundane. But the tele-
phone's slight electronic hesitation indicated International, and the caller's precise 
Oxbridge accent confirmed England. In this day of E-mail, no one pays for a phone 
call unless there is a pitch or a catch, so I listened with alacrity. 

The smooth-spoken man asked for Professor Ward, showing that European 
formality so charming and now so extinct in America. After I confirmed that I was 
I, he launched into the pitch (the catch was yet to come). He explained that he was 
a producer for the BBC, in charge of a thirteen-hour series about evolution, then 
early in the planning stages. He wondered if he could ask me a few questions. Sure, 
I answered, using a word I am sure has never been uttered by a Brit. He explained 
that the series was about the future—the future of evolution, in fact. I found myself 
listening much more carefully, having nearly finished the manuscript for this book 
at the time. He reiterated that he was funded to produce thirteen hours of program-
ming dealing with the animals and plants of the near to far future, with each hour 
profiling a future time slice, starting in the next few millennia and ending in the 
far-off future, a billion years from now, when the sun would be brightening to the 
point of threatening the existence of all life on Earth. We talked a bit further, while 
I kept exclaiming to myself, "Thirteen hours! Wha t can they possibly put on the 
screen for thirteen hours?" 

And then it was my turn to talk. I explained the thoughts that make up the sub-
ject of this book, starting out with the basic assumption that colors all that follows: 
for the biological life span of the planet, humanity is essentially extinction-proof, 
and, if we manage to develop effective interstellar travel, completely extinction-
proof as long as the galaxy survives. Therefore, any scenario envisioning the future 
of biotic evolution must do so in a world dominated by humanity—just as our 
world is today. In such a world the range of possibilities—in particular, the proba-
bility of exotic new body plans and life forms that would make good television—is 
severely limited. Those that do arise will probably be small in size, for humanity 
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has carved Planet Earth into a great number of tiny biological islands with our 
cities, farms, roads, and clear-cuts. Species that arise or evolve on islands usually 
tend to be small. In other words, there will be no new and exotic large mammals, 
birds, or reptiles. 

From the silence that followed I gathered that I had not delivered the message 
that this producer wanted to hear. He told me quite succinctly that his program 
would deal with the future of evolution in the absence of humanity—that surely 
humans would soon go extinct. To be fair, I find this view almost universal among 
my acquaintances as well. There seems to be an underlying human belief that 
Homo sapiens will soon join Tyrannosaurus rex and the dodo in the pile of evolution-
ary discards—basically a guilt and shame response, I surmise ("Anything as bad as 
we humans will surely die off soon! Why, we may blow ourselves up next week!"). 

"But what could kill off humanity?" I asked. He responded with the familiar 
litany: war, disease, asteroid impact, famine, climate change. Besides, he added as an 
afterthought, the future of animals and plants would be so much more interesting 

without humans—by interesting, I divined that he meant that it would make better 
television. I asked him to consider my alternative. His answer was that the matter was 
already decided. The BBC had had a meeting in Bristol, and the decision had been 
made: humanity would soon go extinct, and the future would be wild—the tentative 
name of the program. Perhaps a plaque should be mounted somewhere in Bristol 
inscribed as follows: "On this spot in 1999, executives of the British Broadcasting 
Company decided the future of the human race—and of all future evolution." 

In one regard Caius Julian of the BBC and I are in accord: The future is wild, 
and of this I have no doubt. But, in my opinion, not wild in the way that the BBC 
might think. It is far more likely that the future will be wild in the way that kayak 
builder and former tree house dweller George Dyson thinks—a digital wilderness 
of humans co-evolving with machines, or a wilderness of genetically altered plants 
escaping from agricultural fields to change the world into a landscape of weeds, or 
a wilderness of cloned sheep walking amok among their even more staid and nor-
mally bred brethren. 

There was silence on both ends of the line, and I realized that I had been day-
dreaming. Finally, it was time for the real pitch: would I consider filling the post of 
scientific advisor for the series? But we both knew that was a nonstarter now, for 
my view is that while the future will indeed be wild, many of its evolutionary prod-
ucts will be tame—further domesticated vassals of humanity. The reasoning 
behind this conclusion, outlined in the ensuing chapters, comes from my lifetime 
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of walking ancient outcrops and visiting gravesites of the geologic past. This book 
might be far more entertaining if I took the road of the BBC, or of a visionary 
named Dougal Dixon, and portrayed an interesting bestiary evolving in a new 
Eden following the fall of humanity. But I do not think that those paths are any-
thing but fantasy. 

This book is a look back and a look forward into worlds past and worlds per-
haps to come. How can this vision both backward and forward into time be told? 
Simple prose will do some of the job, but thousand-words-wdrth pictures will do it 
as well, or perhaps better. My partner and frequent inspiration in all of this has 
been artist Alexis Rockman, my equally dark twin. Our methodology was simple: 
each morning, to the delight of the stockholders of Ma Bell, we spoke on the phone, 
holding conversations about art, science, basketball, movies, and new visions of 
what might come next in the history of life on this planet. Words spoken would 
speciate into words written and pictures painted, followed by faxes sent across the 
continent or the oceans, depending on the apogees of life's travels. Sometimes we 
sent each other as well; he to live with me and help me buy books, and I to sleep on 
his miserable couch, buy expensive New York take-out food, and live in his win-
dowless studio where vision becomes visible; I colored his paintings and he shad-
owed my moods and thoughts about the future of evolution. I am a scientist but he 
is a naturalist, and therein lies a harmony often ending in cacophony, for the future 
may not be pretty, and the past has surely been brutal. So here art and science will 
collide as well, as Alexis Rockman takes these precepts and mediates them into 
images. It is our collective vision of a bit of the past and more of the future of evo-
lution. His hands were on these keys, and mine on his brushes. 

Others have also had an influence: the evolutionary scientists, of course, 
notably Norman Myers, Mart in Wells, Robert Paine, and Gordon Orians; my col-
leagues in the extinction business, including my Permian companions Roger Smith 
and the Karoo paleontology field crew; James Kitching, Joe Kirschvink, the crew 
from the Foundation for the Future, and especially Sir Crispin Tickell; Dr. David 
Commings, Neal Stephenson, George Dyson, our agent Sam Fleischmann, and 
our editor John Michel. Thanks to Holly Hodder for books, and to our families for 
patience. 

Here goes— 
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INTRODUCTION 

THE CHRONIC 
ARGONAUTS 

Nothing in biology makes sense except in the light of evolution. 
—THEODOSIUS DOBZHANSKY 

Cambridge lies well east and north of London, nestled in a flat landscape 
softened by time. The spacious farms surrounding this ancient college city 
are furrowed in white and brown, for the plows gutter into the white chalk 

making up this part of the British Isles. The chalk comes from a different time; it is 
a legacy of a long-ago tropical sea filled with the Cretaceous bestiary of a saurian 
world, an era when dinosaurs ruled and seemingly had all the time in the world to 
revel in their hegemony. In the oceans the dominant creatures were many-tentacled 
ammonites, relations of the modern-day octopus and squid. Now they and their 
world are but memories in chalk, to be disinterred each plowing season. 

Slender lanes lead from the center of Cambridge and its splendid University to 
both rustic working farms and more genteel estates, many of some age. One such 
manor house sits amid hedges and spacious gardens going wild; around back a 
large pond long ago given over to eutrophication reflects back the gray skies and 
slanting rain, while ancient trees afford some slight protection from the English 
weather for more zealous players on the croquet pitch. The ivy-covered house, 
stone cold in the grand English tradition, counts its age in centuries. A huge 
kitchen is its warmth, but the book-lined study is its heart. Like many old English 
houses, it is a hodgepodge of rooms and uneven floors, the results of successive 
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FUTURE EVOLUTION 

owners adding on here and there, burrowing amid its warrens, building a wall or 
tearing one down, marking the centuries with their successive versions of home 
improvement. Deep in the house's center a great clock ticks, marking time's unidi-
rectional progress, while deeper still the ghost of H. G. Wells just might reside. 

The current owners are people of the University. Martin Wells is a professor of 
zoology; his wife Joyce is a financial officer. Martin has had an influential scien-
tific career, one now far nearer its end than its beginning; he started out investigat-
ing octopuses in Naples as part of his graduate studies and continued for years after 
that, probing the consciousness of these arcane kraakens, puzzling over their eye-
sight and superb reflexes, wondering how their large brains worked. Later he 
moved on to explore the brains and physiology of other cephalopods, including the 
most ancient of all, the chambered nautilus. 

It was on an expedition to study Nautilus that I first met him. We lived to-
gether on an isolated island in the Great Barrier Reef, and sailed the antipodean 
seas in the sun-drenched tropics to probe the most ancient of living things. I 
remember thinking then that Mart in was slumming a bit in his nautilus studies. 
His first love remained the octopuses, those creatures that served as models for 
Martians in the most celebrated book by his grandfather, the English writer and 
prophet H. G. Wells. The War of the Worlds became famous for its malevolent mol-
luscan Martians. Did H. G. ever talk to his grandson Martin about these octopus-
like invaders? Somehow, in all of our long days and nights together, I never asked 
him; perhaps he told me, but time has erased the memory. Perhaps cephalopod 
preoccupation runs in the Wells family, an odd recessive gene. 

H. G. was a Londoner, not of Cambridge, and he never visited the manor 
house now serving as the ancestral home. But if anything spiritual of H. G. still 
exists anywhere, it must be in this house. His memorabilia, the numerous first edi-
tions, even the remaining royalties from the great man's publishing empire make 
their way here. This was not H. G.'s house during his lifetime, but it is now. 

I first came to this place on a cold March day now many years ago and stayed 
for a week, playing croquet with Martin, drinking his elder flower wine, and plot-
ting new research on our favorite creatures. Here he critiqued and corrected the 
draft of my first book, a scientific treatise on the nautilus. We talked endlessly 
amid the playing and drinking, and when late at night I shivered under the piles of 
covers in my unheated room and listened to the ticking of clocks, it was of H. G. 
that I thought, imagining his life, and wondering where his inspiration welled 
from. 
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THE CHRONIC ARGONAUTS 

I prowled the house and perused the many books. One of my interesting dis-
coveries concerned H. G. Wells's first book of fiction, published in the final years 
of the nineteenth century. At that time, Wells was surrounded by the same end-of -
century hysteria that deluged my own world as the twentieth century (and second 
millennium) came to a close, and surely then (as now) all eyes gazed forward 
toward the uncertain future. Those of H. G. certainly did. His first novel remains 
among his best known, a rather brief story about a man who builds a machine that 
can travel through time. Given the choice of voyaging either forward or backward 
in time, he (like Wells) is interested only in the future. His motive is simple: to see 
the future of humanity. The name of this novel was The Chronic Argonauts. It was 
later renamed The Time Machine, and literary history was made. 

Hollywood and armies of pulp science fiction writers have made this story (and 
this genre) now instantly recognizable to us. The wonderful 1960 George Pal 
movie of the same name is still staple fare to those surfing across the television 
bandwidth late at night. But the movie plot departs significantly from the novel it 
was based upon, and the novel, now not so widely read, holds a number of sur-
prises. The hero, an unnamed Time Traveler, journeys eight hundred and two 
thousand years into the future from the site of present-day London, and finds won-
ders—and horrors. Humans have changed—they have undergone evolution. They 
have become smaller in stature, and more feminine: the men have no facial hair, 
their mouths and ears have been reduced in size, their chins are small and pointed, 
their eyes "large and mild." And it is not just the people that have undergone what 
might be called "future evolution." The Time Traveler finds himself in an ecologi-
cal habitat very different from the England of today (or of Wells's yesterday). Wells 
portrays a world where the very plants have changed. Early in the book, Wells's 
protagonist describes this future world in the following fashion: 

My general impression of the world I saw over their head was of a tangled 
waste of beautiful bushes and flowers, a long neglected yet weedless garden. I 
saw a number of tall spikes of strange white flowers, measuring a foot across 
the spread of their waxen petals. They grew scattered, as if wild, among the 
variegated shrubs. 

But the garden is not so weedless, it turns out, for it is the former food crops that 
have escaped from the gardens and fields of Wells's time to become the weeds of 
the future. The Time Traveler also finds that the human inhabitants, the Eloi, are 
vegetarians. Some of the fruits that they eat are of new varieties. Even the flowers 
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are different—and most animals are now gone. Clearly a vast extinction has 
occurred, and a great deal of evolution has transpired. All is not novel, though, for 
Wells has populated this future world with some old standbys familiar in our 
world, including rhododendrons, apple trees, acacias, tree ferns, and evergreen 
trees, as well as the new types of fruits and vegetables. 

The Time Traveler has seemingly landed in a Garden of Eden. The well-known 
plot quickly refutes that first impression, however, for Wells has populated his 
future world with a second human species—the Morlocks, a troglodyte race small 
in size, of apelike posture, with "strange large grayish-red eyes" and white flaxen 
hair. Wells is quite clear about the affinity of this group of creatures: 

Gradually, the t ruth dawned on me: that Man had not remained one species, 
but had differentiated into two distinct animals: that my graceful children of 
the Upper World were not the sole descendants of our generation, but that 
this bleached, obscene, nocturnal Thing, which had flashed before me, was 
also heir to all the ages. 

The Time Machine was first published in book form in 1895, and later reprinted 
innumerable times. Yet prior to its book publication it appeared in serial form in the 
National Review, and that version contained several pages of text omitted from all 
subsequent book editions. In these pages Wells amplifies his prediction about the 
fate of animals: by 800,000 years from now, humanity will have killed off almost all 
of the world's animals, "sparing only a few of the more ornamental." Wells is 
describing a mass extinction produced by the actions of humanity. There is a clear 
message in this novel written in the late 1890s: the plants, animals, and humans of 
the future will evolve from their state in the present, but many of the extant species 
of our world will not have a future: they will be driven to extinction by humanity. 

Late in the book, there is a final, terrible prediction. The Time Traveler voy-
ages many millions of years into the future. T h e sun has turned orange. Plant and 
animal life is sparse; he finds giant insects to be the dominant inhabitants of the 
Earth. The human race still exists, but has "devolved" into small creatures that 
look like rabbits or kangaroos. It is a dark and depressing chapter in a book already 
dark and hopeless in tone. The future of humanity is not extinction, it is evolu-
tion—but it is not a very "progressive" evolution, at least as many of us would like 
to define human progress. We do not end up as wiser, more beautiful, more refined 
creatures. Quite the contrary. 

H. G. Wells made a number of unambiguous predictions in The Time Machine. 

First, the book clearly implies that evolution will continue in the future. Second, 
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humanity will create a great mass extinction on Earth. Third, the surviving future 
flora will be filled with agricultural species run riot and turned into weeds. Finally, 
humanity itself is virtually extinction-proof, though it will evolve. Wells was, of 
course, a confirmed evolutionist. He passed his college years at the Normal School 
of Science in London, where he took classes on evolution from Thomas H. Huxley 
himself. The Time Machine is a science fiction novel, one of the first ever, but above 
all it is an early and prescient attempt to chart the future of evolution. A century 
later it is difficult not to concur with its predictions. 

The Future of Evolution 

W h a t is the future of evolution? So ambiguous a question invites varied responses. 
As in The Time Machine, it might be interpreted in terms of outcomes: what will 
animals, plants, and other organisms be like at some time in the future, perhaps a 
thousand years from now, perhaps a thousand million years from now? The only 
certainty is that they will be different. Even in the near future, the mix of species 
and their distributions, relative numbers, and relationships with one another will 
have changed, and by the far future the accumulated changes may be breath-
taking—or trivial. There can be no doubt that the evolutionary forces that have 
created the astonishing diversity of species on Earth in the past and into the present 
will continue creating new species and varieties, resulting in a global biotic invento-
ry of species different from that of today. How different, and in what ways, is open 
to informed speculation, and is one of the subjects of this book. This particular 
question was addressed some years ago by author Dougal Dixon in his delightful 
1970 book After Man. 

Ahead of his time (if still well after H. G. Wells), Dixon echoed Wells in fore-
casting an imminent mass extinction, prophesying that humanity would eliminate 
enough of the current biota on Earth to open the faucets of evolutionary change. 
But here Dixon parted company with the Wells vision, for Dixon posited his new 
fauna evolving in a world where humanity itself has gone extinct. Dixon predicted 
that most of Earth's post-extinction bestiary would evolve from the surviving 
meek, such as small birds, amphibians, rodents, and rabbits. Dixon's central 
assumption is that humanity will biotically impoverish the planet and then have 
the good grace to go extinct, opening the way for the evolution of many new 
species. His imagined new biota depends on this central fact—that humans have 
gone extinct, yet left the Earth in sufficiently good repair to allow wholesale evolu-
tion of new forms. The creatures figured show evolutionary convergence: they 
resemble the animals that might soon be extinct on the present-day Earth. Dixon 
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has thus figured animals resembling the many endangered large herbivores, carni-
vores, and scavengers in the varied biomes represented on the planet today. While 
great fun, this new fauna (like that portrayed in far less detail in The Time Machine) 

is a completely untestable vision residing in the realm of fantasy. 
The pathway of Dougal Dixon—of imagining a subsequent fauna and flora— 

is one way of answering the query about the future of evolution on Earth. Yet there 
is another way that the question might be interpreted. Perhaps it relates not to out­

come, but to the evolutionary process itself. It might mean, "Wha t is in store for the 
varied mechanisms that have resulted in the various species of the past and pres-
ent?" Might the "rules" governing those processes be changed in the near future— 
or might they have been changed already in the not so distant past? 

The second interpretation of this question seems, at first, patently ridiculous. 
The processes that introduce novelty and evolutionary change—natural selection, 
mutation, sexual selection—will continue to modify the gene pools of species, occa-
sionally resulting in the formation of new species, just as they have since life first 
appeared on the planet at least 3.8 billion years ago. But it may be that while process 

has not changed, pattern has. This is the point of another English thinker, Dr. Nor-
man Myers of Oxford University. One of the most vocal and prominent conserva-
tionists of the late twentieth century, Myers believes that humanity has changed 
the rules of speciation itself. That controversial view will also be explored in the 
pages that follow. 

Whether or not we have somehow changed fundamental aspects of how or 
where new species arise, it is an unambiguous fact that very early on, our species 
learned to manipulate the forces of evolution to suit its own purposes, creating vari-
eties of animals and plants that would never have appeared on Earth in the absence 
of our will. Large-scale bioengineering was under way well before the invention of 
written language. We call this process domestication, but it was nothing less than 
efficient and ruthless bioengineering of food stocks—and the elimination of species 
posing a threat to those food stocks. Once the new breeds of domestic animals and 
plants became necessary for our species' survival, wholesale efforts toward the 
eradication of the predators of these new and stupid animals were undertaken. A 
carnivore eating humans was tolerable, because the losses were negligible, but a 
carnivore eating the new human food sources was not, because the losses spread to 
the entire group. 

Our modern efforts at biological engineering are but an extension of our earlier 
efforts at "domestication." Until the end of the twentieth century the natural world 
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had never evolved a square tomato, or any of the numerous other genetically 
altered plants and even animals now quite common in agricultural fields and scien-
tific laboratories. Just as physicists are bringing unnatural elements into existence 
in the natural world through technological processes, so too has our species invent-
ed new ways of bringing forth varieties of plants and animals that would never have 
graced the planet but for the hand of man. And, like plutonium, the new genes cre-
ated and spliced into existing organisms to create new varieties of life will have a 
very long half-life; some may exist until life is ultimately snuffed out by an expand-
ing sun some billions of years in the future. So what is the future of evolution? Some 
of it is being decided in biotechnology labs at this moment. 

Humans have profoundly altered the biotic makeup of the Earth. We have done 
it in ways both subtle and blunt. We have set fire to entire continents, resulting in the 
presence of fire-resistant plants in landscapes where such species existed only in 
small numbers prior to the arrival or evolution of brand-bearing humans. We have 
wiped out entire species and decimated countless more, either to suit our needs for 
food or security or simply as an accidental by-product of our changing the landscape 
to favor our new agricultural endeavors. We have changed the role of natural selec-
tion by favoring some species that could never otherwise survive in a cruel Darwin-
ian world over others of estimably greater fitness. We have created new types of 
organisms, first with animal and plant husbandry and later with sophisticated 
manipulation and splicing of the genetic codes of various organisms of interest to us. 
The presence of humanity began a radical revision of the diversity of life on Earth— 
both in the number of species present and in their abundance relative to one another. 

It is not just modern humans in gleaming laboratories that have instituted this 
biotic change, or even the primitive farmers that caused the evolution of the now 
familiar domesticated animals beginning 10,000 years ago. Hunters have also signif-
icantly participated in creating evolutionary change that will echo through time for 
thousands or tens of thousands of years still to come. We have not only created new 
ways of producing animals and plants through brutal unnatural selection, but we 
have manipulated the most potent force of evolutionary change—the phenomenon 
of mass extinction. Humanity has created a new mass extinction—which I will show 
to be now largely over—that is different from any that has ever affected the planet. 

A central thesis of this book is that the most consequential aspects of the new 
mass extinction of species so direly predicted to be awaiting us in the wings of the 
near future have, in fact, already occurred, at least among those creatures that con-
tribute most importantly to the makeup of the terrestrial biosphere. One of the tenets 
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of the modern evolutionary theory known as macroevolution is that mass extinction is 
a potent source of new species once the forces that brought it on have ebbed. Accord-
ing to this theory, the elimination of a majority of species (characteristic of the direst 
mass extinction events) opens up opportunities for new evolutionary varieties to fill 
the rolls of the missing. The end result is that novelty reappears on the planet. Many 
evolutionists have theorized that over the next several centuries humanity will direct-
ly or indirectly create just such a situation. In contrast to this position, I argue that, at 
least for the most important terrestrial animals, this has already happened. 

The elimination of large mammals during the last 50,000 years has profoundly 
affected the evolutionary mix of the planet, and should create the opportunity for a 
new evolutionary fauna to arise—much like new plant growth following a forest 
fire, but in this case composed of entirely new types of species. Just such recoveries 
followed the two greatest mass extinctions of the past: the Permo-Triassic extinc-
tion 250 million years ago, which ended the Paleozoic Era of life and ushered in the 
Mesozoic, and the Cretaceous-Tertiary extinction 65 million years ago, which 
ended the Mesozoic and created the conditions leading to the Cenozoic Era. 

The first of these mass extinctions caused a changeover from a terrestrial world 
dominated by mammal-like reptiles to one dominated by dinosaurs, while the 
second opened the way for the Age of Mammals with the complete extinction of 
the dinosaurs. These and other catastrophic mass extinctions in the Earth's past 
were invariably followed by periods when the Earth was inhabited by a relatively 
low number of species, known as recovery faunas. These depauperate recovery fau-
nas were in turn succeeded by a newly evolved group of dominant organisms, often 
composed of taxa different from those that dominated prior to the mass extinction. 

So too with the extinction of the Ice Age megamammals, which I see as simply 
the opening (yet most consequential) act of a mass extinction continuing into the 
present day. This "modern" mass extinction has been profiled in a slew of recent 
books and articles, such as Ehrlich and Ehrlich's Extinction, my own The End of 

Evolution, Niles Eldredge's The Miner's Canary, Leakey and Lewin's The Sixth 

Extinction, and David Quammen's The Song of the Dodo. If the past is a key to the 
present and future, we can expect the emergence of some new Age—an age of new 
varieties of mammals, or an Age of Birds, or perhaps an Age of animals of a body 
plan yet to be evolved. 

Or maybe not. There are some doomsayers who suppose that there will not be 
good news after the bad news, or at least any time soon after the bad news. Accord-
ing to this school of thought, there will indeed be a new age: an Age of Weeds, or 
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perhaps a Depauperate Age. The most prominent of these thinkers is Norman 
Myers, who brings up an intriguing and disturbing point: W h a t if the processes 
and places that have restocked the biodiversity cupboard in the past can no longer 
operate because of the way that humankind has reshaped the surface of this planet? 
In the past the tropics have repeatedly reseeded the Earth with species. But it is 
these same tropical regions, and especially the tropical rainforests, that are being 
most radically affected by burgeoning human populations. Thus Myers believes 
that there will not be much of a new recovery fauna for many millions of years into 
the future—if ever. 

Yet there is a third alternative. W h a t if we are already in the midst of the new 
Age? W h a t if the dominant organisms of the new evolutionary recovery fauna have 
already evolved? In the pages below I will try to show that a newly evolved recovery 
fauna is indeed already among us, composed of new types of mammals and birds 
unknown on Earth even 15,000 years ago: cows, sheep, pigs, dogs, cats, chickens, 
pigeons, barnyard ducks and geese, and fluffy Easter bunnies, among others: the 
familiar domesticated animals that serve as our companions and food sources. This 
is not to say that there will be no further extinctions in the centuries to come as 
humanity continues to enlarge its numbers and its hold on the Earth. But the sub-
sequent species losses will have very little further evolutionary effect on the planet, 
and will occur mainly among terrestrial species of little evolutionary importance— 
species that will probably not be replaced as long as humanity exists. 

My final proposition is that of all large animals (and certainly among large 
mammals) on Earth, save for the bacteria inhabiting the deep microbial biosphere 
of the Earth's upper stony crust, our species is the most extinction-proof, unless a 
very low probability traumatic event, such as a very large asteroid or comet impact 
or an all-out nuclear war, comes along. Yet even in the latter case there is still a high 
probability that some few of our resourceful species will emerge from some bomb 
shelter and return to our rabbity breeding ways. This is not to say that our species 
will be happy, but exist we will—and as long as that happens, there will not be a 
new age of anything except a continued Age of Humanity. 

Even in such a world there will be future evolution, and there will be new vari-
eties of animals and plants. The current use of plants and animals with altered 
genomes—transgenics—ensures that the future will look different from the pres-
ent, especially if one appreciates the beauty of ragweed, or can appreciate pesticide-
resistant horseflies. The future may be one of runaway giant pumpkin vines and 
other escaped, altered agricultural crops. It will certainly be interesting. 
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This book is not about cause. It is about effect. I will describe in some detail the 
major mass extinctions that have already occurred, bu t while most treatments of 
mass extinction focus on causes, that is irrelevant to the arguments in this book—it 
hardly matters whether an extinction was brought about by climate change, mete-
or impact, or human activity. All achieve the same effect—our story. 

E ight proposit ions to be defended, then: 

1. Past mass extinctions have been instigators of biological innovation and the 
eventual augmentation of diversity. They have opened up ecological niches 
and fostered the creation of evolutionary novelty. 

2. Most—or all—past mass extinctions have been multi-causal, and have 
lasted tens of thousands of years at a minimum. 

3. The Earth entered a new mass extinction event during the waning of the 
last Ice Age—a mass extinction that continues into the present. 

It is likely to continue well into the future. But its most consequential phase— 
the destruction of large mammals and birds—is already finished, and it happened 
(at least by human standards of time) a very long time ago. It resulted in the extinc-
tion of the dominant terrestrial organisms, the large megamammals that populated 
most of the land surface until the last phases of the Ice Age and into the present. 
This new mass extinction now preys upon the small, the endemic, and the wild 
species such as salmon and cod that are harvested as human food. But mostly it 
preys on animals and plants living on biotic islands—either real islands surrounded 
by water or the artificially produced habitat islands that our highways and crop-
lands are creating. W h a t we witness now is a highly significant yet almost invisible 
diminution of the smaller species on Earth, for the larger animals are already gone. 

4. The modern mass extinction is different from any other in the Earth's 
long history. 

To date, it has affected mainly large land animals, island birds, and rare trop-
ical species, although data emerging in recent decades suggest that its highest ex-
tinction rates may be shifting to tropical plant communities and perhaps tropical 
marine coral reefs. It is certainly causing the depletion of wild food stocks of land 
and marine animals. The reduction of fishery stocks is causing a wholesale elimina-
tion of major populations that may not kill off entire species (due to fish farming), 
but will leave the planet biotically impoverished nevertheless. Global terrestrial 
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biodiversity will fall to end-Paleozoic levels because of continued extinction and 
the functional removal of traditional barriers to migration. 

5. All mass extinctions have been followed by a recovery interval, char-
acterized by a new fauna composed of animals that have either survived 
the extinction or evolved from such survivors. 

In this case, that recovery fauna is already largely in place, and consists mainly 
of domesticated animals and plants, as well as "weedy" species capable of living 
amid high populations of humans. 

6. There will be new species yet to evolve. 

Many of these new species will be the result of jumping genes, as D N A from 
organisms created under laboratory conditions by biotechnology firms escapes into 
the wild. Others will be mainly small species adapted to living in the new world of 
spreading cities and farms. The new animal and plant species will thus evolve in the 
niches and corners of a world dominated by Homo sapiens. The rules of speciation 
have changed: few large animals will evolve as long as humanity exists in large num-
bers, and as long as our planet remains dividend into innumerable small islands. 

7. Our species, Homo sapiens, can look foreword to both evolution and 
long-term survival. Of all the animal species on Earth, we may be the least 

susceptible to extinction: humanity is functionally extinction-proof. 

Yet we are also malleable by the evolutionary forces of natural selection, and we 
may be seeing rapid evolution within our species at the present time, as evidenced 
by an increase in the incidence of potentially heritable behavioral disorders (atten-
tion deficit hyperactivity disorder, Tourette's syndrome, clinical depression). There 
will also be what might be called "unnatural selection" as some segments of human-
ity acquire the use of neural connections to sophisticated memory storage devices. 
The future evolution of humanity will entail integration with machines—or perhaps 
we are but the midwives of the next global intelligence: machine intelligence. 

8. There will never be a new dominant fauna on Earth other than humanity 
and its domesticated vassals until we go extinct—and if we succeed in 
reaching the stars, that may never happen. 

Prophecy is perilous business. But there are some clues, mainly from the fossil 
record, about how the future of evolution may proceed. These clues and their 
implications are the subject of this book. 
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The mass dying out of the late Permian Period was the greatest of all extinctions. 

Although some animals, like this burrowing Lystrosaurus, may have tried to escape 

their fate, eventually 90% of all the animals on Earth disappeared. This scene will 

repeat itself at the end of the world. 



ONE 

THE DEEP PAST 
A Tale of Two Extinctions 

Force maketh nature more violent in the Returne. 
—FRANCIS BACON 

Karoo Desert, South Africa 

On a cloudless September day a paleontologist gears up for a collecting trip 
in the dry Karoo Desert of southern Africa. His route will cover a distance 
of about 3 kilometers, beginning at the base of a large valley overlooked 

by a high mountain ridge known as Lootsberg Pass. The traverse will take him 
through time as well as space. As he climbs up through the bed of an ephemeral 
creek he will be ascending a stairway made of stacked layers of sedimentary rock, 
each stratum representing a slice of time, starting with 251 -million-year-old strata 
and ending in 249-million-year-old rocks. Somewhere on this walk he will pass 
through the remains of a singular biodiversity catastrophe, the single most calami-
tous mass extinction to have ever savaged the Earth, an event so severe that it has 
forced geologists to subdivide time around it. He begins his traverse in Permian 
rocks, representing the last time interval of what is termed the Paleozoic Era, so 
named because of its archaic assemblage of fossils. He will end up in the Triassic 
period, the first unit of the Mesozoic Era, or "time of middle life." The division 
between these two groups of strata was caused by mass extinction. The various 
tools of his trade are attached to or slung on the hooks, holsters, belts, and vest he 
wears; water and food are doled out and stored in the backpack that completes his 
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burden. A broad-brimmed hat tops it all off, and he laughs at himself—Halloween 
in Africa, a geologist in costume. Wi th no more ceremony than locking the vehicle 
doors, he sets out into a basin tens of kilometers across. 

His first impression is of heat, first felt against his rapidly drying skin, then 
glimpsed as faintly perceived shimmers in the clear air. Great vultures ride these 
thermals, but otherwise the vista is exanimate. Only a thin ribbon of road brings 
order to the wide valley floor, and a sense that the living share this place with the 
fossil dead. The air is so clear that great distances lie visible, as if the landscape is 
part of another, larger planet, where the very horizon recedes impossibly far, or 
perhaps this world of dreams is flat. Green fights a losing battle among the low, 
dispirited shrubs and thorny scrub, fading to relentless brown, a thousand shades 
of brown; a color elsewhere so monotonous yet here so diversified. 

From his vantage point at the base of the valley, the world seems to have encoun-
tered a great test, and been found wanting. A test of life failed; failed in the present, 
failed immeasurably more so in the quarter-billion-year-old past, for Loots-
berg Pass is a fossil graveyard, a headstone to Planet Earth's greatest extinction. 

Three hundred million years ago, in a time long before dinosaurs, mammals, or 
birds had first evolved, the southern part of what we now call Africa was gripped in 
the glacial deep freeze of a profound ice age. Slowly, the land warmed, and a land-
scape suitable for life emerged. First low mosses, then higher forms of life colo-
nized the rapidly warming region, eventually creating a lush world of wide river 
valleys far from the sea. Into this region animals found their way, and thrived. They 
left their-remains in the ancient river sediments, remains that only now are eroding 
free in the isolated sedimentary rock banks and outcrops beneath Lootsberg Pass. 

The geologist makes his way to low outcrops of greenish sedimentary rock 
carved into the grass and scrubland making up the wide valley floor. The sedimen-
tary rock beds in this or any other exposure are windows to the deep past, for it is 
within such strata that information about ancient environments, as well as ancient 
inhabitants, is entombed. Because of their textures and bed form, these particular 
sedimentary rocks could have formed only in rivers. The rocks also bear fossiIs, 

remains of ancient plants and animals. 
The river valleys of 250 million years ago would have looked much like any river 

valley today, with meandering streams and swamps. But the rich plant life would 
probably seem exotic and peculiar to us if we could somehow be transported back to 
this ancient time. While the world today is dominated by flowering plants, the fos-
sils in these greenish river deposits are from species far more ancient: mosses, ferns, 
club mosses, ancient horsetails, and most commonly, seed ferns of a type called 
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Glossopteris (the modern-day ginkgo is a descendant, and gives us a sense of what 
this plant may have looked like). Giant horsetails in stands like bamboo might have 
lined the riverbanks. Ferns, mosses, and primitive plants known as lycopods were 
also common. There might have been savanna-like regions as well (but without 
grass, a much later innovation). Paleobotanist Bruce Tiffany envisions the Karoo 
vegetation as "gallery forests," isolated stands and thickets composed of seed ferns, 
with conifer trees in areas of moisture, surrounded by regions of true ferns. The 
ferns may have formed extensive communities, almost like grasslands. All of this 
richness fringed the watercourses; in more upland regions, away from water, there 
may have been little vegetation. All in all, it was an ideal place for land life. 

At first only squat, belly-dragging amphibians lived in these river valleys. But 
as eons passed, more advanced land dwellers arrived or evolved: the fully terres-
trial reptiles, small at first but rapidly enlarging until a great diversity of spectacu-
lar and hulking behemoths waddled and shuffled about the landscape. Several 
stocks lived in this ancient African splendor. Most common were four-legged crea-
tures called therapsids, or "mammal-like reptiles." But other reptilian legions 
spawned here as well, such as the ancestors of turtles, crocodiles, lizards, and, even-
tually, the dinosaurs. Some were hunters, far more were hunted. All have left a 
copious fossil record of their presence, for the Karoo strata are packed with bones. 

The therapsids are virtually unknown to us in any sort of cultural context; 
theirs is the true lost world. W h e n in Edwardian times Sir Arthur Conan Doyle 
wrote his scientific adventure story The Lost World, he recreated an environment 
known at that time only to academics: the world of the Mesozoic Era, known to us 
as the Age of Dinosaurs. He created a place lost in the world because of geographic 
isolation, but he was really painting a picture of scientific isolation, for even in the 
early twentieth century the great Age of Dinosaurs was still a lost world, so little 
did science (and the public) know about it. The Age of Dinosaurs is clearly no 
longer so lost. Every schoolchild knows the dinosaurs' tongue-twisting names, 
their food preferences, and even their color schemes. Nothing so well known to 
Hollywood and popular culture can be considered lost. Instead, the true lost world 
is that of the mammal-like reptiles—a time and place that disappeared from the 
Earth a quarter billion years ago. 

Paleontologists now have a fairly accurate census of the large vertebrate genera 
living in the Karoo Basin just prior to the great extinction. There were two amphibian 
genera (and thus at least two, but probably more, species), six types of captorhinids 
(ancestors of turtles), two eosuchians (ancestors of dinosaurs, crocodiles, and birds), 
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nine mammal-like reptiles known as dicynodonts (which shared a common ancestor 
with mammals), three biarmosuchians (a primitive group of reptiles), nine gor-
gonopsians (all large, fearsome predators), ten therocephalians (another group of 
now-extinct reptiles), and three cynodonts—doglike predators that are on the direct 
line of all living mammals. All told, forty-five separate genera of vertebrate crea-
tures are known from this last million years of the Permian Period. 

This census demonstrates that life was diverse in the Age before Dinosaurs. To 
put this number in context, there were fewer large vertebrate genera in the Permian 
Period than, say, on the plains of modern-day Africa or in the rainforests of the 
present day. But there were more large animals back then than are found today in 
the grassy regions of North America, or Australia, or Europe, or Asia. This ancient 
world was diverse, in some cases more diverse than our own in the category of 
large, four-legged land life. 

Until the highest reaches of Permian-aged rocks, there appears to be no 
diminution of either the numbers or diversity of the Permian fauna as one 
approaches the boundary marking the mass extinction. The most common fossil is 
Dicynodon, name-giver of this highest Permian zone, but many other types are 
found as well. As in any environment of today, the herbivorous forms far outnum-
ber the predators. Then, very curious changes begin to appear in the rock record. 

About halfway up the gully fronting the Lootsberg Pass region, the rocks begin 
to change color from greenish to red. The green and olive strata first show faint 
patches of purple, and as successive strata are passed on a journey up through the 
great stratal column making up this region, more and more of these red to purplish 
blotches are found within the rocks. Another change occurs as well: the fossils 
become more rare and far less diverse. Forty feet above the first appearance of red-
dish strata, only three types of fossils can be found, and two of these were not pres-
ent in the greenish strata below. Dicynodon is still present, but it is now the only 
member of the impressive diversity of Permian fauna that was so commonly found 
in the strata below. The two new fossil types that appear are a small but vicious-
looking predator called Moschorhinus and a curious dicynodont genus called Lystro-

saurus. Elsewhere in the Karoo, a few other types are known from this interval as 
well, including a small lizardlike form, some amphibians, creatures looking some-
thing like a dog, and a small reptile that turns out to be the ancestor of the dinosaurs. 

Dicynodon, Moschorhinus, and Lystrosaurus are found together in beds over a 
stratal thickness of perhaps 50 feet or so. For the last 10 feet of this interval the beds 
are pure red; they have lost any semblance of green color. And then a most curious 
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sedimentary phenomenon occurs: one last time, green beds appear. The most dis-
tinctive of these beds are found in the Lootsberg gully—and, it turns out, every-
where else in the Karoo at this same stratigraphic interval so far examined. These 
last green beds are very thinly laminated, showing the finest-scale bedding planes 
and sedimentary structures. They have no burrows, no evidence of plant mate-
rial—and no fossils of vertebrate animals. They are completely barren, with an 
aggregate thickness of only 10 feet. They are the signposts of global catastrophe. 

The strata immediately above and below these thin, green laminated beds show 
no bedding planes and are red in color. The lack of distinct bedding in the underly-
ing and overlying strata comes from a process known as bioturbation, caused by the 
action of burrowing organisms such as insects, worms, and crustaceans, which dis-
rupts the original bedding, making it gradually indistinct. Almost all sedimentary 
beds are thinly laminated when they are first deposited. But in most environments 
in our time (and probably in most of the Permian time as well), the action of bur-
rowing animals disrupts this fine-scale bedding. As years and then centuries pass, 
the fine-scale differences in sediment composition producing the visible bedding 
planes are destroyed, trampled, ingested, homogenized. The resulting rock is mas-
sive, featureless, and free of bedding plane surfaces. Oddly enough, it is the pres-
ence of fine bedding planes that alerts the geologist to the fact that something 
extraordinary has happened, for the presence of such beds indicates that organisms 
were not present. It tells of a world existing in the absence or near absence of ani-
mals. And that is rare indeed. 

The sun rises higher in the clear sky; the geologist is halfway through his trek. 
The heat of the day bares its fangs; sweat emerges on his skin only to dry instantly in 
the hot wind. He feels like an inverted diver; he drinks from the large water bottles 
he carries, filling himself with water like some lost fish emerging onto land in a div-
ing suit that pumps water, rather than air, into his body. The vegetation around him 
is all scrubby, low, and brown; an occasional carnivorous fly buzzes about his face, 
intrigued by this moving, sweaty heat source. More water, salted nuts, an orange, an 
apple, and he shrugs on the heavy pack once more and continues upward. 

The rocks are very different now. All of the finer rocks are brick red in color. It 
is like the surface of Mars—perhaps in more ways than one. The geologist comes to 
a thick ledge of sandstone, and finds pebbles and bones along the undersurfaces of 
these thick beds. They show features indicating that they were deposited by braid-
ed streams, the anastomosing channels that water follows as it first leaves the 
mountains, or on any other steep slope. There is no evidence of the more meandering 
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rivers of a typical river valley, no indication of the cross-beds and point-bar 
deposits that all rivers past and present make when they cross a river valley. Such 
deposits are common in the green beds of the Permian rocks seen earlier on this 
trek, but have disappeared from the Triassic strata. He wonders, imagines the 
scene. Perhaps the land suddenly tilted upward, creating a slope where none was 
before; mountain building could do that. But there is no other evidence that the 
long-ago region of Lootsberg Pass was affected by rapid mountain building. 

He searches his long memory, and Mars and H. G. Wells come to mind. Long 
ago there was water on Mars, and rivers. But all of the rivers on Mars were braided, 
leaving behind the same types of deposits, he is sure, that are found in these lowest 
Triassic strata in the Karoo. The reason the rivers on Mars were braided is that 
there was nothing to stabilize their banks, no deep roots to hold them in check, for 
evolution there, if it produced life at all, probably never got beyond bacteria. And 
the connection clicks. He has a vision of a long-ago Earth, where rivers were 
always braided—until plant life evolved and introduced a new type of river, the 
meandering river so familiar to us all in our world, and familiar too in the Permian 
period. Then, 250 million years ago, a huge mass extinction made this portion of 
the Earth, and perhaps all of the Earth, suddenly Mars-like, stripped it of all of the 
Permian trees and bushes that had greened that ancient world and kept its rivers 
flowing in the sinuous and meandering channels so recognizable and familiar to 
those of us who live in a tree-filled age. It hits him: this ancient extinction killed off 
the Permian trees, perhaps most of the Permian plants. And in so doing it changed 
the way the rivers flowed. 

The day is nearly over when he finishes his climb. In the highest rocks he finds 
numerous fossils, mostly of the pig-sized Lystrosaurus. But he sees other fossils as 
well, one that will give rise to the mammals, and another that will be the seed stock 
of an entirely different group: the dinosaurs, those heirs to the Paleozoic world 
whose own world also ended abruptly in global catastrophe and mass extinction, in 
an event best studied along a scenic seacoast in France. 

Hendaye, France 
Long ago, Spain whirled in its continental drifting, made a hard right turn, and ran 
into France with a tectonic lunge. Rocks crumbled, and the Pyrenees became the 
zipper uniting these two great blocks. An ancient seafloor was raised in the process. 

Today a part of that ancient ocean is exposed for all to see, but like Gomorrah 
and Sodom, that deep-sea bottom and its trove of skeletons has been turned to 

20 



THE DEEP PAST 

stone. Now it is a scenic park on the border between Spain and France, a coastal bit 
of the Basque country. On a very hot day a geologist prepares to hike this bit of 
coast in order to visit one of the world's most impressive Cretaceous-Tertiary 
boundary sites, a place where the great catastrophe ending the Age of Dinosaurs is 
preserved in dramatic fashion. To get there, he has to walk a pathway only the 
twentieth century could have built, a pathway containing clues not only to the past, 
but to the future—the future of evolution—as well. 

He starts his trek along a busy scenic coastal road lined with "snacks" and 
open-air cafes, then strides onto a wide sandy beach covered with naked humans. A 
lone, futile sign proclaims Nudism Interdit! (Nudism Forbidden). It is July, a hot 
morning, and already throngs from nearby Spain are jostling with the German 
tourists for the best bits of littoral territory as they lather their naked bodies with 
sunscreen amid piles of discarded clothing. Every age and form of humanity 
spreads itself out to fry in the sun, and the geologist is an odd sight as he walks 
through the sand, at times stepping over and by the prone naked bodies, festooned 
as he is with the hammers, compasses, water bottles, packs, and other regalia of his 
trade. It is an odd sight to see a clothed man, let alone an equipped clothed man. 
Odder still, he is walking to work, while the rest of humanity is here to frolic in the 
waves, playing the odd game of Spanish paddleball. The tide of humanity washed 
onto this shore is oblivious to another flood of flotsam floating in from Spain with 
the tide: the flotillas of garbage caressing their legs and ankles in the warm Bay of 
Biscay as they unconsciously celebrate their dominion over a thoroughly tamed 
world. Not a single one of them worries about being eaten by some predator that 
day. It is a sure sign that a great mass extinction has taken place: only during mass 
extinctions do the predators disappear. 

At the end of the beach a great rocky headland exposes pinstripes of strata, the 
Upper Cretaceous sedimentary beds he has come to sample. But the rocks rise pre-
cipitously and vertically up from the sea, leaving no path for the beachcomber to 
pass, so he must climb up onto the headland to get to his target site, still a half mile 
down the coastline. A well-worn path beckons upward near the end of the beach, 
and he follows it amid the sweet smell of beach and salt air. The neatly groomed 
track winds through bracken, then brings him next past a large fenced enclosure 
filled with children. As he passes closer, he sees that in contrast to the frolic and 
play normally associated with the young, these children are listless, slow-moving, 
or motionless. Some are wheeled by white-coated attendants. He realizes that this 
large outdoor reserve is for autistic and retarded children, all helpless and heart-
wrenching in their plight. He walks slowly by, staring, but they take absolutely no 
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notice of him. France has put its most pitiable next to the sea, in an exquisite set-
ting—these children that in another age would die early, but here will live and in 
many cases breed, and in some cases perpetuate their disabilities. Natural selection 
is no longer at work for these, or any other, humans. 

He ponders this experiment in future evolution as he finally passes by the mani-
cured lawn, itself some new evolutionary joke of grass bred for looks, and the path 
begins to rise. Now a different assault on his senses occurs: the cool, sweet salt air is 
suddenly replaced by a gut-wrenching odor, a choking miasma. The path now runs 
next to the municipality of Hendaye's sewage treatment plant, its huge outdoor pools 
of cess slowly rotating in giant concrete cisterns. Unfortunately, there is no way over 
the headland except by this path. A littoral territory once the home of a small tribe of 
humans is now inhabited by tens of thousands of humans and visited each year by 
that many and more, and their combined fecal output is now so voluminous that it 
can no longer be simply dumped into the sea. So here it is "treated" and then dumped 
into the sea, creating a riotous explosion of algal growth in the shallow water around 
the sewage outfall pipes, an experiment in ecology that is utterly changing the inter-
tidal and subtidal communities .along the coast as now bountiful phosphates and 
nitrates amid their rich liquid fertilizers putrefy the region. 

Finally he is past this hurdle as well, and he enters a fairyland. High above the 
beach a great pasture unfolds: acres of manicured grounds, scattered trees, and the 
magnificent vista of the sea. Sitting above it all is a splendid spired castle, now hous-
ing French astronomers by all accounts, although no telescope can be glimpsed. He 
is now in the reserve called Abbadia, a huge park that was once the fertile fields of 
the adjoining castle, and he feels transported back to earlier centuries, with even 
more distant time travels just ahead. He shoulders through a herd of sheep—ani-
mals stupid and bizarre compared with their ancestors. Their fecal pellets lie every-
where, and he wonders if they are, after humans, the most common large mammals 
on the planet. He ponders the process called domestication and how all domesticated 
animals seem to have lost brainpower as they were sculpted by humans into the 
species that they have become. He imagines the world of 8,000 years ago as human-
ity began to populate it with entirely new types of animals and plants in the single 
greatest evolutionary experiment since the ancient mass extinctions. 

As he walks across the high meadow in the sparkling summer sun, the twenti-
eth century and its history once again intrudes. Amid the waving grass, grazing 
sheep, and linear hedgerows are the scattered remains of huge concrete bunkers, 
jumbled masses of fractured concrete and twisted rebar. The blockhouses were the 
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work of the Nazis, part of the Atlantic Wall they built for defense, now nothing but 
large ruins of concrete littering the flat grounds like yawning caves or the litter of 
capricious giants. A movement within the first broken blockhouse he passes star-
tles him; he expects a fox or dog, but a naked man slowly stands, watching him. He 
passes by, and another man can be seen in the next smashed bunker. Soon he real-
izes that the field is alive with half-seen men, all silent, many only partially clothed 
or, like the first, not wearing clothes at all. He understands suddenly that this park 
is the territory and cruising ground of the local gay community, a meeting place 
where the vacationers who come here, and the locals who live here, swap microbes 
and homogenize the world's infectious diseases. It is a microcosm of what is hap-
pening to the world's animals and plants. He wonders, how much of their behavior 
is genetic, and will that be a future of evolution? 

He tops the crest of the headland and begins to drop down toward the sea. A 
steep and switchbacked trail makes a precarious path to the water's edge, where 
gently tilted strata are now exposed by the low tide. He strides out onto these rocks, 
inch- to foot-thick limestone layers packed with the most spectacular fossils. 

Giant clams lie frozen in the strata. Not the giant clams of our age that are now 
seen as birdbaths in backyard gardens, but flatter clams, with huge oval shells as 
much as a yard in length. They are nothing like any clam now alive, yet once these 
fossils were dominant members of the Mesozoic sea bottom community. They are 
called inoceramids, and they are hallmarks of a time when dinosaurs ruled the land 
and ammonites swam the seas. These same ammonites, with coiled shells like that 
of the nautilus, are also found in the clam-rich strata, although they are never so 
numerous as the clams. The geologist notes a few, and begins to walk perpendicular 
to the bedding, and thus up through time. 

It is a beautiful walk, with high cliffs of white limestone and reddish marl arch-
ing overhead, the sea slapping the rocks, and gulls wheeling about in noisy cacoph-
ony; no clouds mar the deep blue sky. W h e n he has walked along the coast for 
about 40 meters, the most peculiar thing happens: the clam fossils begin to disap-
pear. Soon they are rarely seen, and then they are gone altogether. They and their 
kind disappear not only from the strata on this seacoast but from all rocks dated at 
67 million years old and less, in which they had been common. After a reign of over 
170 million years, this type of clam suddenly goes extinct. The strata look the same, 
but the giant clams are gone. 

The geologist continues his walk along the seacoast, moving relentlessly up 
through time as he crosses the tilted strata on the rocky beach. Fossils are still 
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present, but they are relatively few in number. Most are sea urchins, although a few 
small clams and the rare but beautiful ammonites can be seen on this infrequently 
visited stretch of coast. He passes into a small bay, and the scenery changes. The 
tan to olive limestone he has been passing over is superseded by a gigantic wall of 
bright pink rock. There is a clear point of contact between the olive rock and this 
thicker, pinker limestone, and he moves into the bay to this contact. It is his goal 
this day. A thin clay layer several inches thick marks the boundary between the 
olive Cretaceous rocks and the pink rocks of the overlying Tertiary Period. This 
layer is also where the last ammonites can be found, while its counterpart on land is 
the stratum with the last dinosaur fossils. He smashes out a few fragments of this 
clay stone with his rock hammer and examines them with a powerful loupe. The 
clay contains a thin, rusty layer, and under magnification he can see that this thin 
layer is packed with tiny spherules, invisible to the naked eye but clearly visible 
even under the low magnification of the loupe. He is looking at bits and pieces of 
Mexico, on an extended European holiday after being blasted into space by the 
great asteroid impact that ended the Mesozoic Era 65 million years ago. In the 
warm sun, on this perfect day, he stretches out on the rocks, one hand on the last of 
the Cretaceous, the other slightly above it, on the oldest rocks of the Tertiary, span-
ning two eras, and imagines the scene: 

1 he asteroid (or comet—who knows!) is perhaps 10 kilometers in diameter, 
and it enters the Earth's atmosphere traveling at a rate of about 25,000 miles 
an hour. Yet even at such great speed it can be visually followed as it traces its 
majestic path down through the atmosphere before finally smashing into the 
Earth's crust. It is so large that it takes a second for its body to crumble into 
the Earth. Upon impact, its energy is converted into heat, creating a non-
nuclear explosion at least 10,000 times as strong as the blast that would result 
from mankind's total nuclear arsenal detonating simultaneously. The asteroid 
hits the equatorial region in the shallow sea then covering the Yucatan, creat-
ing a crater as large as the state of New Hampshire. Thousands of tons of rock 
from ground zero, as well as the entire mass of the asteroid itself, are blasted 
upward, creating a bar of white light extending up from the Earth into space. 
Some of this debris goes into Earth orbit, while the heavier material reenters 
the atmosphere after a suborbital flight and streaks back to Earth as a barrage 
of meteors. Soon the skies over the entire Earth begin to glow dull brick red 
from these flashing small meteors. Millions of them fall back to Earth as blaz-
ing fireballs, and in the process they ignite the rich, verdant Late Cretaceous 
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forests; over half the Earth's vegetation burns in the weeks following the 
impact. A giant fireball also expands upward and laterally from the impact 
site, carrying with it additional rock material, which obscures the sky as fine 
dust is transported globally by stratospheric winds. This enormous quantity 
of rock and dust begins sifting back to Earth over a period of days to weeks. 
Great dust plumes and billowing smoke from burning forests also rise into the 
atmosphere, soon creating an Earth-covering pall of darkness. 

The impact creates great heat, both on land and in the atmosphere. The shock heat-
ing of the atmosphere is sufficient to cause atmospheric oxygen and nitrogen to 
combine into gaseous nitrous oxide; this gas then changes to nitric acid when com-
bined with rain. The most prodigious and concentrated acid rain in the history of 
the Earth begins to fall on land and sea, and continues until the upper 300 feet of 
the world's oceans are sufficiently acid to dissolve calcareous shell material. The 
impact also creates shock waves spreading outward through the rock from the hole 
the asteroid punches in the Earth's crust; the Earth is rung like a bell, and earth-
quakes of unprecedented magnitude occur. Huge tidal waves spread outward from 
the impact site, eventually washing ashore along the continental shorelines of 
North America, and perhaps Europe and Africa as well, leaving a trail of destruc-
tion in their wake and a monstrous strandline of beached and bloated dinosaur car-
casses skewered on uprooted trees. The surviving scavengers of the world are in 
paradise. The smell of decay is everywhere. 

For several months following this fearsome day, no sunlight reaches the Earth's 
surface. After the initial rise in temperature from the blast itself, the ensuing dark-
ness that settles in causes temperatures to drop precipitously over much of the 
Earth, creating a profound winter in a previously tropical world. The tropical trees 
and shrubs begin to die; the creatures that live in them or feed on them begin to die; 
the carnivores that depend on these smaller herbivores as food begin to die. The 
"middle life" of the Mesozoic Era—a time beginning 250 million years ago— 
comes to the end of its nearly 200-million-year reign. 

Following months of darkness, the Earth's skies finally begin to clear, but the 
mass extinction—the deaths of myriad species—is not yet over. The impact winter 
comes to an end, and global temperatures begin to rise—and rise. The impact has 
released enormous volumes of water vapor and carbon dioxide into the atmo-
sphere, creating an intense episode of greenhouse warming. Climate patterns 
change quickly, unpredictably, and radically around the globe before the Earth's 
temperatures regain their normal equilibrium. They swing from tropical to frigid, 
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then back to even more tropical than before the impact, all in a matter of a few 
years. These temperature swings produce more death, more extinction. The 
dinosaurs die out, as do most—but not all—mammals. Most life in the sea is 
exterminated. 

The end-Cretaceous catastrophe was global, immense. It shares many charac-
teristics with the Permian extinction so vividly exposed and expressed in the 
Karoo: both affected the Earth so much that they changed the nature of sedimenta-
ry rocks of the time. In France that change is clear—the latest Cretaceous rocks are 
green in color; the K - T boundary layer is dark mudstone, and the recovery rocks of 
the succeeding Tertiary are the thick pink limestone. Such changes occur only in 
the face of great chemical changes. 

The geologist ponders the site. The boundary beds may have been a product of 
this single calamitous event, the impact of a huge asteroid with the Earth 65 million 
years ago. But the other victims on this Hendaye beach, the giant clams found in the 
strata beneath this site, were killed off 2 million years prior to the impact. Wha t 
killed them? Was their passing (and that of many other creatures at the same time) 
the result of an Earth already stressed? It appears that the Cretaceous-Tertiary mass 
extinction, like the great Permian extinction that preceded it, was multi-causal. 

The geologist's reverie is broken by a great rumbling sound, and he notices, for 
the first time, the giant culvert snaking down from the cliffs above, a pipe three feet 
in diameter, ending in the small bay he is standing in. A great deluge of brown 
water belches from the pipe, filling the bay with treated sewage from the plant on 
the bluff above. The Cretaceous rocks and the overlying Tertiary strata are quickly 
covered, clues to a long-ago extinction fouled with the last meals of the good people 
of Hendaye. 

Lessons from the Past 

Mass extinctions are biological events. But they have been transformed into geo-
logic evidence, and therein lies the problem. Turning flesh into stone means the 
loss of most biological information, and at best we have only the slenderest of clues 
to the events of that time. Even so, the transition of creatures during the two mass 
extinctions profiled above can teach us a great deal about how mass extinctions can 
affect the nature of evolution on the planet. Not only did the composition of the 
fauna (and flora) change radically, through the replacement of one suite of species 
with another, but so too did the body types of the animals and plants involved. 
There was not only a turnover, but also what we might call a "changeover." 
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The last assemblage of vertebrate animals present on Earth immediately prior 
to the great Permian extinction was entirely made up of four-legged types— 
quadrupeds. All of the dicynodonts walked on four legs, as do the majority of rep-
tiles and mammals living on Earth today. By the very end of the Permian many 
held their legs beneath the body, as all mammals do today. Some of these types of 
animals survived. In the Triassic Period, soon after the mass extinction, the sur-
vivors and the earliest of the new species to evolve also could be typified as 
quadrupeds. But from that point on things began to change. Wi th the first appear-
ance of dinosaurs in the Triassic Period, a new suite of forms made its appearance: 
bipeds. While there were indeed many four-legged dinosaurs, the dominant form 
of the Mesozoic, exemplified by the allosaurs, tyrannosaurs, iguanodons, and 
duck-billed dinosaurs, was bipedal. Even the four-legged dinosaurs (such as the 
giant sauropods, stegosaurs, ankylosaurs, and ceratopsians) had body forms differ-
ent from anything found among the late Permian faunas, for nothing in the late 
Permian had the long tails or giant sizes found among the dinosaurs. The large ani-
mal life on either side of the great Permian extinction is quite dissimilar. The body 
forms of the Paleozoic land life do not closely resemble those of the dinosaurian 
fauna that followed. 

Would dinosaur body types have evolved even if the Permian extinction had 
not occurred? This is an unanswerable question, but we do know that the mammal-
like reptile faunas of the late Paleozoic were moving toward the mammalian condi-
tion. Some investigators even interpret them as having been quite mammalian. In 
the absence of dinosaurs, would these same animals have produced T. rex or Tricer-

atops clones, with body shapes mimicking those of the dinosaurs? It seems doubt-
ful, for true mammals have never really explored the bipedal or long-tailed body 
types, kangaroos and some small rodents being among the few exceptions to this 
rule. We are left with a powerful observation: entirely new types of body forms may 
be the legacy of a mass extinction. 

The world in the aftermath of the Permian extinction was desolate, and not 
only on land. In the seas the extinction was equally devastating. As on land, the 
great dying in the Permian seas radically reset the evolutionary agenda. Perhaps the 
most telling evidence of the extinction's severity is found in the western United 
States, in the reddish strata deposited in shallow seas following the extinction. Such 
warm, sunny seaways are today the sites of rich communities of organisms living 
above, on, and in their sandy bottoms. Because the continent of North America 
was farther south 250 million years ago, the shallow seaways of its western portions 
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were in equatorial latitudes, and prior to the great mass extinction they were homes 
to rich and diverse coral reefs—among the most diverse habitats on Earth, then as 
now. Yet after the extinction, these same geographic sites were virtual biological 
deserts, barren of all life save a scattering of rare invertebrates and vertebrates. The 
most common organisms were stromatolites, layered algae that had almost disap-
peared from Earth more than 500 million years ago for a simple reason: with the 
rise of herbivorous animals, such layered mats of vegetation could not survive the 
incessant grazing that resulted. After the extinction, however, stromatolites made a 
comeback, suggesting that most of the seas were without their usual assortment of 
herbivores. The seas, like the land, remained impoverished for several million 
years. The old order passed away; the world of mammal-like reptiles and trilobites, 
spiky archaic trees, and gorgonopsian predators crumbled, to be replaced by a 
world of dinosaurs and pines, and ultimately by flowering plants and burrowing 
clams and bony fishes in the sea. 

Eventually, the Mesozoic biota rose up for the Permian ashes, and then it too 
was struck down in a second great mass extinction. Across the globe, in every 
ecosystem, the changeover in fauna was spectacular—just as it was in the earlier 
Permian extinction. Ammonites and their legions of shelled cephalopod relatives 
disappeared from the seas, to be replaced by bony fishes and a new type of cephalo-
pod—the cuttlefish. The reefs of the time died out, and when reefs eventually reap-
peared, they were composed of framework-building organisms of entirely different 
types. The changeover on land is far better known: the complete extinction of the 
dinosaurs allowed the rise of the many types of mammals we see today. And like the 
earlier Permian event, the enormous catastrophe ending the Mesozoic was fol-
lowed by the rise to dominance of evolutionary dynasties quite different from those 
that came before. The lesson of these two great mass extinctions seems clear: 
extinction leads to evolutionary innovation. But is this always the case, and is it 
the only, or even the most important, lesson to be learned from such past global 
catastrophes? 

As it turns out, these two mass extinctions were discovered by accident. In the 
eighteenth and nineteenth centuries it became imperative to devise some way of 
determining the age of rocks on the Earth's surface. By the early 1800s European 
and American geologists had begun to use fossils as a means of subdividing the 
Earth's sedimentary strata into large-scale units of time. In so doing they made an 
unexpected discovery: they found intervals of rock characterized by sweeping 
changes in fossil content. Setting out to discover a means of calibrating the age of 
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rocks, they discovered a means of calibrating the diversity of life on Earth. And 
they found intervals of biotic catastrophe, which were named mass extinctions. 

The two largest mass extinctions—those examined above—were so profound 
that they were used by John Phillips, an English naturalist, to subdivide the strati-
graphic record—and the history of life it contains—into three large blocks of time. 
The Paleozoic Era, or time of "old life," extended from the first appearance of 
skeletonized life 530 million years ago until it was ended by the gigantic Permian 
extinction of 250 million years ago. The Mesozoic Era, or time of "middle life," 
began immediately after the Permian extinction and ended with the Cretaceous-
Tertiary extinction 65 million years ago. The Cenozoic Era, or time of "new life," 
extends from that last great mass extinction to the present day. At the time of 
Phillips's work, in the middle part of the nineteenth century, the notion that a 
species could go extinct was still quite new, and his recognition that not only single 
species, but a majority of species, could and did go extinct in short intervals of time 
was radical for its day. 

John Phillips's 1860 paper also marked the first serious attempt at estimating 
the diversity, or number of species, present on the Earth in the past. Phillips showed 
that, over time, the diversity of life on Earth has been increasing, in spite of the mass 
extinctions, which are short-term setbacks in diversity. The mass extinctions some-
how seemed to make room for larger numbers of species than were present before. 
Far more creatures were present in the Mesozoic than in the Paleozoic, and then far 
more again in the Cenozoic. But the mass extinctions did more than just change the 
number of species on Earth. They also changed the makeup of the Earth. 

Mass extinctions are thus one of the most significant of all evolutionary phe-
nomena. The wholesale destruction of animal and plant species in such large num-
bers opens the floodgates of evolutionary innovation. Far more than initiating the 
simple formation of new species a few at a time, the violent cataclysms of mass 
extinction reset the evolutionary clock. The two events profiled in this chapter are 
only the most severe of more than fifteen such episodes during the last 500 million 
years and, not coincidentally, the most consequential in bringing about new evolu-
tionary innovation. They literally changed the course of life's history on this planet. 
Had the Permian extinction not taken place, there probably would have been no 
Age of Dinosaurs, and mammals might have dominated the planet by 250 million 
years ago, rather than 50 million years ago. Did this extinction delay the rise of 
intelligence by 200 million years? And, in turn, if the dinosaurs had not been sud-
denly killed off following an asteroid collision with the Earth 65 million years ago, 
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there probably would have been no Age of Mammals, since the wholesale evolution 
of mammalian diversity took place only after the dinosaurs were swept from the 
scene. While dinosaurs existed, mammals were held in evolutionary check. Mass 
extinctions are thus both instigators of and obstacles to evolution and innovation. 
Yet much of the research into mass extinctions suggests that their disruptive prop-
erties are far more important than their beneficial ones. 

On every planet, sooner or later, a global catastrophe can be expected that 
could seriously threaten the existence of animal life or wipe it but altogether. Earth 
is constantly threatened by planetary catastrophe, mainly by the comets and aster-
oids that cross its orbit, but potentially from other hazards of space. Yet it is not 
only the hazards of outer space that threaten the diversity of life on this planet— 
and surely on other planets. There are Earth-borne causes of catastrophe as well as 
extraplanetary causes. 

Do Causes Matter? 

In one way or another, all mass extinctions appear to be immediately caused by 
changes in the "global atmospheric inventory"—changes in the components of the 
Earth's atmosphere or in their relative amounts. Such changes can be caused by 
many things: asteroid or comet impact, releases of carbon dioxide or other gases 
into the oceans and atmosphere during flood basalt extrusion (when great volumes 
of lava flow out onto the Earth's surface), degassing caused by the exposure of 
oceanic sediments rich in organic material during sea level changes, or changes in 
ocean circulation patterns. The killing agents arise through changes in the makeup 
and behavior of the atmosphere or in factors, such as temperature and circulation 
patterns, that are dictated by properties of the atmosphere. Sudden climate change 
was probably involved in the Permian extinction, and the Yucatan asteroid impact 
is the probable cause of the Cretaceous catastrophe. But there may be a further 
cause of major mass extinction: the emergence of a global intelligence. 

The causes listed above all derive from a single source. Yet the history of mass 
extinction on this planet suggests that more that a single cause is associated with 
the events we find in the rock record. Sometimes these multiple events occur at the 
same time; sometimes they are separated by hundreds of thousands of years. Per-
haps one perturbation stresses the planet, making it more susceptible to the next. 
Both the Permian and end-Cretaceous calamities appear to have been brought 
about by more than a single cause. 
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But is "cause" really such an important thing to know? Generations of humans 
have been inculcated with the notion that each crime must be solved, the "who" in 
a "whodunit" revealed. For the mass extinctions, we may have to be satisfied with 
understanding the effect, rather than the cause. 

The Anatomy of a Mass Extinction 

The typical sequence of events in a mass extinction begins with the extinction 
phase, when biotic diversity falls rapidly. During this time, the extinction rate (the 
number or percentage of taxa going extinct in any time interval) far exceeds the 
"origination rate" (the number of new taxa evolving through speciation). After 
some period of time, the extinction phase ends and is succeeded by a second phase, 
often called the survival phase. This is a time of minimal diversity, but no or few 
further extinctions. During this interval the number of species on Earth levels out, 
neither increasing or decreasing. The third phase, called the rebound phase, is 
when taxonomic diversity slowly begins to increase. The final phase is the expan-
sion phase, and it is characterized by a rapid increase in diversity due to the evolu-
tion of new species. The latter three phases are grouped together into what is 
known as a "recovery interval," which is followed by a long period of environmen-
tal stability (until the next mass extinction). The rate of the recovery is usually pro-
portional to the intensity of the extinction that triggered it: the more intense the 
mass extinction, the more rapid the rate of new species formation. 

Three types of taxa are generally found immediately after the mass extinction: 
survivors, or holdover taxa; progenitor taxa, the evolutionary seeds of the ensuing 
recovery; and disaster taxa, species that proliferate immediately after the end of the 
mass extinction. All three types of taxa are generally forms that can not only toler-
ate, but thrive in, the harsh ecological conditions following the mass extinction 
event. They are generally small, simple forms capable of living and surviving in a 
wide variety of environments. We have another term for such organisms: weeds. 

The recovery interval is marked by a rise in diversity. This sudden surge in evo-
lution is generally due to the many vacant niches found within the various ecosys-
tems following the mass extinction. Because so many species are lost in a mass 
extinction, it creates new opportunities for speciation. Darwin once likened the spe-
ciation process to a wedge: the modern world has so many species in it that for a new 
species to survive and compete, it must act like a wedge, pushing out some other 
already entrenched species. But after a mass extinction no wedging is necessary. 
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Early on, virtually any new design will do. Many new species appear with mor-
phologies or designs seemingly rather poorly adapted to their environment and infe-
rior to those of species existing prior to the extinction. Rather quickly, however, a 
winnowing process takes place through natural selection, and new, increasing effi-
cient suites of species rapidly evolve. 

The great mass extinction ending the Permian created a long-term deficit in 
diversity, but eventually, in the Mesozoic Era, that deficit was made up. In fact, 
after every mass extinction that has occurred on Earth over "the past 500 million 
years, biodiversity has not only returned to its former value, but exceeded it. Some-
time during the last 100,000 years, biodiversity appears to have been higher than it 
has been at any time in the past 500 million years. If there had been twice the num-
ber of mass extinctions, would there be an even higher level of diversity than there 
is on Earth now? 

Interesting as this question is, it has not yet been tested in any way. The fossil 
record, however, does yield some evidence that mass extinctions belong on the 
deleterious rather than the positive side of the biodiversity ledger. Perhaps the best 
such clue comes from the comparative history of reef ecosystems. Reefs are the 
most diverse of all marine habitats; they are the rainforests of the ocean. Because 
they contain so many organisms with hard skeletons (in contrast to a rainforest, 
which bears very few creatures with any fossilization potential), we have an excel-
lent record of reefs through time. Reef environments have been severely and 
adversely affected by all past mass extinctions. They suffered a higher proportion 
of extinctions than any other marine ecosystem during each of the six major extinc-
tion episodes of the last 500 million years. After each mass extinction reefs disap-
pear from the planet, and usually take tens of million of years to become reestab-
lished. W h e n they do come back, they do so only very gradually. The implication is 
that mass extinctions, at least for reefs, are highly deleterious and create net deficits 
of biodiversity. And whether we are talking about reefs, rainforests, or any other 
ecosystem, the reality is that for millions of years following a mass extinction the 
biodiversity of the planet is impoverished. 

So, while there are many who would argue that since mass extinctions are 
sources of innovation, a modern one would not be such a bad thing, as it would be 
the source, ultimately, of a new age and even greater biodiversity, I will argue in the 
following pages that this is simply not the case. 
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This arsinotherium, a distant relative of the rhinoceros, contemplates its 

geological past. 



TWO 

THE NEAR PAST 
The Beginning of the End 

of the Age of Megamammals 

We are more dangerous than we seem and more potent in our 
ability to materialize the unexpected that is drawn from our minds. 

—LOREN EISELEY, The Unexpected Universe 

F ar inland from Cape Town in South Africa, the high rocky ramparts of what 
is known as the Great Escarpment have dried the air and created a desert. This 
region is now home to many sheep and a few towns. The largest of the latter is 

Graaf Reinett, the self-styled jewel of the Karoo. Graaf Reinett is surrounded by high 
"koppies" of sedimentary rock, and its outskirts are ringed by shanties and so-called 
game reserves, large vacant tracts of thorn and scrub. The town itself is indeed like an 
emerald on brown dirt; it is a green oasis surrounded by the dusty parchment of the 
Great Karoo Desert, a town kept verdant by an encircling river providing life-giving 
water. Graaf Reinett itself is now a haven for tourists, for it is a virtual museum of 
nineteenth-century Afrikaans architecture, a melding of Dutch, German, and 
Huguenot influences amid blooming gardens and staid tree-lined streets. Tree-lined, 
that is, in the "White" part of town. There are few trees and little green in the nearby 
township to which the region's blacks are relegated. 

The largest hotel in town is the Drosty, a picturesque assortment of stone cot-
tages lining a cobbled lane and two restaurants serving the best meals in the Karoo. 
The Drosty has been restored to the look of its glory years, the late nineteenth 
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century; each room is filled with antiques, and the staff is dressed to match. The 
ancient bar is wood and memory. Old photos line the walls, scenes of the town 
taken in the mid- to late nineteenth century. One of the photos shows elephant 
tusks piled high in the street in front of the newly built hotel. 

On my first visit to the bar I came upon this photo and asked the ebony and 
venerable barman where the tusks had come from. There must have been hundreds 
of them in the huge pile, and it is clear from the photo that a brisk trade of some sort 
was going on around them. An auction, perhaps. The old bartender looked at the 
photo, as if for the first time, and professed ignorance; all he knew was that there 
had never been elephants living around Graaf Reinett in his tribe's memory. 

The Karoo is dry and dusty; it does not seem like elephant country, so I believed 
him. But as years went by and I learned more about elephants, I began to wonder. 
Elephants can and do live in places far drier than the Karoo—the Kalahari Desert, for 
instance. By Kalahari standards, the Karoo is a verdant paradise. Elephants are con-
summate imperialists, and were once found on five continents. W h y not the Karoo? 

Each time I returned to the Karoo I asked local people—white and black—if 
they had ever heard of elephants in the region. I always heard the same story: there 
had never been elephants in the Karoo. But never is a taboo word for a paleontolo-
gist used to dealing in millions of years, and I inquired further, coming, at last, to 
the door of James Kitching, a retired professor. 

Kitching is a fellow paleontologist, born in the Karoo, who then went on to 
great fame as one of the world's most celebrated bone hunters. In the 1960s he 
made what might be the most important fossil find of the twentieth century. On a 
cold, rock-strewn slope in Antarctica he discovered a specimen of the mammal-like 
reptile Lystrosaurus. This same creature is perhaps the most common vertebrate 
fossil in the Karoo—so common, in fact, that Kitching no longer bothers to collect 
them. But this particular fossil, the first common animal of the Triassic period, had 
never been recovered in Antarctica, and its discovery there constituted a powerful 
geologic proof that, 250 million years ago, Antarctica and Africa lay joined. In fact, 
at that time, all of today's southern continents were united in a single "superconti-
nent" named Gondwanaland, whose components—Africa, India, South America, 
and Antarctica—subsequently split apart and drifted across the Earth's surface like 
great stately cruise ships, carrying their animals—and fossils—with them. Kitch-
ing's find of Lystrosaurus in Antarctica constituted one of the proofs of what is now 
regarded as fact: that continents drift. 

My real purpose for coming to see Kitching was to discuss Permian fossils, but 
I soon asked him about the elephants as well. He laughed dryly. "Of course there 
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were elephants here. They followed the watercourses up from the coast, sticking to 
the rivers and finally arriving here in the Karoo. I have come across their bones 
many times around here. The last were killed off about the turn of the century." 

I still remember that phrase, "killed off." Not surprisingly, the great pile of 
tusks in the photo at the Drosty Hotel in Graaf Reinett came from local elephants, 
hunted to extinction by the local farmers and townspeople. But what struck me was 
not that the local elephants had been killed off, for extinction is a fact of life, but 
that even the memory of their existence had been killed off in less than a century 
since the last one died. They were hunted to extinction and then forgotten. Where 
once the great elephants roamed in great herds, nothing is left of them but a fading 
photograph. No longer even a memory, they are now a part of a vanishing Africa, 
where wilderness has been transformed into farmland in a single generation. 

Africa is revered for its abundance of large mammals. Nowhere else on Earth 
can such diversity of large herbivores and carnivores be found. Yet this animal par-
adise—instead of being the exception—was once the rule: all of the world's temper-
ate and tropical grazing regions were quite recently of African flavor. But the ele-
phants of the Karoo are just one casualty of an extraordinary event that has 
depleted the Earth's biodiversity of large mammals over the past 50,000 years. Is 
this a mass extinction? Are the forces causing it still under way? Or was it the first 
cause in a multi-causal event now entering a new phase? 

Although the disappearance of large animals poses a tremendous challenge to 
those studying extinction, one significant lesson we can take from the past is that 
the extinction of large animals has a far more important effect on the structure of 
ecosystems than does the extinction of smaller ones. The extinction at the end of 
the Cretaceous was significant not because so many small mammals died out, but 
because the dinosaurs did. It was the removal of these very large land-dwelling ani-
mals that reconfigured terrestrial environments. In similar fashion, the removal of 
the majority of large mammal species across most of the world over the last 50,000 
years is an event whose significance is only now becoming apparent, and one that 
should have lasting effects for additional millions of years into the future. 

In the late Pleistocene Epoch, at the end of the Ice Age, about 15,000 to 12,000 
years ago, a significant proportion of the large mammals in North America went 
extinct. At least thirty-five genera (and thus at least that many species) disappeared 
from North America during this time. Six of these lived on elsewhere (such as the 
horse, which died out in North and South America but lived on in the Old World); 
the vast majority, however, died out utterly. The lost species represented a wide 
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spectrum of taxonomic groups, distributed across twenty-one families and seven 
orders. The only unifying characteristic of this rather diverse lot is that most (but 
certainly not all) were large animals. 

The best-known and most iconic of these lost species were the elephant-like 
animals—the probisiceans. They included mastodons and gomphotheres as well as 
mammoths , which were closely related to the two types of still-living Old World 
elephants. Of these, the most widely distributed in North America was the Ameri-
can mastodon, which was found from coast to coast across the unglaciated parts of 
the continent. It was most abundant in the forests and woodlands of the eastern 
part of the continent, where it browsed on trees and shrubs, especially spruce trees. 
The gomphotheres, a bizarre group quite unlike anything now alive, are question-
ably recorded from deposits in Florida, but otherwise were widely distributed in 
South rather than North America. The last group, the elephants, was represented 
in North America by the mammoths, comprised of two species, the Colombian 
mammoth and the woolly mammoth. 

The other group of large herbivores iconic of the Ice Age in North America was 
the giant ground sloths and their close relatives, the armadillos. Seven genera consti-
tuting this group went extinct in North America, leaving behind only the common 
armadillo of the American Southwest. The largest animals of this group were 
the ground-living sloths, ranging from the size of a black bear to the size of 
a mammoth. An intermediate-sized form is commonly found in the tar pits of 
present-day Los Angeles, while the last and best known, the Shasta ground sloth, 
was the size of a large bear or small elephant. Also lost at this time were the North 
America glyptodont, a heavily armored creature 10 feet in length, and an armadillo, a 
member of the genus represented today only by the common nine-banded armadillo. 

Both even-toed and odd-toed ungulate animals died out as well. Among the 
odd-toed forms, the horse, comprising as many as ten separate species, went 
extinct, as did two species of tapirs. Losses were even greater among the even-toed 
ungulates. Thirteen genera belonging to five families went extinct in North Amer-
ica alone in the Pleistocene extinction, including two genera of peccaries (wild 
pigs), a camel and two llamas, the mountain deer, the elk-moose, three types of 
pronghorns, the saiga, the shrub ox, and Harlan's musk ox. 

Wi th so many herbivores going extinct, it is no surprise that many carnivores 
also died out. These included the American cheetah, a large cat known as the scim-
itar cat, the saber-toothed tiger, the giant short-faced bear, the Florida cave bear, 
two types of skunks, and a canid. 
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Finally, some smaller animals round out the list, including three genera of 
rodents and the giant beaver. But these were exceptions—most of the animals that 
died out were large in size. 

The animal extinction in Nor th America coincided with a drastic change in 
plant community makeup. Vast regions of the Northern Hemisphere went from 
being made up primarily of highly nutritional willow, aspen, and birch trees to far 
less nutritious spruce and alder groves. Even in those areas dominated by spruce 
prior to the extinction, a diverse assemblage of more nutritious plants was still 
available. But as the number of nutritious plants began to decrease due to 
climate change, herbivorous mammals would have increasingly foraged on 
the remaining more nutritious plant types, thus exacerbating their demise. The 
reduction of their food supplies may, in turn, have led to reductions in size for 
many mammal species. As the Pleistocene ended, the more open, higher-diversity 
spruce forests and nourishing grass assemblages were rapidly replaced by denser 
forests of lower diversity and lower nutritional value. In the eastern parts of Nor th 
America the spruce stands changed to large, slow-growing hardwoods such as 
oak, hickory, and southern pine, while in the Pacific Northwest great forests of 
Douglas fir began to cover the landscape. These forest types have a far lower car-
rying capacity for large mammals than the Pleistocene vegetation that preceded 
them. 

It was not just North America that suffered such severe losses. Until recently, 
Nor th and South America were isolated from each other, and hence their faunas 
underwent quite separate evolutionary histories. Many large and peculiar mam-
mals evolved in South America, including the enormous, armadillo-like glyp-
todonts as well as the giant sloths (both of which later migrated and became 
common in North America), giant pigs, llamas, huge rodents, and some strange 
marsupials. W h e n the Isthmus of Panama formed some 2.5 million years ago, free 
interchange between the two continents began. 

As in North America, a mass extinction of large mammals occurred in South 
America soon after the end of the Ice Age. Forty-six genera went extinct in South 
America between 15,000 and 10,000 years ago. In terms of the percentage of fauna 
affected, the mass extinction in South America was even more devastating than 
that in North America. 

In Australia the losses were even greater. Since the Age of Dinosaurs the Aus-
tralian continent had been an isolated landmass. Thus its mammals were cut off 
from the mainstream of the Cenozoic Era and followed their own evolutionary 
path, resulting in a great variety of marsupials, many of them large. During the last 
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50,000 years however, forty-five species of marsupials belonging to thirteen genera 
were killed off. Only four of the original forty-nine large species (greater than 20 
pounds in weight) present on the continent 100,000 years ago survived. Of course, 
no new arrivals from other continents bolstered the disappearing Australian fauna. 
Large reptiles also disappeared, including a giant monitor lizard, a giant land tor-
toise, and a giant snake, as well as several species of large flightless birds. The larg-
er creatures that did survive were those capable of speed, or with nocturnal habits. 

The wave of extinctions affecting the faunas of Australia, North America, and 
South America coincides both with the first appearance of humanity in all three 
regions and with substantial climate change. Reliable evidence now shows that 
humans reached Australia between 35,000 and 50,000 years ago. Most of the large 
Australian mammals were extinct by about 30,000 to 20,000 years ago. 

A different pattern emerges in the areas where humankind has had a long his-
tory, such as Africa, Asia, and Europe. In Africa, modest mammalian extinctions 
occurred 2.5 million years ago, but later losses, compared with those of other 
regions, were far less severe. The mammals of northern Africa, in particular, were 
devastated by the climate changes that gave rise to the Sahara Desert. In eastern 
Africa, few extinctions occurred, but in southern Africa, significant climate 
changes occurring about 12,000 to 9,000 years ago were coincident with the extinc-
tion of six species of large mammals. In Europe and Asia there were also fewer 
extinctions than in the Americas or Australia; the major victims were the giant 
mammoths, mastodons, and woolly rhinos. 

T h e Pleistocene extinction can thus be summar ized as follows: 

° Large terrestrial animals were the primary victims; smaller animals and 
virtually all marine animals were spared. 

° Large mammals survived best in Africa. The loss of large mammalian 
genera during the last 100,000 years in North America was 73%; in South 
America, 79%; in Australia, 86%; but in Africa, only 14% died out. 

° The extinctions were sudden in each major group, but occurred at 
different times on different continents. Powerful carbon dating techniques 
allow very high time resolution. These techniques have shown that some 
species of large mammals may have gone completely extinct in periods of 
300 years or less—a nanosecond in evolutionary time. 

° The extinctions were not the results of invasions by new groups of animals 
(other than Homo sapiens). It has long been thought that many extinctions 
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take place when new, more highly evolved or adapted creatures suddenly 
arrive in new environments. Such was not the case in the Ice Age 
extinctions, for in no case can the arrival of some new fauna be linked to 
extinctions among the forms already living in the given region. 

This various evidence has suggested to many that humanity provoked the 
Pleistocene mass extinction. Others argue just as vigorously that the cause of the 
megamammal extinction was the changes in vegetation that occurred during the 
intense climate changes accompanying the end of the Pleistocene glaciation. In 
fact, most discussion about this extinction deals exclusively with this argument 
over humans versus climate as its cause. 

For the sake of our arguments, however, the cause is irrelevant. No one doubts 
that whatever its cause, the Ice Age mass extinction resulted in a major reorganiza-
tion of terrestrial ecosystems on every continent save Africa. But today Africa is 
making up for lost time, losing its megamammals as the large herds of game 
become restricted to game parks and reserves, where they become easy prey to 
poaching within their newly restricted habitats. 

The end of the Ice Age megafauna is not a clearly defined line, like those drawn 
in the sand at the Permo-Triassic and Cretaceous-Tertiary boundaries. But then 
we are looking at it from the present, and, geologically speaking, it is just a moment 
away. At this distance, intervals of time lasting 10,000 years or less are insignificant 
and probably beyond the resolution of our technology—when viewed from tens to 
hundreds of millions of years away. The end of the Age of Megamammals looks 
protracted from our current vantage point, but it will look increasingly sudden as it 
disappears into the past—one of the odd aspects of time. But there may be more to 
the story. The megamammals still left on Earth now make up the bulk of endan-
gered species, and many large mammalian species are now at risk. If the first phase 
of the modern mass extinction was the loss of megamammals, its current phase 
seems concentrated on plants, birds, and insects as the planet's ancient forests are 
turned into fields, cities, and toxic waste dumps. 

As we race forward into the new millennium, powered by an Internet-fueled 
economy, biologists strain to look forward in time, watching for the suspected new 
biological onslaught to begin. In my view, it has already happened. It is visible in the 
rearview mirror, a roadkill already turned into geologic litter—bones not yet even 
petrified—the end of the Age of Megamammals. 
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The Norway rat, one of the few mammals as successful as humans, steps off the boat 

in Polynesia, circa 1767. 



THREE 

INTO THE PRESENT 

I have seen no grander sight than the fire upon a country which has 
never before been burnt. 

--SAMUEL BUTLER 

Oxford is the odd twin of Cambridge, the slightly less illustrious sibling, a 
bit of a ne'er-do-well compared with its slightly more senior fraternal twin. 
Immensely illustrious certainly, old, rich, and smart. But not Cambridge. 

A geologist will note other differences immediately. While Cambridge sits upon 
the chalk of the Cretaceous, Oxford lies in the opposite direction from London, 
toward older rocks. Its buildings are made of yellow and tan Jurassic sandstone, 
limestone, and oolite (a delectable geologic term used to describe a particular grainy 
limestone). And for reasons unknown, it has bred or attracted a batch of evolution-
ists quite different from the Cambridge mix. Richard Dawkins and Robert May are 
there. But the most iconoclastic may be Norman Myers, a conservationist turned 
futurist who sees and fears the worst not only for the future of biodiversity, but for 
the future of evolution itself, in the upcoming years. Myers has been the most vocal 
prophet crying that the end of biodiversity—at least as we know it—is nigh. 

Has the Earth indeed entered a new mass extinction event, or is such an event 
nearly over? The first of these two contentions was radical even as late as the 1980s, 
but in the earliest part of the twenty-first century it seems accepted as fact. (The 
second, that the most consequential phase of this extinction, at least for large ani-
mals, is over, is still new scientific territory.) Numerous articles and a succession of 
books have all treated this subject in detail. Yet Myers was there first—even argu-
ing that the loss of the Pleistocene megamammals is connected to the modern-day 
biodiversity crisis. According to this hypothesis, the extinction of so many large 
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animals (mainly mammals and birds) over the past 50,000 years was only the 
beginning of a larger wave of extinction continuing into the present and for some 
unknown period into the future as well. 

Myers believes that a new phase of this mass extinction—a broadscale reduc-
tion in biodiversity—has been under way since about 1950, when a major increase 
in human encroachment into wildlife environments began. At that time approxi-
mately 1.7 billion people lived in the so-called developing countries, located in 
large tropical and semitropical regions characterized by vast forests and other 
undisturbed habitats for wildlife. The human population of these regions was 
approaching 5 billion people by the turn of the millennium. Myers maintains that 
the forces producing deforestation, desertification, soil erosion and loss, inefficient 
agriculture, poor land use, inadequate technology, and above all, grinding poverty 
are driving habitat destruction and, ultimately, extinctions of species, and that 
these forces are most pronounced in developing equatorial countries. He estimates 
that 50% of the world's species will go extinct over the next several centuries at 
most. Whi le this estimate may sound drastic, it is in line with those of other biodi-
versity experts, including E. O. Wilson's 1992 estimate that 20% of all species will 
go extinct before 2020 and another 30% or more thereafter; Peter Raven's 1990 cal-
culation that 50% of all species on Earth will be extinct by the year 2100, and Paul 
and Anne Ehrlich's 1992 estimate that 50% of all species will be extinct by 2050. 

All of the aforementioned seers take the position that the majority of the mod-
ern mass extinction is soon to occur (but has not yet happened). But how accurate is 
this view? Where are the figures on current extinction rates to support this claim? 

Measuring Species Diversity 

Determining rates of species loss seems straightforward: tabulate the number of 
species living at a given period of time, and compare that number to the number 
living at other time intervals. Yet there are numerous problems with this seemingly 
simple methodology. To arrive at extinction numbers, we need an accurate census 
of the living. Such a global census of biodiversity at the species level is still lacking. 

No one disputes that the activities of humankind have caused extinctions in the 
recent and not so recent past. The phrase "dead as a dodo" is not pure whimsy. But 
there is currently great debate about the extent of anthropogenic extinctions, and 
even more about the prospects for such extinctions in the future. Ultimately, the 
entire issue devolves into numbers. But the numbers we need are very difficult to 
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obtain: How many species are there on Earth? How many have there been at vari-
ous times in the past? How many species have gone extinct in the last millennium, 
the last century, or even the last decade or year? And, most important of all, how 
many will be gone in the next century, or millennium, or million years? None of 
these numbers is directly obtainable; all have to be reached, if at all, by abstraction, 
inference, deduction, or just plain guesswork. In contrast to the estimates above, 
some scientists wonder whether the loss of species will approach even 10% of cur-
rent world diversity, and suggest that such a small loss would hardly be noticed. 

W h y is there any controversy at all about how many species are presently on 
Earth? In this day and age, when modern science can detect planets among stars 
light-years away and can deduce the age of the universe from the movement and 
activity of subatomic particles, what could be simpler than counting up the number 
of species on Earth and then, over a twenty-year time period, for instance, observing 
how many are going extinct? Such an endeavor would require a large army of biolo-
gists, many more than the small handful actually engaged in this type of research. In 
reality, we have only the haziest idea of how many species currently exist on Earth, 
how many there have been in the past, and how many are going extinct at any given 
time. It is our lack of the most basic and necessary information—the current number 
of species presently living on Earth—that is the cause of the greatest dissention. 

Of the Earth's 1.6 million currently described creatures, about 750,000 are 
insects, 250,000 are plants, 123,000 are arthropods other than insects, 50,000 are 
mollusks, and 41,000 are vertebrates; the remainder is made up of various inverte-
brate animals, bacteria, protists, fungi, and viruses. The majority of organisms 
leave no fossil record. 

The precise figure for the world's biodiversity is not known. There is no central 
registry for the names of organisms, and because of this, many species have been 
named several times. Taxonomist Nigel Stork believes that the level of synonymy 
may approach 20%. For example, the common "ten-spotted ladybird" found in 
Europe has forty different scientific names, even though it represents but a single 
species. Such mistakes may seem easily avoidable, but many species exhibit a wide 
range of variation, and the more extreme examples of a given species are often mis-
takenly described as new or separate species. 

Does this mean that the number of species on Earth today is less than the cur-
rently defined 1.6 million? Probably not. Most biologists studying biodiversity 
suspect that there are far more, but an intense debate rages about exactly how many 
more. The most extreme estimates are in the range of 30 to 50 million species, 

50 



INTO THE PRESENT 

meaning that taxonomists have named just over 3% of the species on Earth, and 
thus have barely begun their work in the 250 years or so since Linnaeus set out the 
task of describing every species. Other, more cautious souls posit much lower 
numbers, between 5 and 15 million species. Yet even with this lower number it is 
clear that the work of describing the Earth's biota has a long way to go. 

The accuracy of species counts varies from group to group. For some groups, 
such as birds and large vertebrates, our census is nearly complete; there will be very 
few new discoveries of new species. Yet for the majority of invertebrate groups, and 
for the legions of one-celled organisms such as protozoans, bacteria, and other 
microbes, there are surely millions of forms yet undescribed. 

It is clear that scientists will never succeed in describing every species (how-
ever wonderful that would be). Nevertheless, there is a pressing need to establish a 
reasonable estimate of world biodiversity. Is it closer to 1.6 million or 50 million? 
How can a more reliable estimate be established without describing every living 
species? 

There have been several ingenious attempts to arrive at a reasonable estimate of 
the number of species living on Earth. As far back as the 1800s British zoologists 
knew that insects are the single most diverse group of animals on Earth and tried to 
census world insect diversity, coming up with an estimate of 20,000 species. It is 
now known that at least that many insect species are found in Britain alone. How, 
then, to make a more accurate accounting of the world's species? The favored 
method today is to use the ratio of known to unknown species in taxonomic groups 
that have been long studied and are considered essentially well known (such as 
birds and mammals) to estimate total world biodiversity. Botanist Peter Raven 
used this method in 1980 to suggest that world biodiversity is about 3 million 
species. Specialists on insect diversity have been particularly adept at coming up 
with new and clever ways of making such estimates. Nigel Stork and his colleague 
K. G. Gaston noted that of 22,000 insect species known in Britain, 67 are butter-
flies. Assuming that the ratio of butterflies to other insect species is the same in the 
rest of the world (an assumption utterly untested, but plausible), they arrived at a 
global biodiversity estimate of 4.9 to 6.6 million species of insects alone. 

A second method of arriving at a global biodiversity estimate is to extrapolate 
from samples. Samples from a particular geographic area, rather than a taxonomic 
group, are scaled upward to encompass the entire biosphere. It was this method 
that yielded the most famous of all recent biodiversity estimates, that of Smithson-
ian entomologist Terry Erwin published in 1982, which posited that there are at 
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least 30 million species of beetles in the world's tropical forests. This particular 
estimate has been so widely quoted (and misquoted) that it bears further scrutiny. 

Erwin's concern at the time was not global diversity, but simply that the upper 
reaches of the rainforest canopy were little known and rarely sampled by taxono-
mists. Most known organisms from rainforests came from the forest floor. The 
multistoried canopies of large trees were known to harbor a quite different fauna, 
yet because of the difficulties of sampling this environment, its inhabitants were 
poorly known. Erwin devised a new method of sampling the upper canopy 
regions. Over three field seasons he poisoned and collected all of the insects living 
in nineteen trees belonging to a single tree species (Luehea seemannii, a forest ever-
green). He found that there were an average of 163 species of beetles specific to 
that particular tree species. So far, well and good. At this point, however, Erwin 
set out a number of assumptions to arrive at his famous 30 million beetle estimate. 
First, he assumed that each hectare of forest in his sample area contained, on aver-
age, 70 different tree species. He then assumed that each of these tree species also 
had its own 163 species of beetles—a veritable army of beetles specific to that tree 
living in its canopy. By multiplying these numbers, he arrived at an estimate of 
11,140 tree-specific beetle species in one hectare of forest in Panama, and then 
added in another 1,038 species of beetles just passing through the trees, to arrive 
at a figure of 12,448 beetle species per hectare of forest. Next, he assumed that 
beetles made up 40% of the total arthropod fauna in the canopy, so that the entire 
biodiversity of insects in his one hectare was 31,120 species of arthropods. He 
then added another third of this total to his estimate to take into account the 
insects found on the forest floor, and arrived at a grand total.of 41,389 arthropod 
species per hectare of Panamanian forest. The final step—scaling up from a 
hectare of Panamanian forest floor to the entire world—was accomplished in the 
following way. Erwin noted that there are 50,000 species of trees in the tropics. 
Assuming his figure of 163 host-specific beetle species per tree, he arrived at his 
much-repeated estimate of 30 million species of beetles in the world. 

Erwin's "thought experiment" was simple and elegant, but full of untested 
assumptions. However, since it was based (at least at the start) on real sampling in 
regions that up until that time were virtually unknown, it took on a life of its own 
and was treated quite seriously. It is still the basis for the larger biodiversity esti-
mates cited today. 

The Erwin estimates were widely publicized, and rightly so. They gave us a 
whole new view of global biodiversity. But because of the way in which they were 
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produced, they were immediately controversial. New surveys that attempted to 
confirm or falsify these new, higher estimates of global biodiversity soon followed. 
One of the most thorough was carried out in Indonesia. 

Project Wallace was a yearlong collaboration between scientists of the Natural 
History Museum in London and the Indonesia Department of Science. Some two 
hundred net-waving, jar-toting entomologists descended on the island of Sulawesi. 
Many insects were collected, including more than 6,000 species of beetles and almost 
1,700 different species of flying insects, more than 60% of which were new to science. 
These scientists, applying methods similar to Erwin's, estimated a worldwide biodi-
versity of between 1.8 and 2.6 million insects. Since insects are only one part of total 
biodiversity (albeit the single most important one), these new estimates confirm that 
world biodiversity in indeed far higher than the 1.6 million species currently 
described. On the other hand, even with so many insect species, world biodiversity 
would still fall well short of the 30 million species predicted by the Erwin estimate. 

Yet another type of estimate was derived by noted biologist Robert May, who 
in 1988 pointed out that the observed correlation between body size and species 
diversity could be used to arrive at a rough estimate of world biodiversity. Using 
such a method, May estimated that the Earth contains between 10 million and 50 
million species, a figure that seems to support the Erwin estimates. 

Genetic Losses 
One of the great surprises of the mid-1960s to 1970s was the discovery that 
species—virtually all species—are characterized by far higher amounts of genetic 
variability than previously supposed. The then-nascent techniques of gel elec-
trophoresis and D N A sequencing allowed geneticists to evaluate just how different 
individuals of the same species were. While everyone knew that genomes—the 
number and type of genes—varied tremendously from species to species, no one 
foresaw the great genetic variability that characterizes virtually every living species. 

Every organism carries a large number of genes: a bacterium typically carries 
about 1,000 genes, a mushroom about 10,000, and typical higher plants and ani-
mals as many as 50,000 to 400,000. It is variability among these genes that differ-
entiates the various species on Earth, today as in the past. But there remains a great 
deal of variability within each species as well, which creates the various "races," 
sub-races, and populations that make up a species. This variability appears to be of 
utmost service to species, for it provides a hedge against sudden changes in the 
environment: in highly variable populations, there will probably be at least a few 
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individuals that are "preadapted" for whatever new conditions come along, thus 
allowing the survival of the race. Any reduction in genetic variability is thus dan-
gerous to a species—and appears to be a sure indicator of a species sliding toward 
extinction. Prior to the final extinction of a species, we see a dying off of its popula-
tions caused by a reduction in the overall genetic variation. 

In the mid-1970s, a study of twenty-four proteins extracted from North Amer-
ican elephant seals revealed that this rare and highly endangered species shows 
essentially no genetic variation. This particular species had been hunted nearly to 
extinction, and even though there has been a rebound in the population since it was 
protected from further hunting, its overall genetic makeup was severely affected. 
The elephant seal population is said to have passed through a "population bottle-
neck." At its low point, each seal seeking a mate had only a very small number of 
other seals to choose from, resulting in severe inbreeding and a loss of genetic vari-
ation. Such unions between close relatives are often characterized by high rates of 
birth defects, retardation, and reduced sperm counts. Inbreeding is so deleterious 
that humans of every culture have produced laws against it. 

An extreme example of such genetic loss is the Florida panther. This sub-
species of the American cougar has been reduced to fewer than thirty individuals in 
the wild. Low sperm counts and damaged sperm characterize the remaining males. 
Genetic studies show that this subspecies has the lowest genetic variation of any of 
the extant cougar populations. 

Estimates of Current Extinction Rates 

It can be argued that the current mass extinction is far less calamitous than either 
the end-Paleozoic or end-Mesozoic events because a lower percentage of families 
and genera are going extinct now than in the past. The severity of a given extinction 
event is commonly tabulated as the percentage of existing taxonomic units, be they 
families, genera, or species, that go extinct. Using this measure, it has been argued 
that the extinctions that have occurred since the onset of the Ice Age have been triv-
ial compared with the great extinctions of the Paleozoic and Mesozoic eras because 
the percentage of taxa that have gone extinct is but a tiny fraction of the total diver-
sity of the Earth. W h a t is being overlooked, however, is the fact that the absolute— 
not relative—number of species (or other category) that have already gone extinct 
in the last million years may be substantial. For instance, biologists Stors Olson 
and Helen James have published data suggesting that as many as a thousand 
species of birds have disappeared from the Earth in the last two to five millennia. 
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This represents perhaps 20% of the total bird biota on the planet. These are species 
that have left a fossil record, and thus species we know about. How many more 
have gone extinct without leaving a trace? 

Extinction is the ultimate fate of every species. Just as an individual is born, 
lives out a time on Earth, and then dies, a species comes into existence through 
a speciation process, exists for a given span of years (usually counted in the 
millions), and then eventually becomes extinct. Thus, extinctions of species 
happen all the time, not just during mass extinction events. University of Chicago 
paleontologist David Raup calls this concept background extinction. The fossil 
record can be used to tabulate the rate of such "random" extinctions taking place 
throughout time, and that rate turns out to be remarkably low. Raup has calculated 
that the background extinction rate during the last 500 million years has been 
about one species every four to five years. In contrast, Norman Myers has esti-
mated that four species per day have been going extinct in Brazil alone over the past 
thirty-five years. Biologist Paul Ehrlich has suggested that by the end of the twen-
tieth century, extinction rates were measurable in species per hour. 

If attaining a reliable estimate of global species diversity has caused problems, 
estimates of current extinction rates have been no less controversial. While many 
different people disagree strongly on the number of species on Earth, and on the 
rate at which these species are currently declining in number, on one issue there is 
no disagreement: the vast majority of species currently living on Earth are found in 
the tropics, mainly in rainforests. 

Tropical rainforests are characterized by a high canopy, often 30-40 meters 
above the ground with emergent trees towering to 50 meters, and two or three sep-
arate understories of vegetation. They are complex, layered communities with 
enormously varied and changing environments and microclimates. 

Tropical rainforests today are found in three principal regions. The most exten-
sive is the American, or Neotropical, rainforest region, centered in the Amazon 
Basin but extending up the Caribbean slope of Central America to southern Mexi-
co. The Neotropical rainforest comprises about half the global areal total, and 
about one-sixth of the area of all broad-leaved forests in the world. The second 
large block occurs in the eastern tropics and is centered in the Malay Peninsula. 
The third is in central Africa. 

Norman Myers estimates that between 76,000 and 92,000 square kilometers 
of tropical forest are lost each year to logging and field clearing, and that an addi-
tional 100,000 kilometers are grossly disrupted. This means that about 1% of the 
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world's tropical forests are disappearing each year, a rate that will lead to the 
complete disappearance of all tropical forests in one century, if current practices 
continue. Biologist E. O. Wilson, in The Diversity of Life, estimated the rate of 
tropical forest loss in 1989 to be 1.8% per year. The Food and Agricultural Orga-
nization (FAO) of the United Nations officially placed the deforestation rate at 
0.5% per year in the late 1980s. 

Daniel Simberloff of Florida State University analyzed all available informa-
tion regarding the rate of forest destruction—data mainly derived from satellite 
imagery and remote sensing. He found that the tropical forests of Asia are 
already virtually gone. There are currently about 92,000 recognized plant species 
(and an unknown number of plant species waiting to be described by science) in 
the New World tropical rainforests, and 704 species of birds. Simberloff has cal-
culated that between 1950 and 2000, almost 14,000 plant species (15% of the 
total) and 86 bird species (12% of the total) became extinct in this region. If the 
tropical forests of the New World become restricted to current and planned 
reserves and national parks, Simberloff predicts that the extinction of over 
60,000 plant species (66%) and 487 bird species (69%) will occur between 2050 
and 2100 A . D . Simberloff concludes that "the imminent catastrophe in tropical 
forests is commensurate with all the great mass extinctions except for that at the 
end of the Permian." 

Recent Losses and Causes 
Since 1600, a minimum of 113 species of birds and 83 species of mammals are 
known to have gone extinct. But these animals are large vertebrates, which through 
time have had a far lower background extinction rate than 5 per year. About three-
quarters of these extinctions took place on oceanic islands. Historical records also 
suggest that, since 1600, extinction rates for these two groups have increased by a 
factor of 4, to produce the current extinction rates of around 0.5% of extant birds 
per century and 1% of mammals per century. Extinction rates in other groups of 
organisms have only begun to be tracked, but they are significantly higher than the 
historical average. In the United States, there were twice as many species of fish 
(350) classified as endangered in the 1990s than there were a decade earlier. 

The major factor driving species to extinction in Nor th America (and else-
where in the world) appears to be changes in habitat, such as those that occur 
through climate change, desertification, or deforestation. Habitat perturbation 
often causes rapid extinction of species: the drying of a freshwater lake or the final 
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submergence of an eroding island obviously causes the immediate extinction of 
many species that once dwelled there. Others will die off later in time. 

The number of individuals in any population of organisms is always fluctuat-
ing. There may be long-term trends toward increase or decrease, or even toward 
constancy, but these longer-term trends are themselves made up of shorter-term 
fluctuations. The fluctuations themselves have traditionally been thought to be 
related to environmental factors: changes in food supply, increased or decreased 
predation or competition; physical environmental changes such as long-term tem-
perature change or habitat change. To understand these changes, ecologists have 
developed a series of equations that describe how birth and death rates—the ulti-
mate determinants of population size—are affected by the external environment. 

Just how important unpredictable fluctuations are to populations was perhaps 
first appreciated by Robert May. In the 1970s, May showed that population fluc-
tuations in many species of animals and plants are not necessarily random, but 
instead may be an aspect of chaos, the relatively newly described phenomenon in 
which apparent randomness isn't random after all. Although governed by precise 
mathematical rules, the behavior of a chaotic system is virtually impossible to pre-
dict. It may be that some populations of organisms show wild fluctuations that are 
caused not by external conditions, such as climate change, but by deeply rooted 
and complex dynamics within the ecosystems in which they reside. May also 
showed that the geographic distribution of organisms may be related to factors 
other than the external environment. May and his colleagues showed that popula-
tion fluctuations within a patchy (or irregular) distribution may not be related sim-
ply to the favorability of each patch, but might be far more complex. 

All of these findings have profound implications for conservation biology— 
and for the understanding of mass extinctions. In their 1996 book, The Sixth 

Extinction, Richard Leakey and Roger Lewin point out that 

the world of nature is not in equilibrium; it is not a "coordinated machine" 
striving for balance. It is a more interesting place than that. There is no denying 
that adaptation to local physical conditions and such external forces as climatic 
events helps shape the world we see. But it is also apparent that much of the 
pattern we recognize—both in time and space—emerges from nature herself. 
This is a thrilling insight, even if it means that the work of conservation man-
agement is made more difficult. It was long believed that population numbers 
could be controlled by managing external conditions (as far as possible). This 
must now be recognized as no longer the feasible option it was imagined to be. 
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Birds are relatively large and highly conspicuous members of the planet's biota, 
and thus are among the best-known groups in terms of both their current diversity 
and their history of recent extinctions. Because of this, they play a prominent role 
in our study and understanding of biodiversity loss. Birds also have the potential to 
leave a fossil record of themselves, so that diversity levels and losses in the past can 
be measured. 

In 1997, David Steadman, curator of birds at the Florida Museum of Natural 
History, summarized losses of bird species since 1600 on both continents and 
islands. Steadman posited that humans have caused extinctions of birds in four 
main ways: direct predation (hunting, gathering eggs, or removing nestlings for 
captive breeding and pets), introduction of non-native species deleterious to bird 
survival, the spread of disease, and habitat degradation or loss. Of the approxi-
mately 10,000 species of birds on Earth today, about one-fourth have restricted 
breeding ranges (designated as 50,000 square kilometers or less). These are the 
species most susceptible to extinction. 

Little is known about the prehistoric human impact on birds in most continen-
tal regions, but North America is one exception. Soon after humans arrived in 
Nor th America, about 11,000-13,000 years ago, between twenty and forty species 
of birds went extinct. All of these birds may have been tied into ecosystems 
dependent on the large mammals that also went extinct at that time. It is likely, 
then, that the birds' extinctions were only indirectly tied to human causes. From 
11,000 years ago until 500 years ago, only two additional bird species went extinct 
in North America. Since the arrival of Europeans approximately 500 years ago, an 
additional five to seven birds species have gone extinct, with five of these extinc-
tions occurring in the last 200 years (the great auk, Labrador duck, passenger 
pigeon, Carolina parakeet, and ivory-billed woodpecker). Eight more species (the 
California condor, whooping crane, red-cockaded woodpecker, black-headed 
vireo, golden-cheeked warbler, and Kirtland's warbler) are so close to extinction 
that only expensive, concerted captive breeding efforts (such as that taking place 
for the condor) will save them. 

The rates of avian extinction in tropical continental regions outside of North 
America have been little studied. The paleontology of birds is far better known for 
many islands. The relatively small land areas of most islands result in smaller local 
populations of all organisms and, as a result, greater sensitivity to extinction. Of 
the 108 species of birds known to have gone extinct worldwide since 1600, 97% 
came from islands. Even more extinctions occurred in prehistoric times. Steadman 
estimated that at least 2,000 bird species, or about 20% of the total diversity of birds 
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on Earth, went extinct on islands after human, but before European, contact. In 
each case the extinctions postdated the first human contact with each island. 

Predicting the future of birds is no easy feat. It may be that the most suscepti-
ble and delicate species have already gone, or will soon go, extinct. Perhaps the 
losses we have seen so recently will be the major losses. Yet many bird experts are 
not so sanguine, and see the ongoing cutting of the world's forests—and their 
replacement with agricultural fields, an entirely different type of habitat—as a fac-
tor ensuring the continued loss of bird species. 

W h y the Modern Mass Extinction 
May Not Be as Bad as Projected 

One of the great dangers facing those who attempt to prophesy is that estimates, 
coming from the best of intentions, may become more catastrophic than the data 
warrant. Extinction is an emotional issue for many of us, even (or especially) scien-
tists, and emotion can color judgment and distort objectivity. There is a very real 
possibility that estimates of current extinction rates are inflated. Few studies are 
able to pinpoint how real the threat of elevated extinction rates really is, or how 
prolonged it will be. There is a tendency by some working in this field to cry doom 
when a much more muted response may be justified. 

It is clear that the planet is in a period of elevated extinction rates. But just 
how elevated, compared with the period prior to the population run-up of our 
own species, is the most pressing question, and one that is very difficult to 
answer. There is a possibility that most of the consequential extinction (i.e., 
among the megamammals) has already occurred, and that little further reduction 
in the Earth's biota will accumulate over the next few centuries or millennia. 
Thus it may be that the estimation of losses through mass extinction is wildly 
overstated. 

Following are several reasons why the current mass extinction may be less 
severe t h a n many estimates predict : 

1. Most species are resilient—more resilient than previously thought 

For all of the extinctions currently thought to be under way, actual case histo-
ries of extinctions are rather few. Those species that have gone extinct, ranging 
from the dodo to the passenger pigeon, may be species that for any number of rea-
sons were extremely susceptible to extinction to begin with. Extinction requires the 
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death of every living individual of a given species. All species are the result of a long 
period of evolution. They do not just go away; something must eventually kill them 
all off, and that cause must be sufficient to end a history in most cases counted in 
millions of years. 

2. Conservation efforts will be more successful than previously thought 

Worldwide conservation efforts have brought to light the plight of many endan-
gered species. Virtually every country on Earth now practices some form of conser-
vation, be it by preserving large national parks or by protecting individual species or 
given habitats. These efforts have occurred only in the last two to three decades on a 
worldwide basis. Yet they have already registered a number of remarkable successes, 
notably in the restoration of whale and large bird species. Bans on dangerous chem-
icals such as D D T have vastly aided this process. These efforts alone may be suffi-
cient to reverse the course of the oncoming and ongoing mass extinction. 

3. Extinction rates have been overestimated 

As we have seen, one of the most maddening aspects of biodiversity studies is 
our very poor knowledge of the most basic baseline figure, the actual number of 
species on Earth, and the corollary to that figure, the reduction of species numbers 
among various taxonomic groups and specific habitats. In very few other avenues 
of science are the error ranges quite so great: an order of magnitude separates the 
high and low figures. It may be that there are a very large number of species on 
Earth, and that a relatively low percentage of them have recently undergone extinc-
tion, or will do so in the near future. 

W h y the Modern Mass Extinction 
May Be Worse than Projected 

Several factors could adversely affect the biological diversity of the Earth and serve 
to amplify the current rate of extinction. If we accept that the current levels of 
extinction are related to the activities of humankind—most importantly, the con-
version of previously undisturbed habitat such as rainforest or native grassland 
into agricultural areas—then anything causing an increase in such conversion 
should adversely affect the biodiversity baseline. Any reduction in the land cur-
rently available for agriculture would be likely to spur more conversion. This could 
happen in several ways: 
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1. Sudden climate change 

Several types of climate change could reduce the current area of farmland and 
hence create pressure for further habitat conversion. Global warming due to the 
greenhouse effect could cause the tropical regions to increase in size. This in turn 
would cause an expansion of the desert areas at higher latitudes, producing an 
adverse effect on the grain belts located there. If grain regions migrate to higher lat-
itudes in turn, they will suffer shorter and harsher growing seasons, and thus 
reduced yields. 

A second and opposite effect would be a return to a new glacial interval. The 
current warm period is but an interglacial interval in a long pattern of glacial 
cycles that has been operating for more than 2 million years. If past patterns are 
any guide, some thousands of years from now ice sheets will again begin to grow 
and cover vast regions of the Earth in some of the most productive agricultural 
regions. 

2. Sea level change 

Disruption of agriculture could also come from a rise in sea level. Even small 
rises in global sea level will result in significant land reductions in agricultural 
regions, and such small-scale rises will come about if current global warming pat-
terns continue. River deltas, for example, are among the richest of all agricultural 
regions, and the first to be inundated by any rise in sea level. New evidence gath-
ered from a study of Antarctic glaciers in 2001 indicates that the rate of sea level 
rise may be three or four times faster than the worst-case scenario of the late 1980s 
and early 1990s. There may be a 20-foot sea level rise in the next two centuries. 

3. Greater than expected human population increases 

As we will see in greater detail in a subsequent chapter, the number of humans 
on Earth greatly affects the rest of its biota, and surely extinction rates as well. If 
the human population reaches some of the more extreme estimates over the next 
few centuries—over 50 billion people, for instance—there will certainly be greatly 
elevated extinction rates. 

The Earth currently has more species than at any time during previous geo-
logic epochs. This general pattern of increase in diversity over time may not con-
tinue, however. How it might change is described in the next chapter. 
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Even a completely degraded environment can be successfully exploited by certain 

species- but others are sure to perish. 



FOUR 

REUNITING 
GONDWANALAND 

Be fertile and multiply, fill the Earth and instill fear and terror into 
all the animals of the Earth and birds of the sky. 

—GOD, in a conversation with Noah 

In the now far-off decade of the 1960s a famous bumper sticker graced many a 
Volkswagen bus: Reunite Gondwanaland. In those days the theory of plate tec-
tonics (also known as continental drift) was still in its infancy, and the waggish 

slogan was a cry to bring back all of the southern continents into the single continen-
tal landmass that existed at the end of the Paleozoic era, some 250 million years ago. 
In a strange way, that call has been heeded: Gondwanaland has been reunited. Not 
in any physical way—Africa is not measurably closer to Australia or South America 
than it was thirty years ago. But functionally they have been brought together as bar-
riers to biotic exchange between them have been eliminated. The common travel of 
boats and ships across the oceans has shrunk those oceans by giving the animals and 
plants of the now separated continents access to their age-old corridors of dispersal. 
W h e n Gondwanaland existed, it was a time of greater global homogeneity, of fewer 
ecological niches, of fewer and lower mountain ranges, of more uniform global cli-
mate—and, because of these factors, it was characterized by far lower planetary 
biodiversity than the present era. The functional reuniting of Gondwanaland may 
take us back to a lower global biodiversity reminiscent of that bygone age. This 
renewed homogenization of the world's biota may set the current mass extinction 
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apart from all such previous events, for after this event there may not be a subse-
quent diversity increase. The planet may well stay at the low levels typical of a sin-
gle landmass, rather than the higher diversity of numerous separated continents. 

Biological diversity is so commonplace to us that it is taken for granted. Yet the 
factors leading to diversity are still great biological enigmas. Since the Cambrian 
Period more than 500 million years ago, the diversity of species on Earth has been 
fluctuating, but increasing overall. Will it continue to do so? Here I will argue that 
the new mass extinction, which is causing a dramatic decrease of diversity on 
Earth, will not be followed by a renewed burst of diversification, or even a return to 
pre-extinction diversity values until, perhaps, many millions of years have gone by. 

Trends in Diversity 

What controls the diversity of a given region? How can a coral reef be so rich in life 
and a sand bed beside it so poor? And if we change scale, how can a large region be 
species-rich and a neighboring province species-poor? If we define diversity as the 
number of species present in any given area, can we arrive at some rough mathe-
matical rule governing diversity? There are no simple answers to these questions. 
Many factors enter into the equations, such as nutrient availability, habitat type, 
and amount of water; there are also numerous factors affecting the formation of 
species, such as rates of barrier formation, rates of genetic change, and, especially, 
rates of extinction. 

Biologists have long recognized that diversity appears to be roughly related to 
habitat size, and this makes good sense: the larger the area of habitat available, the 
more animals and plants, and at the same time, the more different kinds of animals 
and plants, can be accommodated. But is extinction rate also related to habitat size, 
in some inverse way? Do larger habitats or only larger population sizes protect indi-
vidual species from extinction? 

Some rough rules of thumb about this relationship were first formulated in the 
1960s by two famous ecologists, Robert MacArthur and E. O. Wilson, who pro-
posed a new theory relating diversity to habitat area. MacArthur and Wilson called 
their idea the equilibrium theory of island biogeography. In essence, it relates the 
area of habitat to the number of species present: as habitat area increases, so too do 
species numbers, and they do so in a predictable way. Similarly, as habitat area 
decreases, species numbers fall. Because the number of species bears such a pre-
dictable relationship to the area available, we can analyze the way in which defor-
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estation, for example, leads to the shrinking of habitat and thus to the loss of 
species. This influential model was one of the seminal theories about the regulation 
of biodiversity through time. While it was originally designed to examine diversity 
on islands, models patterned on the theory of island biogeography have now been 
scaled upward to encompass continental and even global scales of community and 
evolutionary diversity. 

MacArthur and Wilson's equations can be used to predict rates of extinction. 
They found, for example, that an island always has fewer species than a mainland 
or continental habitat area of the same size, even if the habitats are otherwise 
exactly identical. The implications of this finding are that parks and reserves, 
which essentially become islands of habitat surrounded by disturbed areas, will 
always suffer a loss of species. It also means that subdividing any sort of larger 
habitat into smaller patches of disturbed and undisturbed regions will increase the 
rate of extinction. 

Wi th these implications in mind, paleontologist Michael McKinney of the Uni-
versity of Tennessee has recently summarized the general traits of global diversity: 

1. Diversity (which can be defined here as the number of species in the habitat 
being examined, be it an island, a given community, or the Earth as a whole) 
fluctuates around some mean equilibrium value when viewed over a time 
scale we might call ecological time: tens to at most hundreds of years. Some-
times it drops, sometimes it rises, but generally it can be considered stable. 

2. Although this mean equilibrium value of diversity remains approximately 
constant, the component species can and do change. Local extinction, 
immigration, and the formation of new species drive these changes. 

3. If the same system is viewed over geologic time (thousands to millions of 
years), the mean equilibrium value of diversity changes as forces such as 
continental drift or mass extinction alter the major habitats on Earth. 

4. The equilibrium value of diversity is determined by competition for 
available and finite resources. As the total number of species increases, 
this competition increases, reducing the rate of formation of new species 
and increasing the extinction rate. 

The causes of change in diversity have been debated for over a century. Gener-
ally, the proposed causes fall into two categories: abiotic factors (those brought 
about by nonliving aspects of the environment, such as climate change) and biotic 
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factors (those brought about by life itself, such as competition, predation, and dis-
ease). Not surprisingly, ecologists have stressed the importance of biotic factors, 
viewing the world in short time spans and at the limited geographic scales of indi-
vidual habitats and ecosystems. Those who examine global biodiversity from the 
perspective of a larger and longer framework (such as paleontologists) have long 
believed that abiotic changes are the most important factors determining diversity. 
According to this view, the two most important mechanisms regulating diversity 
are the rate of origination of new species and the rate of species extinction. These 
two competing factors are affected by abiotic factors and by each other. 

In terms of the shorter ecological time scale, speciation is always a relatively 
slow process, while extinction can be either fast or slow. In the present-day Age of 
Humanity, it appears that the large-scale environmental changes causing the 
observed rise in extinction are abiotic—climate change and changes in landscape 
and vegetation—yet their ultimate cause is biotic—the actions of humans. These 
circumstances have no precedent on Earth. 

Our understanding of the rate of diversification relies on the concept of niche 
saturation. For many decades ecologists have used the concept of a niche to describe 
how a particular species lives and interacts in its ecosystem. The niche is somewhat 
analogous to the profession of a species: what it eats, where it lives, what it does in 
its community. As more and more species either evolve in or invade a given com-
munity with finite energy resources, more and more of the available niches are 
filled. It may be that the overall carrying capacity of a given habitat, community, 
continent, or even the Earth, limits the number of available niches, and that these 
niches can become saturated with species, thus limiting the potential for new speci-
ation. Human activities appear to be reducing the number of niches available, at 
least in terrestrial habitats. The replacement of a forest with a field, or a field with a 
city, reduces niche availability. Suddenly the world is a less heterogeneous place— 
just as it was during the time of Gondwanaland, 200-300 million years ago. 

Disturbance and Divers i ty 

Since the actual number of species on Earth today is so important, knowing what 
controls that number is also important. Why are there not twice as many, or half as 
many, plants and animals? Why are there more now than during the time of Gond-
wanaland? Although there is an enormous scientific literature on diversity, this is a 
question that has perplexed biologists for nearly two centuries, and it appears that 
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there is no easy answer. The most famous book on the topic—Charles Darwin's On 
the Origin of Species—does not even address the issue. Darwin was concerned with 
the transformation of individuals, rather than how and why new species form. Most 
of the more recent treatises on diversity, such as Yale ecologist Evelyn Hutchison's 
famous paper "Homage to Santa Rosalia, or Why Are There So Many Kinds of 
Animals?" do not examine the mechanisms leading to the origin of species, but 
simply describe the maintenance of species once they have evolved. 

Nevertheless, this problem was reexamined recently in a thoughtful essay by 
paleontologists Warren Allmon, Paul Morris, and Michael McKinney, who 
attacked it in a different way. They asked how short-term environmental changes, 
or perturbations, as well as more severe and longer-lasting changes, which they 
called disturbances, affect evolution and diversity. Because humans are producing 
both perturbations and disturbances in copious quantities around the globe, this 
particular question is highly relevant to understanding and predicting possible 
future trends in diversity. 

All organisms encounter perturbations in their daily lives. Fluctuations in tem-
perature, food availability, rates of predatory attacks—these and a thousand other 
environmental changes are part of the everyday lives of all organisms. Sometimes, 
however, one or several of these changes are severe enough to kill off or otherwise 
remove a species or group of species from a given geographic area, creating a patch 
in space from which these organisms are now absent. Of course, what constitutes a 
perturbation or disturbance varies from species to species—a disturbance for a pro-
tozoan may not even be noticeable to a fish. Disturbances are thus species-specific. 
They can also be thought of as acting at many environmental scales, as well as 
many scales of time. Perhaps the most interesting for our purposes are time scales 
ranging from a thousand to a hundred thousand years—the intervals of time neces-
sary for the speciation of large animals and plants. 

Ecologists have long understood that there is a relationship between the degree 
of disturbance and the ability of nature to maintain diversity. Many studies of 
marine intertidal zones have shown that in areas of either too little or too much dis-
turbance, few species occur. The disturbances can be both abiotic—such as a vio-
lent storm—and biotic—such as the incursion of a new predator. Both types of dis-
turbance create patches of open space or habitat. By reducing the numbers of 
abundant species, they allow rare species to maintain their existence or allow new 
species to gain a foothold in the environment. In environments with little distur-
K o n r o d ivers i ty drops as a few species outcompete all the others and dominate the 
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environment. In high-disturbance areas, diversity also stays low, since only a few 
species can maintain viable populations in the face of high mortality. Maximum 
diversity is found in areas that can be considered to have intermediate levels of dis-
turbance. Such conditions allow many species to survive, but do not allow any par-
ticular species to take over through predation or competition. 

On the other hand, there have been virtually no studies trying to link distur-
bance with speciation, or the creation of diversity. Allmon and his colleagues have 
suggested that, like the maintenance of diversity, the creation of diversity through 
the formation of new species may occur in regions of intermediate disturbance. 
Paleontologist Steven Stanley has postulated a similar model, -noting that "high 
rates of speciation are actually promoted by less severe environmental deteriora-
tion—deterioration severe enough to elevate extinction rates to a moderate degree 
but not so severe as to cause wholesale extinction." 

This idea has some interesting implications. It predicts that endemic species— 
those restricted to specific and hence small geographic regions—will encounter rel-
atively higher levels of disturbance than more broadly adapted species, and there-
fore experience both higher levels of origination and extinction. These species—the 
specialists and types found in restricted ranges—are those that produce the largest 
number of new species. Yet they also have the highest extinction rates. 

Global diversification remains a simple equation: origination minus extinction. 
The highest net rates of diversification seem to occur in animals with small body 
sizes, short generation times, wide distributions, and high abundances—beetles 
and rodents, for example. Although two of these traits—wide distribution and high 
abundance—seem to negate new speciation, they retard extinction even more. The 
net result is higher diversification than extinction. 

Compounded Disturbance and Ecological Surprise 

All species have evolved in the presence of disturbance. Thus, disturbances that 
happen within a particular range of intensity—not too extreme—result in little 
long-term change in the nature, composition, and energy flow of a population, or 
even an ecosystem. But what of "compounded" disturbances, when major distur-
bances occur repeatedly at higher than normal frequencies? 

This was the question posed by ecologist Robert Paine and his colleagues in a 
1998 article. Paine has spent his entire research career studying intertidal organ-
isms and has contributed fundamental discoveries about the architecture of ecosys-
tems and diversity. According to Paine, disturbances, ranging from small-scale and 
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frequent perturbations to large and infrequent catastrophes, occur from time to 
time in any habitat. It is these cycles of disturbance that led to ecology's first para-
digm, that of ecological succession. Disturbances often cause widespread mortali-
ty, leaving a residual assemblage of flora and fauna, which provides a legacy that 
subsequent processes and populations use to rebuild. Even large, infrequent dis-
turbances do not appear to override the biotic mechanisms that structure the even-
tual recovery. Paine and his colleagues used the example of the catastrophic 1988 
Yellowstone National Park fire, which burned nearly 40% of the park and was an 
order of magnitude larger than previous fires in the park region. Even a decade 
after this major event, there have been no ecological "surprises"; the ecosystems 
returning are similar to those present prior to the fire. But what if the park under-
went another such fire ten years after the first, and then another a year after that? If 
such major catastrophes are compounded, will ecosystems return to their previous 
state? Paine and his colleagues argue that they will not. 

Compounded disturbance can be portrayed in two ways. First, it can occur in 
the manner proposed in the Yellowstone fire example, in which a normal commu-
nity undergoes a second (or multiple) disturbance before recovery from the first is 
completed. Second, a major stress can be superimposed on a community altered 
by some significant disturbance. Examples of the this second type of compound 
disturbance can be seen when fish stocks are depleted by overfishing and then 
subjected to some other type of large-scale disturbance. In such a case their recov-
ery is markedly delayed, if it occurs at all. Climate change may produce the same 
effect: a series of major storms one after another may markedly alter ecosystems 
that have evolved under lower storm frequency regimes. 

Paine and his colleagues note that the prime cause of compounded disturbance is 
human activity. The prime result is lowered diversity—a return to Gondwanaland. 

Plate Tectonics and Diversity 

The studies above (and many others as well) suggest that compounded disturbance 
produced by humanity may have caused the equilibrium level of world biodiversity 
to drop. Yet there is a second and equally important factor that is taking us back to 
Gondwanaland: the functional removal of barriers to migration. In a way, to borrow 
from another hoary bumper sticker, we have indeed stopped continental drift. 

One of the major influences on the equilibrium value of global biodiversity is 
continental configuration. W h e n the various continents were united, there was 
obviously easy faunal interchange around the globe. W h e n the continents are 
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widely separated, however (as they are today), there is greater heterogeneity in 
environments, less faunal interchange, and many more species. Two hundred fifty 
million years ago, all the major continents were merged, and biodiversity was far 
lower than it is today. But by introducing non-native species across ecological 
boundaries and continents, humanity has found a way to functionally reunite the 
various continents, as least as far as gene flow is concerned. 

Since the majority of the Earth's biodiversity today is found on continents (and 
there is no reason to believe that this relationship has changed over the last 300 million 
years), the processes of plate tectonics are especially important for life and its ecosys-
tems. As continents have shifted their positions through time, they have affected 
global climate, including the overall albedo (the planet's reflectivity to sunlight), the 
occurrence of glaciation events, the pattern of oceanic circulation, and the amounts of 
nutrients reaching the sea. All of these factors have biological consequences that affect 
global biodiversity. Moreover, continental drift can help augment diversity by increas-
ing the number and degree of separation of habitats (which promotes speciation). 

Plate tectonics also promotes environmental complexity—and thus increased 
biotic diversity—on a global scale. A world with mountainous continents, oceans, 
and myriad islands is far more complex, and offers more evolutionary challenges, 
than a planet dominated by either land or ocean. James Valentine and Eldredge 
Moores first pointed out this relationship in a series of classic papers written in the 
1970s. They showed that changing the positions and configuration of the conti-
nents and oceans would have far-reaching effects on organisms, causing increases 
in both diversification and extinction. Changes in continental position would affect 
ocean currents, temperatures, seasonal rainfall patterns and fluctuations, the dis-
tribution of nutrients, and patterns of biological productivity. Such changing con-
ditions would cause organisms to migrate out of the new environments, and would 
promote speciation. The deep sea would be affected least by such changes, but the 
deep sea is the area on Earth today with the fewest species: over two-thirds of all 
animal species live on land, and the majority of marine species live in the shallow-
water regions that would be most affected by plate tectonic movements. 

The most diverse marine faunas on Earth today are found in the tropics, where 
communities are packed with vast numbers of highly specialized species. Not only 
are there fewer species at higher latitudes, but species composition is different from 
that in the tropics as well. Most species have fairly narrow temperature limits 
imposed by physiological adaptation, and since temperature conditions change 
rapidly with latitude, it's not surprising that the north-south coastlines of conti-
nents show a continuously changing mix of species. 
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In 1996, biologist P. Vitousek and three colleagues used mathematical model-
ing to project the number of mammalian species that would be expected on Earth if 
all of the continents were reunited into the configuration present at the end of the 
Paleozoic Era, some 250 million years ago. They concluded that the world would 
contain about half of the nearly 4,000 mammalian species present if we reunited 
Gondwanaland. These same authors speculated that the current transport of mam-
mals from continent to continent is leading to an extinction rate of mammals that 
will yield approximately this same global biodiversity: 2,000 mammalian species. 

Aliens Among Us 
Whenever a species arrives in an area where it was not previously found, there is a 
potential for biological change. Such invasions of new species have occurred 
throughout geologic time, yet the rate of invasion has vastly increased during the 
Age of Humanity. Today, no area on Earth is immune to such biological invasions. 
It is estimated that about 11% of all species now living in France have been intro-
duced; in Australia the proportion is 10%, in Hawaii 18%, and in New Zealand 
more than 40%. These biological invasions are particularly marked in floral com-
munities. There are records of about 1,200 native plant species in New Zealand, 
but there are now over 1,700 non-native plants living there as well. Although it 
could be argued that the introduction of so many non-native plant species has more 
than doubled the diversity of plant life in New Zealand, this is only a transitory 
result. Over time, many non-natives will inevitably drive the natives to extinction, 
causing world biodiversity to decline. 

Biological invasions aided by humans have come in three major pulses. Over a 
period starting several thousand years ago until about 1500 A.D., human move-
ment and migration caused the transport of plant and animals mainly in the Old 
World. Beginning in about 1500, however, a second phase of invasions began with 
the increasing contact between the Old World and the New due to European explo-
ration and conquest, during which many Old World species were transported to 
the New World. The final phase began about 150 years ago with the globalization 
of species movement due to the vastly increased efficiency of human transport. 

There have been many reasons for these species introductions. In some cases 
the introduced species were purposely brought to a new location to become animal 
or plant crops. Some were brought to serve as ornamentals or pets, while others 
were introduced for sport or hunting. Still others were introduced to control 
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"pests," only to have the introduced species become even more destructive than the 
species they were brought in to control. Ironically, some introductions have 
occurred for purposes of either biotechnology or scientific research. Finally, there 
have been many accidental introductions from ship ballast and airplane holds, of 
"hitchhiking" seeds escaped from either wild or agricultural areas, and simply as 
side effects of habitat alteration. 

The majority of introduced species do not survive. It is estimated that of a hun-
dred introduced species, approximately ten will successfully colonize or naturalize, 
and only two or three will become pests. But those that do often become major 
problems, especially in fragile, endangered, or rare ecosystems, such as early suc-
cessional habitats, ecosystems with few species, and ecosystems that traditionally 
have a low number of predators or grazers. The pest invaders often show a suite of 
similar characteristics: they have a high reproductive potential, many offspring, 
and generalized habits and food requirements. They can thus be characterized as 
"pioneer" species, in that they can colonize and flourish in a wide variety of ecosys-
tems. They are often human "commensals"—species that thrive in the presence of 
humanity. 

While the greatest consequences of these invasions are biological, their eco-
nomic impact is not trivial. In the United States alone, it is estimated that the Rus-
sian wheat aphid causes as much as $130 million in crop damage each year, the 
Mediterranean fruit fly as much as $900 million, and the gypsy moth about $750 
million. The boll weevil may have caused as much as $50 billion in damage to cot-
ton crops during the twentieth century. 

The ultimate effect of many invasions is extinction of native species, and 
examples of such extinctions abound. In 1959, in the Rift Valley of Africa, British 
colonials introduced a northern African fish called the Nile perch into Lake Vic-
toria for sport fishing. The Nile perch is a voracious predator on smaller fishes. 
Prior to its introduction, the lake was home to over 300 species of endemic cich-
lid fishes. Yet by the early 1980s, when the problem was finally recognized, over 
half of the cichlid species in Lake Victoria had gone extinct because of the Nile 
perch. 

Of all the factors causing the translocation of species, the exchange of ballast 
water may be among the most important and the most difficult to stop. Thou-
sands of species are transported around the globe in ships' ballast water. W h e n a 
ship takes on ballast water, it takes up the plankton of a given region, which often 
contains the juvenile stages of marine animals and plants. These organisms are 
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then discharged when the ship reaches its destination port. One such invader was 
the infamous zebra mussel, which made its way into the Great Lakes of North 
America. The zebra mussel, which originated in Europe, is an extremely efficient 
filter-feeding organism, straining plankton from the surrounding water so effi-
ciently that it outcompetes native species, which then starve to death. It multiplies 
rapidly, attaching itself to pipes, boats, and the shells of other mollusks. Zebra 
mussels clog water intake pipes, thus affecting public water supplies, irrigation, 
sewage treatment plants, shipping lanes, and recreational activities. 

Governments around the world are trying to monitor the alien species arriving 
in ballast water. A recent study conducted on Japanese ships entering Oregon ports 
discovered the presence of over 350 alien species being discharged into Oregon 
waters. Among the most undesirable of such invaders are predatory crabs, which are 
capable of wreaking havoc on shellfish beds. Such an invasion began in the 1990s 
with the appearance of the green crab in Washington State. The green crab feeds on 
small clams, and is capable of decimating local populations of clams and snails. 

Plants also suffer a great deal from biological invasions. Because plant seeds are 
usually small, they are easily transported long distances, and often can colonize and 
take over new ecosystems quickly. In different areas of the United States, intro-
duced plants make up between 7% and 48% of the total plant diversity. Many of 
these non-natives, such as kudzu, were deliberately introduced to control soil ero-
sion. Others were introduced as agricultural crops. On rangelands, invasive plants 
such as cheatgrass crowd out more nutritious native plants, cause soil erosion, and 
pose threats to native wildlife. 

Even more deleterious than these plant invasions has been the transport of 
plant pathogens from one part of the world to another. Dutch elm disease deci-
mated elm trees in both England and the United States after it was accidentally 
imported. The introduction of the chestnut blight from Asia to America in 1890 
drove the American chestnut tree to the verge of extinction in less than fifty years. 
In Australia, native Jarrah forests have been destroyed due to the introduction of a 
root fungus imported from Eastern Australia. 

Winners and Losers 
Predicting winners and losers in the future can be as perilous for biologists as it is 
for stockbrokers. In both cases, however, there are some clear signs of what may 
prosper (and even diversify) and what may die out. 
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One clear insight into predicting whether a species will flourish or not comes 
from the size of its geographic range. In the late 1980s, biologists J. Brown and 
M. Maurer showed that species of Nor th American birds with small geographic 
ranges almost always had low population densities within those ranges. In other 
words, there are virtually no species of birds in Nor th America that are both nar-
rowly distributed and abundant within their small geographic ranges. On the 
other hand, birds with widespread geographic ranges are usually abundant in 
most regions within their ranges. Although we see this all around us, it is not an 
obviously intuitive finding; but it is a generalization that has the utmost impor-
tance for picking winners as well as losers among species in the coming years. 

The correlation between range size and abundance can be understood by look-
ing at the geometry of species ranges. Geographic ranges exist because they encap-
sulate all the areas where a species can exist. Thus the outer limits of a geographic 
range tend to be less favorable areas for the species than the interior of the range. If 
the size of the less favorable perimeter is large relative to total area of the range, it 
becomes limiting to the overall population, and small geographic ranges have 
higher perimeter-to-area ratios than large ones. Not surprisingly, then, when a 
large geographic range is suddenly broken up into many smaller ranges, the abun-
dance of the species will drop. Geographic range fragmentation can thus influence 
the likelihood of extinction by affecting the rate of extinction of local populations 
that find themselves confined to "habitat islands." 

This correlation between range size and abundance is the single greatest night-
mare of conservation planners. The urbanization and "agriculturalization" of the 
world has been fragmenting the ranges of most wild species while greatly expand-
ing the geographic ranges of agricultural species. This effect will in essence spell 
doom for a majority of the world's rare species, many of which are "megamam-
mals." Once again, the conclusion of the Age of Megamammals is the functional 
reuniting of Gondwanaland. 
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FIVE 

THE NEAR FUTURE 
A New World 

There may not be room enough on Earth for both animals and 
human development. 

—ROGER DISILVESTRO, The Endangered Kingdom 

Can we predict what the future course of evolution may be? It is sometimes 
tempting to make fanciful conjectures about the nature of future species, 
but it is also generally nonscientific. Trying to predict the shapes, colors, 

and appearances of new species would be fantasy, not science. Yet it is possible to 
make other types of predictions, based on what we know through the study of the 
evolutionary record. 

The first thing we can be sure of is that following the current mass extinction 
there will be empty ecological niches, and these niches will be filled by newly 
evolved species. But which species will fill a given niche—here is where a crystal 
ball is necessary. Stephen Jay Gould has long argued that chance will be the major 
arbiter in deciding which species will replace a newly extinct taxon. For example, 
perhaps the extinction of rhinos and elephants will trigger the evolution of some 
group of antelope species toward gigantism to fill the gap, or perhaps the replace-
ment will come from domestic horses—which it will be is mostly a matter of 
chance. Yet other evolutionists are not so sure that Gould is correct in this view. 
Paleontologist Michael McKinney (among others) has argued that the best chances 
of filling the new niches belong to what he calls supertaxa, species belonging to 
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groups that are themselves composed of numerous species. Examples of such groups 
are the rodents, snakes, and passerine birds—all of which are extremely species-rich. 
McKinney pointed out that since these groups are generally composed of generalists 
rather than specialists, their members are abundant—and that the same traits pro-
moting numerical dominance also lead to an ability to diversify rapidly over long 
periods of time. Another characteristic of this group is small body size. 

Second, predicting the makeup of any future biota requires an understanding 
of what the new range of habitats on Earth will be. While the emergence of human-
ity as the dominant species on Earth has changed things such as the degree of gene 
flow between once isolated populations and the commonness of alien invasions, 
perhaps the biggest change has been in the nature of habitats. Humanity has trans-
formed the Earth's surface by producing physical habitats that have never existed 
before. Through the emergence of megacities, the changeover from old-growth to 
managed agricultural forests, the spread of agricultural landscapes, the fragmenta-
tion of native landscapes by roads, changes in the ecology of the oceans due to the 
disappearance of large fish, mangrove, coral reefs, and seagrass beds, and the 
chemical makeover of land and water habitats with pesticides and other chemical 
pollutants, humans will undoubtedly have a marked effect on future evolution. 
Natural selection will produce new varieties of life to deal with a set of new envi-
ronmental conditions never before encountered on the planet. 

Cities 
In the late 1970s I flew from the Yucatan Peninsula to Los Angeles, with a stopover 
in Mexico City. While Los Angeles was well known to me at that time, I had never 
been to Mexico City, and looked forward to the experience. 

Our plane lifted from the lushly verdant Yucatan on a luminous day, and we 
flew over a starkly visible Mexico. The flight was not very long, and a vista of 
mountains and forests passed far beneath us. Eventually I spotted a distant 
mountain, larger than the others, and as we approached I was filled with wonder. 
Never had I seen a mountain like this before, perfectly dome-shaped, brown in 
color, impossibly tall, a vision that enlarged and degenerated into implausibility. 
Our pilot headed straight toward the summit of this great mount, and just as we 
were about to crash into it, I realized what it was: the air over Mexico City, a 
mountain of pollution covering the huge sprawl below. Even in the 1970s Mexico 
City may have been the world's largest city, and it was a sure vision of the future, 
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of what too many poor humans in one place can produce in what we now call 
"megacities." 

Very few animals transform their habitat as extensively as Homo sapiens does, 
and of all our transformations, perhaps none are so visible as the formation of cities. 
Whi le many of humanity's changes, such as deforestation and the planting and 
maintenance of agricultural fields perturb and then change one type of biological 
system into another, the building of cities is a widespread transformation of the 
organic into the largely inorganic. Termite nests, prairie dog towns, and a few other 
examples are slight intimations of this process, but true concrete jungles have of 
course been altogether unknown prior to ours. 

Humans had been building up to large-scale cites for millennia, but the advent 
of the Industrial Revolution changed the nature of cities forever. Once places 
where trade was centralized and people lived, cities became, during the nineteenth 
century and throughout the twentieth century, the places where factories and 
industries were located. The effect was to bring pollution into the bedroom. 
Ebenezer Howard, an early urban planner, described these new cites as "ill venti-
lated, unplanned, unwieldy, and unhealthy." The French architect Le Corbusier 
was more poetic in his denunciation: "They are ineffectual, they use up our bodies, 
they thwart our souls." 

Urbanization is clearly transforming the Earth. At the dawn of the twenty-first 
century over half of humanity lives in urban areas. By 2030, demographers esti-
mate that twice as many people will live in urban areas as in rural regions. As the 
twentieth century comes to a close, cities and urban regions occupy about 2% of the 
Earth's land surface. Yet they use some 75% of the Earth's resources, and release a 
concomitant amount of waste material. They are not only centers of human popu-
lation, but centers of human production and consumption. 

Urbanization has five major effects: it produces an increased demand for natu-
ral resources in the area surrounding the city; it obliterates the natural hydrological 
cycle at the site of the city; it reduces biomass and alters species composition in and 
around the city; it produces waste products in high concentrations that can alter the 
environment around the city, and it creates new but altered landforms through 
landfilling and reclamation. W h a t is "reclaimed," of course, is generally natural 
wetlands or lakes. Cities replace natural forests, grasslands, and other vegetation 
with concrete and brick. These changes vastly affect the flow of water through the 
site of the city, generally causing water movement to accelerate. 

Canadian economist William Rees has brought attention to the concept of the 
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"footprint" of cities—the area of land required to supply them with food and tim-
ber products, as well as the area (and plant growth) necessary to absorb the carbon 
dioxide output they generate. One such "footprint," for London, was calculated by 
Herbert Girardet of Middlesex University in Great Britain. London was the first 
of the "megacities," being the first urban area to attain a population of a million 
people. Using the analyses pioneered by Rees, Girardet calculated that the foot-
print size of London is 125 times its surface area. The city covers 159,000 hectares, 
and its footprint is thus 20 million hectares. This is larger than all of the productive 
agricultural land in Great Britain put together—for just 12% of Great Britain's total 
population. 

All of the key activities of cities—transport, heating, manufacturing, the gener-
ation of electricity, and the provision of services—rely on a steady and regular sup-
ply of fossil fuels. London requires 20 million tons of petroleum each year—and in 
the process of converting that petroleum to energy, discharges 60 million tons of 
carbon dioxide into the atmosphere. Every day London disposes of nearly 7,000 
tons of household waste. 

The urbanization process has been accelerated by economic, political, and bio-
logical factors. The liberalization of political systems around the world in the clos-
ing decades of the twentieth century resulted in a surge of economic activity that 
was accompanied by urban growth. Unfortunately, many cities are decaying as 
they grow, or cannot keep pace with population increases to provide sanitation, 
food, and chemical-free environments. Thus urban poverty is driving many of the 
changes found in cities today. Current growth projections suggest that there will be 
a minimum of 100 "megacities" with populations of over 5 million people by 2030. 
These environmental anomalies will have profound effects on both local and, ulti-
mately, global climate. 

Climate statistics for recent decades have shown that most cites are warmer 
than the countryside surrounding them. Thus the boundary between the country-
side and city forms a steep thermal gradient surrounding an urban heat island. The 
heating of cities is a product of several factors. The first is the absorption of solar 
energy. Most roads and many city roofs are made of dark material that absorbs 
more solar energy than the surrounding countryside. These city surfaces also have 
a high capacity for heat storage; concrete and tar roof surfaces both store heat by 
day and release it at night to a far higher degree than does a vegetated land surface. 
Second, cities are warm because they generate a great deal of artificial heat through 
their energy output. Finally, the concentration of large numbers of people and 
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machines in cities causes marked changes in air quality. The release of huge 
amounts of carbon dioxide and other greenhouse gases that may not readily dissi-
pate out of the city center itself provides an insulating blanket around the city core. 

One of the most salient effects of cities is their formation and accumulation of 
waste. In earlier times the solution was simple: dump the garbage in the poorer 
neighborhoods. While this system has changed in more developed areas, it still 
goes on in poorer countries. Perhaps the most striking example of this practice was 
in the Philippines. In the 1950s Manila began to dump its escalating volumes of 
waste in a particularly poor neighborhood. The mini-mountain of trash was named 
Mt. Smokey because of the haze from burning methane, and it towered 130 feet 
above sea level in a city built at sea level. Even more striking than its size, however, 
was the biomass of humans that this heap of garbage sustained. In the early 1990s it 
was home to some 20,000 people who made a living out of sifting through and recy-
cling the waste and eating its remains; they lived there, fed there, and bred there. 

The vast amount of waste material generated by cities is transforming the 
Earth, and just as surely promoting new strains of evolutionary development. 
Open pits and piles of waste are breeding grounds for human pathogens, but even 
more so, they are habitats for legions of insects, birds, and small mammals living 
off the abundant foodstuffs. It is estimated that New York City receives 20,000 tons 
of food each day for its human inhabitants. About half is transformed into human 
energy; the rest becomes human sewage and "wastage." This vast resource is an 
evolutionary target of opportunity for the animals that are now exploiting it. It is 
clear that 10,000 tons of food material a day was not appearing in the small area 
now known as New York City prior to the presence of the city; its relatively sudden 
appearance (by the standards of geologic time) is a sure stimulant for exploitation, 
and might spur evolutionary change as well, so as to optimize that exploitation. 

The first consequences of evolutionary change within this system are probably 
behavioral—the aspect of evolution that is least visible but probably among the 
fastest to appear through natural selection. The body of a rat or a cockroach is 
admirably "preadapted" for living in this new habitat, the garbage dump, and may 
need little morphological, or body plan, adaptation to exploit it. Yet the new chal-
lenges of city living have undoubtedly affected the genetically coded behaviors of 
these animals, and will continue to do so. Since for the most part we view the ani-
mals living off our waste and garbage as pests, we do our best to exterminate them. 
Any behavior that staves off this fate will be selected for and quickly incorporated 
into the genetic systems of those animals. We may not necessarily see new species 
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of city-dwelling organisms as the centuries pass (although we may), but there will 
be consequential evolution taking place nevertheless, much of it behavioral. 

Behavior is not all that will be changed; physiological adaptation will certainly 
be necessary for city inhabitants as well. A consequence of cities and their wastes is 
the presence of toxins. Even the most expensive methods of waste disposal, such as 
high-tech incinerators and so-called "sanitary" landfills, generate toxins. The most 
important among these are heavy metals, chlorine compounds, and dioxin, all found 
even in incinerator ash. These compounds and many others make their way into 
groundwater systems and thereby enter the ecosystem of the city. Animals inhabit-
ing cities, and especially those living in areas with high concentrations of toxins, 
such as sewers, groundwater systems, and at the base of landfills, might undergo 
adaptation to withstand high levels of otherwise lethal chemicals, high acid or base 
concentrations, and even the elevated temperatures found in smoldering landfills. 

The ultimate changes, however, may be morphological. We may well see the 
evolution of a bird beak specialized for feeding out of tin cans, or rats developing 
oily fur to slough off toxic wastewater. Similarly, new breeds of house cats might 
evolve larger size to deal with more ferocious rats. But might something complete-
ly different evolve? Could we see the evolution of an animal specializing in the most 
obvious resource of all: human beings? 

The Future Global Climate 
Let us imagine a world of long ago, of very long ago: the world of 750 million years 
ago. It is a time when the first animals are just appearing. It is also the time of 
"snowball Earth." 

The discovery that, at several times in its history, the Earth was covered from 
pole to pole with ice is one of the major geologic finding of the late twentieth centu-
ry. The just-completed Ice Age pales in comparison to these long-ago times. Ice 
locked Earth in its grip, covering both land and sea. There was virtually no life on 
the planet, save for a few oases of warmth next to undersea volcanoes. The discov-
ery that these "snowball Earth" events occurred not just once but repeatedly, albeit 
long ago, shows but one swing of the messy pendulum we call climate. It is also a 
lesson in how extreme climate change can be—and perhaps soon will be. 

No one disputes that humanity is rapidly changing the composition of the 
atmosphere, although there is still great debate about whether or not those changes 
are causing a rise in mean global temperature, also known as global warming. 
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Anthropogenic, or human-induced, production of gases such as carbon dioxide, 
methane, chlorofluorocarbons, sulfur dioxide, and nitrogen oxides have been rising 
dramatically since the Industrial Revolution. All of these gases have the ability to 
absorb infrared radiation and reradiate it back to Earth, producing the well-known 
"greenhouse effect." To better understand the conditions that will face life in the 
future, we must better understand what the gas inventory of the atmosphere will be. 

As we all know, predicting the weather is a chancy business. Trying to make 
valid long-range predictions for the next several days is hard enough. Doing the 
same for the next few thousands of millennia seems impossible. Yet in some ways 
the long-term view is clearer than the short-term view. Almost all scientific infor-
mation to date suggests that global warming will be a long-term reality. 

Predictions about the possibly of global warming over the next few decades and 
centuries come from a class of models known as General Circulation Models 
(GCMs). A starting point of these models is the prediction that the amount of car-
bon dioxide in the atmosphere will double over the next century. This doubling is 
sure to have profound ecological effects, including greater temperature increases in 
mid-latitude temperate and continental interior regions than across the rest of the 
globe, decreases in precipitation in these same mid-latitude regions, and an 
increase in severe storm patterns. 

Such changes will affect the entire biosphere, but will have their most marked 
effects on plant communities. Because there is so much paleontological information 
about how plant species and communities fared during the rapid climate changes 
accompanying the end of the Ice Age over the past 18,000 years, there is some room 
for optimism that reasonable projections about oncoming climate changes can be 
made. 

According to paleobotanists, four prime lessons from the near past are applica-
ble to the near future. First, it seems that species, rather than whole communities, 
respond to climate change. Over the past 18,000 years, the species compositions of 
various North American forests have changed considerably, yet the forests them-
selves have persevered. Whole communities and biomes do not respond to climate 
change, but instead change their species compositions. Second, the responses of 
individual species to climate change are often accompanied by a time lag. Espe-
cially rapid climate change tends to overwhelm many plant species because they 
are incapable of dispersing rapidly enough to move with the changes. For example, 
the eastern hemlock tree can disperse at a rate of 20-25 kilometers per century. 
However, climate patterns can move at a rate of over 300 kilometers per century. 
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The net result can be local extinction of a species if climate change is sufficiently 
fast. The third insight is that patterns of local disturbance will change as climate 
changes. Fire is one of the principal causes of disturbance in modern forest ecosys-
tems; as climate changes, the pattern and frequency of major forest fires will 
change as well. Changes in such disturbance patterns may produce a greater 
change in an ecosystem than the climate change itself. Fourth, it seems that multi-
ple environmental changes can produce unpredictable responses in ecosystems. If 
enough sources of change come to bear on a given ecosystem, its responses may not 
be predictable. We may be on the verge of seeing the formation of terrestrial plant 
communities unlike any that have existed in the past—not through the formation 
of new species (although that may happen as well), but through novel compositions 
of groups of species that have no ancient community analogues. 

Another factor will be the response of plants to increased levels of carbon diox-
ide (C0 2 ) in the atmosphere. Many plants increase their photosynthetic activity 
and growth rates in response to elevated amounts of C0 2 . A result of increased 
C 0 2 levels will therefore be greater global plant productivity, faster growth, and 
perhaps larger plants of some species. On the other hand, there are distinct differ-
ences among plants in their responses to raised levels of C0 2 . Some plants (using 
an enzyme system known as the C 4 metabolic pathway) are already saturated with 
C 0 2 in the present-day atmosphere, and will not respond with faster growth or 
productivity if C 0 2 is elevated globally. A second, more common group of plants 
(those using the so-called C 3 metabolic pathway) will respond to the increased C 0 2 

with enhanced growth. There are other determining factors as well. Plants living in 
high-stress conditions and those from highly disturbed habitats will show little 
effect, while plant species that are stress-tolerant will do better. Perhaps it will 
come as no surprise that the winners in a new, CO 2 -rich environment may be 
weedy species. 

Although C O , levels will have an important effect on plant community com-
positions and growth rates, by far the single most significant factor affecting plant 
community composition and growth is water availability. There is an enormous 
amount of variation among plant species in their ability to withstand drought, so 
future patterns of precipitation and runoff around the globe will affect the makeup 
of plant communities most. As global temperature changes affect water distribu-
tion across the planet, plants will be forced to adapt to rapidly changing conditions. 

In his chapter "Appreciating the Benefits of Plant Biodiversity," from the final 
twentieth-century installment of the best-selling series The State of the World, 
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botanist John Tuxhill suggests that the first signs of changing carbon dioxide levels 
are already being observed in tropical rainforests. Tuxhill notes that the "turnover 
rate" of tropical forests—the rate at which old trees are replaced by younger trees— 
has been increasingly steadily since the 1950s. As a result, the forests under study 
are becoming "younger" through increasing domination by shorter-lived trees and 
woody vines that grow faster than the tall hardwood trees that make up the old cli-
max communities. Such trends will favor a radical changeover in the species com-
position of the tropical forest. Tuxhill also notes: 

Global trends are shaping a botanical world that is most striking in its greater 
uniformity. The richly textured mix of native plant communities that evolved 
over thousands of years is increasingly frayed, replaced by extensive areas 
under intensive cultivation or heavy grazing, land devoted to settlements or 
industrial activities, and secondary habitats—shorter lived "weedy," often 
non-native species. 

Under these conditions, can we expect substantial future evolution in forest com-
munities? Since a very high diversity of plants has already evolved, there are probably 
many species "preadapted" for the new conditions that are being produced now by 
global atmospheric change. While one can speculate and dream up new plant species 
evolving to take advantage of higher carbon dioxide levels, the reality is that very lit-
tle new evolution may occur within the dwindling forests of the planet. 

The Oceans 

W h a t separates the current mass extinction from those of the past is that little or no 
extinction has yet occurred in the oceans, and that changes in temperature, toxicity, 
and other environmental factors there have been minor compared with those on 
land. But for how long? 

While the oceans have not undergone an equivalent of the megamammal 
extinction characterizing the last 50,000 years on land, it would be a mistake to 
assume that some extinction has not occurred. The exploitation of fisheries stocks 
has not eliminated more than a handful of species, but its effects, from the large-
scale disappearance of whales and other marine mammals to the reduction of the 
large fish species used for human food, have utterly transformed the biological 
makeup of the oceans and the way in which energy flows through its communities. 
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Although the great British zoologist Thomas Huxley opined that "all the great 
sea fisheries are inexhaustible," the results of a century of exploitation contradict 
that statement. The reduction of large carnivores in the sea represents a radical 
restructuring of the single largest habitat zone on Earth. Perhaps this restructuring 
will instigate future evolution, but can any outburst of evolution occur while fish-
ing pressure exists? 

Humans depend on the oceans for food, raw materials and minerals, and trans-
portation lanes, and the strains of those uses are showing. It is estimated that the 
proportion of marine fisheries stocks that are overexploited has climbed from 
almost none in 1950 to between 35% and 60% as the twentieth century came to a 
close. The most pressing threats to the oceans, according to the 1,600 scientists 
contributing to the United Nations 1998 Year of the Oceans program, are species 
overexploitation, habitat degradation, pollution, climate change, and species intro-
ductions. As one of these scientists put it, "Too much is taken from the sea and too 
much is put into it." 

The use of fisheries stocks at the end of the twentieth century was staggering. 
The world's human population received 6% of its total protein, and 16% of its ani-
mal protein, from the sea, and over a billion people relied on fish for at least 30% of 
their animal protein supply. Up to 90% of this catch comes from coastal zones 
(which also supply at least 25% of the Earth's primary biological productivity). 

The major fish stocks showing a marked decline in catch totals include sharks, 
tuna, swordfish, salmon, and cod. As these stocks decline, new species are exploit-
ed in their place. During the 1980s five low-value species—Peruvian anchovy, 
South American pilchard, Japanese pilchard, Chilean jack mackerel, and Alaskan 
pollock—accounted for the majority of new landings. Moreover, the efficiency of 
fishing is now such that formerly prosperous regions of the sea are becoming bio-
logical deserts. The once rich Grand Banks off Canada are now bereft of the cod 
that were once so abundant; the king crab fishery in Alaska has collapsed; the 
orange roughy fishery of the South Pacific is essentially nonexistent. Trawling— 
the practice of dragging nets and chains across the ocean bottom—is now so wide-
spread that it is estimated that every bit of the world's continental shelves is 
dragged at least once every two years. 

The rising human population is also affecting coastal zones. Two-thirds of the 
world's largest cites are located on seacoasts, and the environmental effects of these 
burgeoning human populations are radically changing the seas. The destruction of 
seagrass beds and mangrove regions to allow human settlement has had a marked 
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effect on fish stocks, since these habitats are breeding grounds for many important 
species. 

The seas are also the final resting places of most anthropogenic pollution. River 
systems dump waterborne waste into the sea; winds carry airborne pollution into 
the sea; excessive nutrients from nearby cities create dense carpets of algae that ulti-
mately rot in the sea. Such algal blooms take oxygen out of the water and create large 
"dead zones." Much of the Gulf of Mexico is now afflicted by such dead zones. 
Other consequences of nutrient loading in the oceans are an increase in red tides and 
an increase in paralytic shellfish poisoning. Synthetic organic chemicals also end up 
in the sea, as do radioactive materials and heavy metals such as mercury. 

All of these factors make the oceans one of the most potent cauldrons for future 
evolutionary change. Yet of all of the ecosystems on Earth, the oceans may see the 
least amount of species-level extinction and, perhaps paradoxically, the most new 
evolution. The reasons are several. First, despite our best efforts, even completely 
overexploited and subsequently "crashed" fisheries stocks do not go extinct. But 
they do not recover as long as fishing continues—and as long as there is a large 
human population, there will be overfishing. At the same time, the vast size of the 
oceans and their lack of native habitability by humans will always provide a buffer 
for marine creatures. Try as we will to invade them, the oceans will always be far 
less perturbed than the land. Thus, as new species are formed (beginning, always, 
as tiny isolated populations), there is less chance that human intervention will 
immediately stop the new speciation process. 

Second, the removal of top carnivores—the species most exploited by 
humans—will leave a void that will be filled by natural selection and new specia-
tion. Although humans exploit the upper parts of marine food webs, the lower 
trophic levels are barely touched. Humans do not exploit, for example, the cope-
pods, small worms, and other invertebrates making up the majority of the ocean 
biomass. New species will evolve to fill the vacuum created by the drastic reduc-
tion in numbers of commercial fish stocks. 

Wha t will evolve to take the place of the larger fish species? Because fish, 
according to the fossil record, appear capable of evolving rapidly, it may be that the 
new species will be other fish. But if large fish species evolve to replace those 
reduced or rendered extinct by overfishing, the same trend may happen again, and 
they will become the overexploited. It is more likely that either many small fish 
species will evolve, or the positions in the upper parts of the marine food chain will 
be filled by larger invertebrates. 
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Agricultural Fields 

The largest single habitat type on the surface of the land will soon be agricultural 
fields. Most of the ancient forests and the drier grasslands and savannas of the 
Earth have been, or are in the process of being, converted into farms, and this con-
version will be a major contributor to new evolutionary events. But if farmers' 
fields predominate, a second major habitat type increasing in size will be deserts. 
Quite often, fields turn into deserts through poor agricultural practices and reduc-
tions in water availability. 

By the late twentieth century the option of expanding grain production by cul-
tivating more land had virtually disappeared. From 1950 to 2000, increases in the 
harvest of grain came from the conversion of forest and native grassland into grain-
producing fields, but this option has been exhausted. The few regions left to exploit 
include the cerrado of Brazil, a semiarid rangeland in the east-central part of the 
country, the area around the Congo River in Africa, and the outer islands of 
Indonesia. At the same time, vast areas currently used for growing grain will be lost 
to human housing, or through soil erosion and land degradation. The amount of 
cropland per person on Earth is expected to decline from 0.23 hectares in 1950 to 
0.12 hectares in 2000, and to 0.07 hectares by 2050. The area of cropland in India, 
for example, will not rise, but it will have an estimated additional 600 million peo-
ple to feed by 2050. By the same time China will need to feed a total of 1.5 billion 
people. 

The winners in the agricultural environment will be insects, rodents, and pred-
ators on both. As in the case of domesticated animals, it is likely that a great deal of 
evolutionary change has already occurred since the inception of agriculture nearly 
ten thousand years ago, unremarked by early humans. A taxonomist assessing the 
insect and rodent makeup of the world prior to the start of human agriculture 
might be surprised at how many species that are common today did not exist then. 
Rodents are known to have some of the fastest evolutionary rates on Earth; a thou-
sand years is more than sufficient time to create new species, and the ten thousand 
years since agriculture began may have seen a vast proliferation of small animals 
living among the crop rows. The same process has surely occurred among insects, 
perhaps on even a vaster scale than among the rodents. Because animals of this size 
are not readily observed or perturbed by human mitigation efforts, the surge of 
evolution is likely to continue. Armies of new ant, beetle, and rodent species seem a 
probability. 
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The Human Population 

Ten thousand years ago, there may have been at most 2 to 3 million humans on 
Earth. There were no cities, no great population centers; humans were rare beasts, 
scattered in nomadic clans or groups, or at best in settlements of little lasting con-
struction. There were fewer people on the entire globe than are now found in virtu-
ally any large American city. By two thousand years ago that number had swelled 
almost a hundredfold, to 130 million or perhaps as many as 200 million people. 
The billion mark was reached in the year 1800, and there were 2 billion people by 
1930, 2.5 billion in 1950, 5.7 billion in 1995, and approximately 6.5 billion in 2000. 
At this rate of growth, the human population is expected to exceed 10 billion some-
time between 2050 and 2100, assuming an annual increase of 1.6%. While this rate 
is somewhat reduced from the 2.1% growth rate characterizing the 1960s, it 
remains a staggering figure. 

In 1992 the United Nations published a landmark study calculating potential 
human population trends, which arrived at several estimates. By 2150, the human 
population could reach about 12 billion, if human fertility figures fall from their 
present-day levels of 3.3 children per woman to 2.5 children. If, however, the 
faster-growing regions of the world continue to increase in population and main-
tain their current fertility levels, average fertility worldwide will increase to 5.7 
children per woman, and the human population could exceed 100 billion people 
sometime between 2100 and 2200. The latter figure seems beyond the carrying 
capacity of the planet. Officially, the United Nations uses three estimates for the 
year 2150: a low estimate of 4.3 billion, a medium estimate of 11.5 billion, and a 
high estimate of 28 billion. 

Predicting future population numbers is a difficult endeavor because of the 
many variables involved. The definitive work in recent times is Joel Cohen's 1995 
How Many People Can the Earth Support? Cohen's conclusions are stark: 

The possibility must be considered seriously that the Earth has reached, or 
will reach within half a century, the maximum number the Earth can support 
in modes of life that we and our children and their children will choose to 
want. . . . Efforts to satisfy human wants require time, and the time required 
may be longer than the finite time available to individuals. There is a race 
between the complexity of the problems that are generated by increasing 
human numbers and the ability of humans to comprehend and solve those 
problems. 
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There are, of course, many reasons why the higher figures may not be reached. 
H u m a n disease, such as H I V or some other pathogen, may affect these figures; 
famine or war could also markedly reduce them. Barring such calamities, our pop-
ulation of approximately 6 billion humans at the turn of the millennium will at least 
double in slightly more than a century to a century and a half. Once this figure of 
approximately 12 billion humans is reached, it is assumed that the population will 
stabilize. 

More than 200 years ago, the British scientist Thomas Malthus described the 
single most intractable problem with human population growth. While our popu-
lation numbers increase exponentially, human food supply tends to increase on a 
linear scale as more land is devoted to agriculture. The inescapable conclusion is 
that the human population will tend to outgrow its food supply. In a related fash-
ion, the human population is likely to outstrip its supply of untainted and unpol-
luted fresh water. 

Water may indeed be the most critical factor in determining the maximum 
human population that the Earth can support. While the Earth's stock of water is 
immense, most of it is salt water held by the oceans. The amount of fresh water is 
far less—only a small percentage of the total. Moreover, about 69% of that fresh 
water is locked in glaciers, permanent snow cover, or aquifers more than a kilome-
ter deep, all inaccessible to humans. About 30% is present as accessible groundwa-
ter, leaving 0.3% in freshwater lakes and rivers. This totals about 93,000 cubic kilo-
meters of fresh standing water on the Earth's surface. This water does not stay in 
place, however: it evaporates into the atmosphere or sinks into groundwater stocks. 
Thus , a total of between 9,000 and 14,000 cubic kilometers of renewable fresh 
water is available for human agriculture each year. 

Humans use water for more than agriculture. People drink about 2 liters of 
water per day in temperate climates, and perhaps three times this amount in arid 
climates. But drinking is the least of human water consumption. In a developing 
country all household uses—including cooking, consumption, and washing— 
amount to about 7 to 15 cubic meters of water per year per person. The average per-
son in a developed country uses twice this amount. Yet these figures pale when the 
amount of water needed to feed each person on Earth is calculated. It takes approx-
imately 200 tons of water per year per person to raise sufficient wheat to maintain 
that person on a "model-skinny" (a.k.a. starvation) diet. This translates to about 
350 to 400 cubic meters of water per person per year—a whopping 300 gallons per 
day. Eating meat requires even more water. If 20% of the diet comes from animal 
(meat and dairy) products, about 550 cubic meters of water per person per year are 
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required, whereas the typical American diet requires 1,000 cubic meters of water 
each year to produce. 

Water specialists have calculated maximum, median, and minimum estimates 
for the amount of water available to agriculture: the maximum figure is 41,000 
cubic kilometers of water, the median 14,000, and the minimum 9,000. Assuming 
that all of that water is used for human food production and consumption, the high 
figure would sustain a global population of between 25 and 35 billion people on the 
American diet, and between 100 and 140 billion at near-starvation levels. Yet 
assuming that all the available water can be used for agriculture is ridiculous; about 
80% is actually used for other purposes, especially industrial uses. A more reason-
able estimate is that 20% of the total water volume is available for agriculture. Wi th 
this figure, the world can support at most between 5 and 7 billion people on the 
American diet, assuming that 41,000 cubic kilometers of water are available, and 
only 1.1 to 1.6 billion assuming the lowest figure of 9,000 cubic kilometers. Even 
on a starvation diet, the world can support between 20 and 30 billion people assum-
ing that the maximum projection of water availability is correct, but only between 4 
and 6 billion if the minimum figure is correct. Thus the current human popula-
tion of the Earth may already exceed its carrying capacity based simply on water 
availability. 

Parasites and the New Manna 
Seldom has the world seen a more striking transformation: in little more than 
three hundred years, the majority of the biomass found in terrestrial animals 
has shifted from many species to only a few. T h e most prominent of these new 
winners are humans and the domesticated animals bred to feed them. Since evo-
lutionary forces tend to respond to the presence of new resources, we might 
expect prodigious amounts of new evolution among human, cow, sheep, and pig 
parasites. 

The evolution of parasites is usually in lockstep with the evolution of new host 
species. Parasites require particular adaptations for the host bodies they inhabit. 
Humanity has long been present on Earth, and we have long had our share of para-
sites. But the huge population increase since the end of the eighteenth century has 
created large human populations in regions where few people once existed, espe-
cially in the more humid and torrid tropical regions, and a consequence of this 
change has surely been natural selection for more, and more efficient, human 
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parasites. While the same trend should be creating new human predators as well as 
human parasites, the successful evolution of an efficient new human predator is a 
long-term, and ultimately futile, process: as soon as we humans get wind of any 
evolutionary change putting ourselves, and especially our children, in harm's way, 
we will institute immediate and surely successful eradication efforts. Killing new 
parasites, however, is a far more difficult endeavor, especially those of very small 
size, such as microbial forms. It is in this arena that some of the most interesting 
and fecund new species of the coming biota may be found. 

Toxicity 

The agencies of humankind are rapidly changing the chemical makeup of the sur-
face of the Earth and its waters and oceans. Most of this chemical change comes 
from human-induced pollution, the result of municipal, industrial, and agricultur-
al wastes. These wastes can be specifically categorized as nutrients, metals, and 
synthetic and industrial organic pollutants. All of these pollutants pose challenges 
to living organisms, and it is certain that future evolution will in some cases be trig-
gered by reaction and adaptation to new levels of these substances. 

Nutrients such as nitrates and phosphates are the cause of eutrophication, an 
explosion of biological activity. Anthropogenic sources of these substances include 
synthetic fertilizers, sewage, and animal wastes from feedlots. Much of this nutri-
ent pollution makes its way into rivers. A. Goudie and H. Viles, in their book The 

Earth Transformed, suggest that nitrate and phosphate levels in English rivers have 
increased between 50% and 400% in the last 25 years alone. 

Metals, the second major class of pollutants, occur naturally in soil and water, but 
their natural concentrations have been vastly increased by human activity. The most 
toxic to humans are lead, mercury, arsenic, and cadmium. Other metals are poison-
ous to marine organisms, including copper, silver, selenium, zinc, and chromium. 

Since the 1960s, synthetic and industrial pollutants also have been manufac-
tured and released into the environment in large quantities. The synthetic organic 
compounds currently released into the environment now number in the tens of 
thousands, and many are hazardous to both terrestrial and aquatic life at even low 
concentrations. The most dangerous include chlorinated hydrocarbon insecticides 
(such as D D T ) , PCBs, phthalates (which are used in the production of polyvinyl 
chloride resins), PAHs, which result from the incomplete burning of fossil fuels, 
and DBPs, which are disinfectants. All of these compounds mimic naturally occur -
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ring organic compounds and are readily absorbed by living organisms, producing 
birth defects, genetic abnormalities, health problems, and death. In humans some 
of these compounds are implicated in lowered sperm counts. 

A further chemical change is brought about by acidification. The well-known 
phenomenon of acid rain is changing the pH of many terrestrial environments, 
causing biological problems and even local extinctions among some organisms. 

Ozone Depletion 

In the 1980s, scientists, and soon thereafter the general public, became aware of the 
loss of ozone from the upper regions of the atmosphere. Much of the thinning of 
the ozone layer has been caused by the release of chlorofluorocarbons (CFCs) into 
the atmosphere. A long-term reduction of ozone would have profound evolution-
ary effects, as ozone screens out ultraviolet radiation, which is poisonous to living 
matter given sufficient exposure. If long-term ozone depletion continues, organ-
isms will be forced to evolve new structures or physiological pathways to deal with 
excess UV radiation. 

All of these accumulating chemical changes will require specific physiological 
adaptations in a host of organisms. Although the most obvious effects of evolution 
are visible changes in body types, far more evolutionary change takes place at the 
behavioral and physiological levels. In these cases, evolutionary change is not read-
ily apparent. Yet, in the increasingly toxic environments of Earth, they will remain 
the most common types of future evolution. 

Prophecy 
The factors described above can be used to pick the potential evolutionary "win-
ners" of the future: organisms adapted to cities or agricultural fields and capable of 
living in polluted water or air. Much future evolution may be invisible, taking place 
among already existing animals through changes in behavior and physiology. Can 
some vision of our world, even a millennium from now, be imagined? Wi th apolo-
gies to H. G. Wells (and to those who require that books about science remain 
"serious" and dry), here is mine. 

T h e Chronic Argonaut smiled briefly, closing his well-thumbed novel. He 
pushed the lever forward and sped into the future. At the year 3000 A.D. he 
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came to a stop. His time machine was located on a small grassy field in north-
western Washington State. In the distance the familiar Cascade Mountains 
looked just as they had when he had last seen them, on the first day of the year 
2000. A thin rain was falling, not unusual for Seattle at this time of year, no 
matter what the century, he thought. But it was a warm rain, and he noticed 
how tropical the air felt. He began to stroll. 

The park was filled with plants, and at first he took no notice of them. But 
with wonder he began to notice the large leaves and brilliant colors of foliage 
he had never seen in this area before. Citrus trees were visible, and acacias, 
and as he looked at the greenery around him he was struck by the lushness 
and clearly tropical nature of the vegetation. Nearby he could see buildings, 
clearly different in composition and architecture, but recognizable neverthe-
less. He was a bit crestfallen. Other than the dramatic changes in vegetation 
and climate, he found that the future was not so very different. 

He came upon roads, and people. They looked perfectly ordinary, a mix-
ture of the races of his own time familiar and present still. But the streets were 
crowded. To his surprise and wonder, the University of Washington was still 
present, a maze of buildings now completely covering the once parklike and 
open campus. Wi th the friendly help of students he made his way to the 
library, and found what he was looking for: an encyclopedia for the year 3000. 
The news within was not good. 

The human population had stabilized at 11 billion. The total number of 
species on the planet was still unknown, but the list of the large animals that 
had gone extinct since his own time was explicit. Africa was especially hard 
hit. Gone were the African wild ass, mountain zebra, warthog, bushpig, 
Eurasian wild pig, giant forest hog, common hippopotamus, giraffe, okapi, 
Barbary red deer, water chevrotain, giant eland, bongo, kudu, mountain 
nyala, bushbuck, addax, gemsbok, roan antelope, waterbuck, kob, puku, 
reedbuck, hartebeest, blue wildebeest, dama gazelle, sand gazelle, red-fronted 
gazelle, springbok, suni, oribi, duiker, ibex, Barbary sheep, black-backed 
jackal, wild dog, Cape otter, honey badger, African civet, brown hyena, aard-
wolf, cheetah, leopard, caracal, aardvark, pangolin, chimpanzee, red colobus, 
and guenon. Also extinct were the indri, black lemur, and aye-aye in Mada-
gascar. Also gone were the pygmy chimpanzee, mountain gorilla, brown 
hyena, black rhinoceros, white rhinoceros, pygmy hippopotamus, scimitar-
horned oryx, white-tailed gnu, slender-horned gazelle, and Abyssinian ibex. 
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In Asia the list contained the giant panda, clouded leopard, snow leopard, 
Asiatic lion, tiger, Asiatic wild ass, Indian rhinoceros, Javan rhinoceros, Suma-
tran rhinoceros, wild camel, Persian fallow deer, thamin, Formosan sika, Pere 
David's deer, Malayan tapir, tamaraw, wild yak, takin, banteng, Nilgiri tahr, 
markhor, lion-tailed macaque, orangutan, Indus dolphin, and douc langur. In 
Australia the victims included the Parma wallaby, bridled nailtail wallaby, yel-
low-footed rock wallaby, Eastern native cat, numbat, hairy-nosed wombat, 
and koala. In North and South America the list included the spectacled bear, 
ocelot, jaguar, maned wolf, giant otter, black-footed ferret, giant anteater, 
giant armadillo, vicuna, Cuban solenodon, mountain tapir, golden lion 
tamarin, red uakari, and woolly spider monkey. All had been either endan-
gered or threatened in his own time. None had been saved from extinction— 
not with 11 billion human mouths to feed, year in, year out. 

There was other news as well. The sea level had risen by 15 feet, drowning 
many of the world's most productive land areas and requiring humanity to 
turn most of the larger forest areas into fields. India, China, and Indonesia 
were the world's most populous countries, and all had become heavily indus-
trialized. World temperatures had risen sharply as coal replaced oil as the 
chief energy source for the planet. But for him the saddest news was of the 
coral reefs. Like the rainforests, they were now restricted to small patches of 
territory amid the huge range they had once dominated. 

He was able to glean some information about the fate of his own species. 
Computers, robots, and nanotechnology had radically changed human pro-
fessions. But there was still an enormous gap between wealthy and poor 
nations. While there had been innumerable wars and skirmishes (some of 
which had been going on even in his own time), two larger events had com-
pletely altered the human psyche. Both involved outer space. While the early 
part of the second millennium had seen an ongoing effort to explore outer 
space, the energy behind that effort seemed to be dissipating. Humankind 
had reached Mars with manned missions, and had even mounted a manned 
mission to Europa, the distant moon of Jupiter. To the delight of astrobiolo-
gists, life—true alien life—had been found in both places. But that life was 
microbial. Nothing more complex than a bacterium seemed to exist elsewhere 
in the solar system. The material cost of these two visits had been staggering, 
and despite the discovery that there was indeed life in space beyond the Earth, 
no practical reason for returning could be found. There were no great mineral 
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deposits or other economic reasons for this type of space flight, and certainly 
no reason to colonize either of these otherwise inherently hostile worlds. It 
proved to be far more cost-effective to colonize, and essentially "terraform," 
Antarctica than it was to carry out the same endeavor on Mars. Although 
space flight into low Earth orbit and occasional visits to the moon to maintain 
the manned astronomical observatories on its far side continued, no further 
expeditions to the far reaches of the solar system could be justified. 

The second disappointment lay in the stars. Even with the great advances 
of technology during the second millennium, they were no closer at the end of 
that millennium than at the beginning. There was no great breakthrough in 
propulsion systems that might allow speeds approaching anything near the 
speed of light; the vision of faster-than-light starships, or travel through 
wormholes, remained the domain of moviemakers. Nor was there any further 
stimulus to visit the stars, since in spite of a millennium of searching, no sig-
nals from extraterrestrial civilizations had ever been received. SETI, the 
search for extraterrestrial intelligence, maintained its lonely vigil through the 
centuries, but to no avail. The stars remained distant and mute. Humankind 
looked wistfully into a closed sky, and then gradually gave up looking. There 
would be no escape to the stars. There would be no zoo of new extraterrestrial 
animals to assuage the guilt and longing of the human race in a new world 
largely bereft of large animals. All scientific results suggested that while 
microbes might be present throughout the galaxy, animals would be rare. 
Humans lived on a Rare Earth. 

He left the university, looking for other changes. He made his way down-
town through the sparkling city. As a child he had loved to go to the fish mar-
ket, a place where the entire panoply of edible marine biodiversity was always 
on cheerful display: the many varieties of salmon, the bountiful rockfish, ling-
cod, black cod, sole, halibut, steelhead, sturgeon, true cod, hake, sea perch, 
king crabs, Dungeness crabs, rock crabs, box crabs, oysters, mussels, butter 
clams, razor clams, geoducks, horse clams, Manila clams, octopus, squid, 
rock scallops, bay scallops, shrimp, deepwater prawns. All this sealife came 
from just the cool waters of his home state. But the market was gone, and in 
none of the food stores he visited could he find any seafood at all for sale. 
There was chicken, beef, pork, mutton, and lamb, and there were many vari-
eties of vegetables, many new to him. But no seafood, no food at all from crea-
tures not cultivated or domesticated but harvested from the wild. Nothing. 
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He walked through the city, now so ancient, at least in human terms. There 
were no songbirds. But there were crows by the thousands. 

He looked for new varieties of things. But the birds, the squirrels, the 
domesticated dogs and cats—and the people—all looked the same. 

A thousand years had not yet brought about a new fauna growing from the 
ashes of the old. That would require more time. But then again, that was 
something that the Time Voyager—and his species—had in almost limitless 
supply. All the time in the world. 
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The transformation of domestic plants and animals—from age-old selective breeding 

to today's genetic engineering has had an enormous impact on all living things on 

the planet. 



SIX 

THE FIRST 
10 MILLION YEARS 

The Recovery Fauna 

One of the most remarkable features in our domesticated races is 
that we see in them adaptation, not indeed to the animal's or plant's 
own good, but to man's use or fancy. 

—CHARLES DARWIN, On the Origin of Species 

Sitting high atop a hill with an unbroken view to the west, Seattle's Har-
borview Hospital enjoys a commanding vista of the vast city sprawling 
along the shores of the inland waterway known as Puget Sound. On clear 

days the rugged Olympic Mounta ins float above the far western horizon, seem-
ingly trying to snare the setting sun with their jagged rocky tops, while to 
the south Mt . Rainier looms like some upstart Baskin Robbins flavor of the 
month . Perhaps no other public hospital in the world enjoys such a magnificent 
setting. 

Such bucolic pleasures are largely lost on Harborview's clientele, however. 
Most who come here are beyond caring about such things, for those passing 
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through these doors usually do so only as a last resort. And they do not come 
alone. The transients, drug addicts, gunshot victims, and uninsured who 
make up a large percentage of Harborview's patients often bring with them 
exotic new strains of microbes, organisms that are assuredly only recently 
evolved. 

Beginning in the middle part of the twentieth century, scientists and doctors 
waged a campaign of eradication against bacterial illnesses, using the then newly 
developed antibiotic drugs. The result was a mass extinction of bacteria—a con-
centrated interval of death resulting in the loss of uncountable individual 
microbes, and for all intents and purposes, the extinction of whole species. 
Smallpox, rabies, typhoid, rubella, cholera: the ancient microbial scourges of 
humankind were wiped out. The bacteria causing these ancient plagues were faced 
with two alternatives: evolve or die. Most died. But a few evolved forms resistant 
to antibiotic drugs. Fifty years after their invention, these "miracle" drugs have 
unleashed a diversity of new drug-resistant species that would never have evolved 
but for the influence of humanity. These are surely but the beginning of a host of 
new microbial species. 

And so too with the biosphere, except that the "antibiotic" is us. As a result of 
our antibiotic influence, and the current pulse of extinction it has engendered, 
many currently living species will die. Some, however, will survive and thrive, 
becoming the rootstock of a new biota. Some have already done so, for one of the 
precepts of this book is that significant portions of the "recovery fauna" that fol-
lows any mass extinction are already with us, and dominating terrestrial habitats, 
in the form of domesticated plants and animals. Evolution obviously continues, 
but much of it is now "directed" for human purposes, or occurs as a by-product of 
human activities. 

Charles Darwin began his On the Origin of Species with a chapter on domestica-
tion. Before introducing any other data or argument, he pointed to the many vari-
eties of domesticated animals and plants as one of the clearest proofs of the exis-
tence of organic evolution—in this case, the evolution of new types of animals and 
plants bred to serve as food or as companions to humanity. 

As with most of his conclusions, Darwin was right about this point. But we can 
take it one step further. Domesticated animals and plants are the dominant mem-
bers of what can be called the "recovery fauna" accruing, directly or indirectly, 
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from the extinction of megamammals (and that extinction's impetus toward the 
development of agriculture). That many of these animals are taking the functional 
place of extinct or endangered megamammal species is no accident. The cows, pigs, 
sheep, horses, and other familiar domesticated animals now covering the world's 
grasslands rapidly replaced the many species of extinct or endangered large wild 
grazers. The stimulus to that evolutionary changeover has, of course, been the stern 
hand of humanity. 

Characteristics of Domestication 
Although most animal species can be "tamed," or to some extent habituated to the 
presence of humans if raised by them from a young age, domestication goes far 
beyond this simple behavior modification. Domesticating a species requires not 
only a concerted effort over extended periods of time, but certain pre-existing fea-
tures of the species in question. In the past this effort was made only for reasons 
such as enhanced food yield, transportation, or protection from predators. 
Domesticated animals are the evolutionary results of human-induced "unnatural 
selection." 

Very few large mammals have been domesticated. Biologist Jared Diamond of 
U C L A showed that of the 150 species of terrestrial, noncarnivorous mammals 
larger than about 30 kilograms, only 14 have been domesticated. All but one of 
these originated in the Eurasian region; the only New World exception to this rule 
is the llama. All of the domesticated species are derived from wild species with sim-
ilar characteristics: all seem to show rapid growth to maturity, an ability to breed in 
captivity, little tendency to panic when startled, an amenable and tractable disposi-
tion, and a social structure and hierarchy that permits domestication. All of these 
characteristics were further selected for by a brutal form of "natural selection": 
those individuals that showed the favored characters were allowed to breed; those 
that did not were killed. 

Interestingly, neurologist Terry Deacon has noted a further characteristic: all 
domesticated animals appear to have undergone a loss of intelligence compared 
with their wild ancestors. This observation makes one wonder whether humans, 
compared with their ancestors, have also been "domesticated," and undergone a 
similar reduction in intelligence. 

The first domesticated species may well have been the dog. All modern dog 
species seem to be derived from the Asiatic wolf. Although the first anatomically 
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modern dogs may date back as far as 12,000 years ago, bones of canids recogniz-
able as "dogs" first appear around human campsites between 7000 and 6000 
B.C. Even though wolves can still interbreed with dogs, implying that true bio-
logical speciation has not occurred, behavioral differences make such inter-
breeding rare; thus the modern dog varieties as we known them are functionally 
distinct from wolves. The domestication of the dog also led to distinct anatomi-
cal changes. Compared with wolves, dogs have smaller skulls, shorter jaws, 
smaller teeth, and pronounced variation in coat color. Dogs also appear to be 
less intelligent than wolves. Most dog varieties now recognizable were produced 
in the eighteenth and nineteenth centuries; prior to that, dogs generally were 
used for hunt ing (hounds) or tending flocks (sheepdogs). 

The bones of domesticated livestock first appear in the fossil record slightly 
later than those of dogs. Sheep and goats came first; the earliest evidence for their 
domestication, dated at around 8000 B.C., comes from various sites in southwestern 
Asia (the areas now composed of Israel, Iran, Jordan, and Syria). Cattle were 
derived from an entirely extinct species of wild cowlike creatures. Domesticated 
pigs also date back to about 8000 B.C. Four thousand years later, the domesticated 
horse was developed from wild horses in Eastern Europe. (The ancestor of the 
domestic horse, called Przewalski's horse, still exists, in small numbers, in reserves 
in Poland.) Donkeys, water buffaloes, and llamas were domesticated at about the 
same time, while chickens and camels were not brought into the menagerie until 
about 2500 B.C. A wide variety of smaller "pets" have been domesticated as well: 
house cats, guinea pigs, rabbits, white rats, hamsters, and various birds. All are the 
result of human effort. 

In almost every case, the transformation of a wild species into a domestic 
species involves substantial physical and behavioral modification. It has long 
been thought that this process occurred in stages, beginning with " taming" and 
progressing to gradual genetic transformation. How such great genetic change 
was forced in such a short period of t ime has always been a puzzle. New re-
search by geneticists may have provided an answer. There appears to be a mas-
ter gene controlling a complex of genes that in turn affect tameness, reaction to 
stress, coat color, facial morphology, and social interactions. By changing a sin-
gle gene rather than an entire complex, domestication could proceed relatively 
quickly. 
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Domesticated Crop Species 

While it may be argued that the near coincidence of the beginning of agriculture 
and the end of the Age of Megamammals is just that—coincidence—a strong argu-
ment also can be made for cause and effect. The extinction of many of the larger 
animals upon which humans depended for food, coming as it did with a major cli-
mate change (affecting plant and small animal resources also used for food) may 
not have been mere chance. 

While cereals such as wild wheat and barley were harvested as much as 12,000 
years ago, it seems that the first domestication of plants took place about 10,000 
years ago, at the time when the last mammoths, mastodons, and many other larger 
animal species were dying out in North America and had just disappeared in 
Europe and Asia. This was the time when food-gathering peoples began to collect 
the seeds of wild plants and replant them in the ground. The domestication process 
appears to have involved the natural hybridization of several wild species, followed 
by selection by humans for desired characteristics. Thus "domestication" of plants, 
like that of animals, involved the genetic modification of the wild species through a 
very rough form of natural selection: those plants with usable traits were kept; 
those without were killed. Since the trend in plant modification has been toward an 
increase in the size of the edible or usable parts, most plant species have lost the 
ability to disperse widely, and protective mechanisms such as thorns have general-
ly been lost as well. 

The number of domesticated plant species is relatively quite small. There are 
more than two hundred thousand species of angiosperms, or flowering plants, yet 
only ten of these provide the vast majority of human food. Among these ten are 
grasses and cereals such as wheat, rice, and maize, which are all characterized by 
seeds rich in starch and protein. Cereals are planted on 70% of the world's cropland 
and produce about 50% of the calories consumed by humanity. Other plants in the 
top ten include sugarcane, yams, potatoes, bananas, soybeans, and manioc. World-
wide, about three thousand species of plants are used as human food, but only 
about two hundred of these have become domesticated. 

The Transgenic Revolution: Building Weeds 

The genetic engineering our ancestors used to introduce new characters into their 
agricultural crops and domestic animals was crude but effective: save the favored 
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varieties and let them breed; kill off the others. But in the twentieth century a new 
type of genetic engineering appeared—one that alters the genomes themselves. 
This new way of introducing novelty is sweeping the agricultural regions of the 
Earth, and will surely have unintended consequences. It may be that the transgenic 
revolution will bring novelty into the biotic world in ways almost unimaginable— 
and not all of them desirable. It appears, for example, to be on the verge of creating 
"superweeds." 

Modern genetic technology allows the transfer of genetic material from one 
species to another. This new genetic information is permanently integrated into the 
genome of the second species, conferring new traits upon it. For all intents and pur-
poses, a new type of organism is let loose into the biosphere each time this is done. 
T h e organism thus transformed is called a transgenic plant, animal, or microbe. 
These transgenic creatures have not arisen through the natural processes of evolu-
tion, but they are among the most portentous developments for the future of evolu-
tion on this planet. 

Transgenic organisms are possible because of the existence of certain genes 
capable of "jumping" form one chromosome to another. The first discovery of 
jumping genes was made by American geneticist Barbara McClintock in the 
1940s. McClintock was studying the genetics of maize (corn), and observed that 
certain genes, such as those responsible for seed color, were capable of moving 
from one chromosome to another. The significance of this discovery was largely 
overlooked until the 1970s, when it was independently rediscovered by other 
researchers examining the ways in which certain bacteria develop resistance to 
antibiotics. The genes, or sections of D N A , coding for these specific characters in 
bacteria do not actually " jump"; instead, they produce copies of themselves, which 
are inserted at other points either on chromosomes or in genetic code-carrying 
organelles called plasmids. 

The discovery of these jumping genes, technically called transposons, 
unleashed a torrent of research in the 1980s and into the 1990s. These peculiar 
strings of D N A have the ability to repeatedly cut and paste themselves into differ-
ent parts of an organism's genetic code. W h a t made them famous—and may even-
tually make them infamous—is that the transposons of one organism can be used 
to paste new genetic information into the D N A of entirely unrelated organisms. 

Much of the research using transposons was conducted on fruit flies. The 
fruit fly Drosophila is one of the stalwarts of experimental genetics, since it breeds 
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quickly and its genetic code is well known. In the early 1980s Gerald Rubin and 
Alan Spradling of the Carnegie Institute discovered a transposon in Drosophila 

that could be used to incorporate new genetic information into these files. They 
succeeded in changing the genetic code of the transposon and re-inserting it into 
the fly. W i t h this operation, they had succeeded in creating a fly with a new genet-
ic code that could be passed on to a succeeding generation. They had created a 
transgenic species—one entirely new to the world, a species with a genetic code 
created not by nature, but by science. 

These early experiments altered very little in the new fly. The majority of its 
genetic code was the same as that of the unaltered species. But certain characters, 
such as color or eye type, could be changed. Further work showed that certain fruit 
fly transposons were not only useful in changing the genetic code in fruit flies, but 
could be placed into entirely unrelated species. A method had been developed that 
allowed true genetic engineering of insects. 

The goals of genetic alteration of insects are laudable. Insects create havoc in 
human society in two ways: they serve as vectors of diseases (e.g., malaria, yellow 
fever, and some types of sleeping sickness), and they consume a large proportion of 
human crops. Genetic engineering is attempting to mitigate both of these prob-
lems. Nevertheless, the results of this work have been slow. In certain disease-
spreading mosquitoes, geneticists have so far been able to change eye color, but 
they have yet to alter the structures involved in spreading disease-causing 
microbes. To further aid this process, geneticists have infected the target insects 
with viruses that act like transposons. The virus, once in the body of the insect host, 
can alter the way a disease is passed on. Some crop pests, such as the Mediterranean 
fruit fly and the screwworm, have been successfully targeted using transgenic or 
other genetic techniques (e.g., producing sterile members of a species that spread 
among the viable members of the population). 

While transgenic techniques are just coming into use in controlling insect 
pests, such tools are already used widely in crop plants. Genetic engineering has 
succeeded in adding new genes to the D N A of various crops, whereas conventional 
breeding only adds variants to an already existing genetic complex. So, while 
domestication has enhanced the valued characteristics of many plant species, 
transgenic research has added entirely new characteristics, such as greater tolerance 
of heat and drought, greater resistance to insect predation and disease, and greater 
yield. 
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The genetic engineering techniques used in agriculture are widespread and 
sophisticated. Genetic engineers can move genes from virtually any biological 
source into crop species. Genes have been added to engineered crops from organ-
isms as diverse as chickens, hamsters, fireflies, and fish, as well as from a slew of 
plant and microbial species. The new transgenic plants are genuinely novel organ-
isms, some of them containing the genetic codes of plants, animals, and microbes 
in a single species. 

The addition of new genes to various plant species has yielded spectacular divi-
dends in terms of crop yield. But this new technology also poses substantial risks and 
clearly will affect the future of evolution on this planet. The creation of new plant 
types could affect the biosphere in various ways. The most important of these is the 
possibility that newly inserted genes will jump to other, nonengineered species (such 
as weeds) or move out of the agricultural fields altogether into wild native plant pop-
ulations. It is this potential intermixing of new genes with those of already estab-
lished plant species beyond the boundaries envisioned or designed by agricultural 
scientists that could have the most interesting—and potentially biosphere-altering— 
effects. Under rare circumstances, if new traits of transgenic species escape into the 
wild, weeds adaptively superior to native plants could be created. Since most of the 
traits being transferred into transgenic crops, such as hardiness, resistance to pests, 
and growth rate, increase their fitness relative to the original species, there is great 
potential for transgenics to become, or to help produce, new weedy species. 

There are several avenues by which the genes of transgenic crops can become 
established in the wild. First and simplest, the transgenic crop itself can escape 
and become a weed. Second, the transgenic crop can release pollen into the wild, 
which can be incorporated into a wild relative of the original transgenic host. T h e 
incorporation of the new genes into the wild plant creates a new transgenic weed. 

Weeds have many definitions, which are often colored by human values. In 
agriculture, they are plants that occur in the wrong place at the wrong time (some 
plants are weeds in certain situations and favored crops in others—lawn grass, for 
example). A more human-specific definition of a weed is any plant that is objec-
tionable to or interferes with the activities or welfare of humans. Nevertheless, 
weedy species have a number of characteristics: 

Their seeds germinate in many environments 

Their seeds remain viable for long periods of time 
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They grow rapidly 

Their pollen is usually carried by nonspecialized pollinators or by the wind 

They produce large numbers of seeds 

They produce seeds under a wide range of environmental circumstances 

They usually show vigorous vegetative reproduction or regeneration from 

fragments 

They often compete either by choking out other plants or by producing 
toxic chemicals deleterious to other plants 

From this list, we can see that the characters of weeds are also highly desirable 
in crop plants. One goal of transgenic technology, therefore, has been to confer 
characteristics of weeds on crop species. Transgenes spliced into crops may alter 
traits such as seed germination ability, seed dormancy, or tolerance of either biotic 
or abiotic factors such as pests, drought, heat, or disease, creating a more persistent 
or resistant species in the process. Such new traits may enhance the new crop's abil-
ity to invade other habitats. Genes affecting seedling growth rates, root growth 
rates, and drought tolerance are currently being developed. 

Jane Rissler and Margaret Mellon of the Union of Concerned Scientists have 
studied the ecological risks of transgenic crops in thorough detail. One of their 
most important concerns relates to the transformation of nonweedy crop species 
into weeds through genetic engineering. They note that a widely held notion is 
that changing a non-weed into a weed involves the conversion of many genes, not 
just the two or three currently used in transgenic crops. Changing corn from a 
crop to a weed, for example, would involve a number of genetic changes, since 
corn is one of the most human-dependent (and thus intolerant) plant species on 
Earth. Other crops, however, already possess many weedy traits, and thus one to 
three new traits could indeed create a new weedy species. Examples include alfal-
fa and other forages, barley, lettuce, rice, blackberries, radishes, raspberries, and 
sunflowers. 

Transgenic species may produce secondary effects as well. The invasion of 
transgenic plants into new habitats affects not only the invaded plant populations, 
but the entire ecosystem, including the suite of animals living within that ecosys-
tem. Perhaps more dangerous than the conversion of crop plants into weeds is the 
escape and transference of new genes into already existing weeds, making them 
"superweeds." The transfer of disease resistance or pest resistance to established 
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weedy species may change a familiar weed into an even more formidable pest. 
Weeds that have developed resistance to herbicides because of escaped or trans-
ferred transgenes are already appearing in some parts of the world. 

Agribusiness, which counts transgenic technology as the jewel in its technolog-
ical crown, is in the business of feeding the world's humans—and making profits in 
doing so, of course. One of the great fears of those producing transgenic crops is 
that farmers will simply take the seeds from the first crop and use them ever after, 
and will not need to buy new seeds from the corporation that produced them in the 
first place. Like the software industry, which fears the copying of its products 
above all else, the major biotechnology companies dealing in transgenic crops have 
been searching for some way to stem the illegal use of their products after the first 
purchase. The solution is something known as the "terminator gene." 

T h e first terminator gene was produced by the large American biotechnology 
firm Monsanto, and was engineered to protect Monsanto's patent rights on several 
types of transgenic crops. It is a genetic modification that prevents seeds from ger-
minating after the season in which they were sold. In the works are genes that will 
allow but a single crop and not produce future seeds—a bit like the seedless water-
melon, but more efficient. 

The great fear is that such terminator genes will j ump to unmodified varieties 
of crop plants. If the terminator gene in a tomato plant jumped to other varieties of 
tomatoes, there a is real potential of plants never producing the crop they were 
intended to produce. 

Does Evolution Have a Future? 
Our species has learned how to circumvent the normal rules of evolutionary 
change: we have learned how to build new species. Have we also achieved the abil-
ity to alter those rules? Norman Myers of Oxford asks this question in his pre-
scient and disturbing 1998 paper, "The Biodiversity Crisis and the Future of Evo-
lution." Myers makes a subtle but important point: humans pose "pronounced 
threats to certain basic processes of evolution such as natural selection, speciation, 
and origination." Myers has cried wolf before, but the wolf was always there, din-
ing happily on flocks of the world's species. Is he being alarmist in this case? 
Although many have warned of a biodiversity crisis, Myers alone warns of an evo­

lution crisis. He bases his conclusion on two perceptions: first, that we have 
entered a new phase of mass extinction, and second, that the normal recovery 
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period from mass extinction will not pertain to this one; in fact, the recovery will 
be considerably delayed. 

Myers cites three aspects of this particular mass extinction that will affect its 
evolutionary outcome (and which make it different from any mass extinction of the 
past): 

Its onset was extremely fast (compared with those of the past), within a sin-
gle century or two, and thus there will be scant opportunity for ecosystem 
reorganization and evolutionary response. 

There is currently a higher biodiversity on the planet than at any time in the 
geologic past, so that if 50% of species are lost, the total number going 
extinct will be higher than in any mass extinction of the past. 
During past mass extinctions, plant species have been largely spared, but 
that may not be the case in the current mass extinction. 

T h e current mass extinction may be unique not only in what it kills, but in 
how its recovery proceeds. In past times the tropical regions of the world have 
served as storehouses for recovery. Because they have always held the greatest 
diversity of species on the planet, they have long served as "evolutionary power-
houses"—areas that seem to spawn new species and new types of species at a 
higher rate than other parts of the world. Paleontologist David Jablonski of the 
University of Chicago has shown that innovation can be related to geography. 
Innovation in evolution is the appearance of evolutionary novelty, and the tropi-
cal regions seem to be home to more innovation than other regions. Yet the trop-
ics are now the sites of the highest densities of humans and, the greatest human 
population increases. This pattern may curtail the evolution not only of new 
species, but also of new types of species. 

The current crisis in biodiversity may also substantially reduce the number of 
new species evolving a large body size. Megamammals need very large habitat 
areas to survive; it may also be true that they need equally large areas to speciate. 
Wi th the reduction of wild habitat, and especially free rangeland, virtually every-
where on Earth, there may be no way for large mammals and other vertebrates to 
produce new species. Therefore, a consequence of human population growth and 
habitat disturbance may be not only the extinction of large mammals, reptiles, and 
birds, but the inability of new large species to take their place, simply because the 
mechanism of speciation for large body sizes has been derailed by environmental 
fragmentation. 
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Implications for Conservation Planners 

A large and vibrant community of conservationists, scientists, politicians, and 
laypeople are actively engaged in intensive efforts to preserve biodiversity. One of 
the most important such efforts is habitat preservation. Yet even the most Her-
culean of efforts will save only patches of habitat in a sea of agricultural fields and 
spreading human landscapes. As long as humanity rules, it is doubtful that hun-
dreds of thousands of miles of unfenced, unimpeded native habitat will be available 
to replace the species already lost since the end of the Ice Age. This fact has led 
Norman Myers to pose the following questions: 

Is it satisfactory to safeguard as much of the planetary stock of species as 
possible, or should greater attention be paid to safeguarding evolutionary 

processes at risk? This is an entirely new way of looking at the world—not in 
terms of losing species, but in terms of losing pathways of speciation. Per-
haps the motto should be "save speciation" rather then "save species." 
Of prime importance is the question of biodisparity—the number of body 
types. There could be many species on Earth, but few body types. Is it enough 
to save a large number of species if we fail to save biodisparity as well? 
Should the evolutionary "status quo" (the current makeup of the Earth's 
biota) be maintained by preserving precise phenotypes of particular species 
that will enable evolutionary adaptations to persist, thereby leading to new 
species? For example, should two elephant species be maintained, or should 
we keep the option of elephant-like species in the distant future? 
Is there some minimum number of individuals necessary not just for the 
survival of a species, but the survival of the potential for future evolution 
in that species? Should the slow breeders (the megamammals) be given 
greater attention than, say, the rapidly breeding insects? Are we in a triage 
situation? 

How do we assess the relative importance of endemic taxa as compared with 
evolutionary fronts such as origination centers and radiation lineages? 
Myers thinks it far more appropriate to safeguard the potential for origina-
tion and radiation than any individual species. Let endemic taxa go. 

This last recommendation is heresy by the rules of modern conservation. It has 
long been argued that endemic centers—those regions that contain species found 
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nowhere else—are among the most important places to save. But Myers's point is 
that endemic centers exist because they have not produced large numbers of suc-
cessful species. Endemic centers are often living museums of ancient species that 
do not have much potential for future evolution. 

The Weeds of Humanity 
The vast human enterprise has created a new recovery fauna, and will continue to 
provide opportunities for new types of species that possess weedy qualities and 
have the ability to exploit the new anthropogenic world. Chief among these will be 
those species best preadapted for dealing with humanity: flies, rats, raccoons, 
house cats, coyotes, fleas, ticks, crows, pigeons, starlings, English sparrows, and 
intestinal parasites, among others. These and our domesticated vassals will domi-
nate the recovery fauna. Among plants, the equivalents will be the weeds. Accord-
ing to many seers, this group of new flora and fauna will be with us for an extended 
period of time—a time span measured in the millions of years. And if humanity 
continues to exist and thrive (as I believe it will), this recovery biota may dominate 
any new age of organisms on Earth. 

A sense of how long the recovery fauna may last was estimated in a disturb-
ing paper published in the prestigious journal Nature in the spring of 2000. T h e 
authors, James Kirchner and A n n Weil, posed a question: how quickly does bio-
diversity rebound after a mass extinction? How long will the world exist at a 
very low biodiversity? T h e answer, it turned out, was far longer than anyone had 
heretofore estimated. By analyzing the fossil record of all recoverable organisms 
(compiled by the late Jack Sepkoski of the University of Chicago), Kirchner and 
Weil found that fully 10 million years passed by, on average, before the biodi-
versity of the world recovered to its pre-extinction values. Even more surprising 
than this long lag period between extinction and full recovery was their finding 
that it occurred whether the extinction was small or large. We paleontologists 
had assumed that the t ime to recovery would somehow correlate with the mag-
ni tude of the extinction—that after a small extinction, the biosphere would 
recover quickly, and that it was only after the greatest of the mass extinctions 
that a long recovery period was necessary. But to the surprise of us all, Kirchner 
and Weil found this not to be the case—10 million years was necessary even 
after the smaller extinctions. They concluded their paper with the following 
passage: 
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Our results suggest that there are intrinsic "speed limits" that regulate recov-
ery from small extinctions as well as large ones. Thus, today's anthropogenic 
extinctions are likely to have long lasting effects, whether or not they are 
comparable in scope to the major mass extinctions. Even if Homo sapiens sur-
vives several million more years, it is unlikely that any of our species will see 
biodiversity recover from today's extinctions. 

It appears that our return to a new biota will take a long time after the mass 
extinction is finished. And what might that new fauna and flora look like? Some 
predictions can be made—and such predictions are the subject of the next chapter. 
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.A poster child for extinction: the thylacine, a prehistoric doglike marsupial once found 

across much of Australia and Tasmania, was both actively hunted by humans and a 

victim of competition from human-introduced wild dogs. The last thylacine died in a 

zoo in 193b. 



SEVEN 

AFTER THE 
RECOVERY 

A New Age? 

Prophets who take themselves too seriously end up preaching to an 
audience of one. 

—GEORGE DYSON, Darwin among the Machines 

T here is an often-articulated notion that if there is any consolation in the 
prospect—or process—of mass extinction, it is that at the end of the tun-
nel a new fauna emerges. According to this line of reasoning, the great sac-

rifice of species is a cleansing of the planet, making way for a renewal. The hope is 
that after the mass extinction is over, a new Age of some sort will dawn—a better, 
more diverse Age. It is the parable of the Flood: let us call it "Noah and the Recov-
ery Fauna." After all, this seems to have been the pattern after the two greatest of 
all mass extinctions, when the dinosaurs took over from the mammal-like reptiles 
at the end of the Permian, and the mammals from the dinosaurs at the end of the 
Cretaceous. Could it be that after the current mass extinction, the one group of 
chordates still waiting for its own "Age"—the birds—will dominate? Will there 
now be an "Age of Birds," a world of land-based bird herbivores and carnivores, 
burrowers and climbers, as well as the numerous (or even more numerous) flying 
forms that characterize this class today? Or might some completely unforeseen 
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group take over, such as giant insects (biomechanically impossible), or something 
totally new? Unless some altogether new class of vertebrates suddenly appears 
(highly unlikely), only the birds have yet to hold the honorific of "ruling" the plan-
et. Perhaps the best bet is indeed an Age of Birds. In such a world mammals would 
still be present, even if they are no longer the evolutionary dominants. 

In discussions about the impending biodiversity crisis, this new fauna argu-
ment is sometimes used as a rationalization, even a justification. The Age of Mam-
mals—and the Age (or even existence) of Humanity—would never have occurred 
but for the extinction of the dinosaurs, and in like fashion—or so the argument 
goes—the modern extinction will yield some new age of organisms, perhaps with 
some new form of global intelligence. 

W h a t might this new evolutionary biota be like? W h y not something entirely 
new? Can we imagine an entirely new type of animal that could replace the current 
evolutionary dominants, the large mammals? This new class would have to have 
evolved from some currently existing creature, but it could have characteristics and 
a body plan vastly different from those of the preceding dominants. Such a new 
body type could exploit some entirely new food type or habitat. Let us imagine 
such a breakthrough—the conquest of the lower atmosphere by floating organisms 
called Zeppelinoids. 

After the extinction of most mammals (and humanity), Zeppelinoids evolve 
(let's say from some species of toad, whose large gullet can swell outward and 
become a large gasbag). The great breakthrough comes when the toad evolves a 
biological- mechanism inducing electrolysis of hydrogen from water. Gradually 
the toad evolves a way to store this light gas in its gullet, thus producing a gasbag. 
Sooner or later small toads are floating off into the sky for short hops (but longer 
hops than their ancestors were used to). More refinement and a set of wings give a 
modicum of directionality. Legs become tentacles, trailing down from the now 
thoroughly flight-adapted creatures, which can no longer be called toads: they 
have evolved a new body plan establishing them as a new class of vertebrates, the 
Class Zeppelinoida. Like so many newly evolving creatures, the Zeps rapidly 
increase in size: when small they are sitting ducks (flying toads?) for faster-flying 
predatory birds. Because their gasbag is not size-limiting, they soon become large. 
Eventually they are the largest animals ever to have evolved on Earth, so large that 
terrestrial and avian predators no longer threaten them, reaching dimensions 
greater than the blue whale. Their only threat comes from lighting strikes, which 
result in spectacular, fatal explosions visible for miles. The Zeps can never get 
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around this inherent flaw, for there is no biological means of producing the 
inflammable, inert gas helium and thus avoiding instant death from lightning. 
But then, life is never perfect, and the Zeps still do well, especially in areas with 
little lightning. 

Now the dominant animals of the world, the Zeps float above the ground like 
great overgrown jellyfish, snagging with their dragging tentacles the few species of 
deer (and other herbivorous vertebrates) still extant and stuffing them into a 
Jabba-the-Hutt-sized mouth. Because the Zeps evolved from amphibians and are 
still cold-blooded, they have a very low metabolic rate, and thus need to feed only 
sparingly. Their design is so successful that they quickly diverge into many differ-
ent types. Soon herbivorous forms are common, floating above the forests, eating 
the tops of trees, while others evolve into zep-eating Zeps. Still others become like 
whales, sieving insects out of the skies; in so doing they soon drive many bird 
species to extinction. The world changes as more and more Zeps prowl the air, 
floating serenely above the treetops, filling the skies with their numbers, their 
shadows dominating the landscape. It is the Age of Zeppelinoids. 

A fairy tale—but there is a glimmer of reality in this fable. Evolution in the past 
has produced vast numbers of new species following some new morphological 
breakthrough that allows some lucky winner to colonize a previously unexploited 
habitat. The first flying organisms, the first swimming organisms, the first floating 
organisms, all followed these breakthroughs with huge numbers of new species 
quickly radiating from the ancestral body type, all improving some aspects of 
design or changing styles to allow variations on the original theme. 

But is the fundamental assumption underlying this scenario—a long period of 
extinction followed by the emergence of a new class of evolutionary dominants—at 
all likely? No. For just as humanity has changed the "rules" of evolution that have 
operated on this planet for hundreds of millions of years, so too has the usual 
sequence of events following mass extinction been modified. 

Potential Winners of the Future 
Picking the evolutionary winners of the future—those species that will evolve to 
take the place of the "losers" (those going extinct)—is something like trying to pick 
winners in the stock market, or forecasting the weather. There are some data avail-
able to help us make educated guesses, yet the system is so large, and subject to 
such a plethora of stochastic and chaotic effects, that prediction of specifics is 
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Whatever happens to life on Earth, one thing is certain: evolution will not stop. Here 

is one possible scenario for the evolution of the rat. 

impossible. The colors, habits, and shapes of the newly evolved fauna can only be 
guessed at. There is information available that might shed light on the future win-
ners, however, in the fossil record. 

One of the interesting (and rather unexpected) findings of paleontological 
research is that higher taxa (the taxonomic categories above genus and species, such 
as families, orders, classes, and phyla) seem to show typical rates of evolution. The 
rate of evolution for a taxon can be described in two ways: as the rate at which some 
morphological character changes through time, or as the longevity of an average 
species in geologic time. Related to the rate of evolution are origination and extinc-
tion rates. Some groups of organisms seem to produce many new species, others 
very few. And of the species produced, those of some groups last for long periods of 
time, while those of other groups die out more rapidly. 

The importance of understanding evolutionary rates was first pointed out by 
George Gaylord Simpson, a pioneering evolutionist. More recently, Steven Stan-
ley of Johns Hopkins University has taken up many of the themes of research 
pioneered by Simpson and added fascinating new insights. Stanley's landmark 



1979 book Macroevolution explored these themes in detail. Paleontologists know 
well the groups that show high origination and extinction rates, for these are 
the most important fossils used in biostratigraphy, the science of subdividing and 
dating sedimentary rocks using fossils. Good biostratigraphic markers are 
those fossils that have a short temporal duration and thus occur in only a few 
strata—yet are at the same time widespread, common, and have sufficiently dis-
tinct morphological attributes that evolutionary change and new speciation 
events are immediately apparent. Examples include trilobites, ammonites, and 
mammals, among others. Other groups- sometimes called "living fossils"-
show the opposite trends: they speciate slowly, and once originated, rarely go 
extinct. They are thus useless for biostratigraphy, but fascinating evolution-
ary—what is it about such organisms that bestows the equivalent of near-
immortality? 

A useful way of quantifying evolutionary rates is by arriving at an estimate of 
doubling time, the average amount of time for a particular higher taxon to double 
the number of species within it. Mammals, for instance, show a doubling time of 
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3.15 million years. In contrast, bivalve mollusks take 11 million years to double 
their number of species. Mammals show rapid evolution and bivalves very slow 
evolution. Within both of these groups there is much variation, including sub-
groups of rapidly evolving bivalves and slowly evolving mammals. In general, 
however, it is clear that mammals evolve faster (and produce more taxa in an equal 
amount of time) than do bivalve mollusks. 

There is a third group of taxa that can also be recognized in the evolutionary 
world. Stanley has proposed the term supertaxa for groups of organisms that show 
both high origination rates (they produce many species) and low extinction rates 
(their species last a long time). Such groups have a tendency to diversify rapidly, 
and in so doing they become prime candidates for refilling the world with new 
species following any mass extinction—including the current one. 

The title of champion supertaxon in the world today belongs to the family Col-
ubridae: the snakes. Stanley has suggested that rather than being in an Age of 
Mammals, we are really in an Age of Snakes! And as the future of evolution 
unfolds, we may find ourselves in a world filled with many new species of snakes. 
Another champion "evolver" is the group containing rats and mice, which, per-
haps not coincidentally, are one of the prime food sources of snakes. This is proba-
bly not what most of us have in mind when contemplating some future world: a 
world of snakes and rats in untold varieties of form, color, and habit. Joining them 
will be other rapidly evolving species, many of which can be classified as "weeds" 
in that they are capable of rapid and wide distribution and are widely tolerant of 
harsh conditions. Many insect species both evolve rapidly and are consummate 
weeds (look at all of the flies in the world). Birds are also relatively fast evolvers. 
Each of these groups can be projected to be very common and proliferate a diversi-
ty of new species. Other mammals evolve slightly more slowly than these groups; 
in general, the larger the animal, the slower its evolutionary rate or doubling time. 

Let us imagine some of these outcomes. Snakes could move into niches that 
they are rare in, or do not completely occupy, today. Many new species of marine 
snakes seem possible, as do snakes replacing the many small to medium-sized 
mammalian carnivores now dwindling in numbers. As agricultural fields and cities 
continue to enlarge in size over the millennia, and even tens of millennia, rodents 
will proliferate in a variety of new species to take advantage of these new feeding 
opportunities, and this too will provoke further evolution of new snake species. 

Birds and insects are also potential winners. T h e many species of birds doing 
well now in urban and agricultural environments could become the rootstock of 
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A possible future cladogram, or evolutionary family tree, for the dandelion 

(bottom to top): original dandelion, cactuslike, aquatic, arboreal, carnivorous, 

epyphite. 



One future cladogram for the snake (bottom to top): timber rattler, walking, 

millipede, pygmy giant, flying, three swimming types. 



One future cladogram for the crow (bottom to top): crow, vulture, shoe bill, raptor, 

honeyeating, wading, ratite crow. 
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many new species. Successful forms such as crows, pigeons, and sparrows might 
undergo great evolutionary diversification. Of all the birds, crows seem best adapt-
ed for coexisting with humanity, and might be among the most successful at diver-
sifying into new species—the dominant species of the new recovery fauna. 

The groups mentioned above are all familiar. W h a t about totally new types of 
creatures, like the fanciful Zeps—the kind that would make entertaining television 
or great fantasy books? Can there be a reasonable expectation of totally new types 
of creatures, with novel body plans? 

The Cambrian Explosion and the Expectation of Novelty 

The history of life, like any history, has occurred as a vector of time. And as in any 
history, there is never any going back, at least in any meaningful way. Events and 
their history create irrevocable changes that make each slice of time unique as it 
passes through the sequence from future to present to past. In the context of the 
future of evolution, it appears that there will never again be an Age of Fishes, or 
Reptiles, or Mammals even approximately similar to those that have occurred in 
our planet's past. This is a point that conservationists refuse to accept: the Age of 
Megamammals is over. There will never again be an African veldt with the rich 
assemblage of mammals now confined to Africa's game parks, and soon enough 
there may be no game parks at all in Africa. Even if we could somehow remove 
all humans from the planet in an instant, it is doubtful if things would return to 
the state they were in 50,000 years ago, at the onset of the end of the Age of 
Megamammals. 

But leaving aside a return to any past era, if humanity suddenly were removed 
from the planet, could we expect to see new body plans? The reality is that there has 
been little true evolutionary novelty since the Cambrian Period, 500 million years 
ago. Although the conquest of land allowed vertebrates and arthropods—the two 
most successful terrestrial phyla—to evolve and explore new themes of shape, these 
were only modifications of existing body plans, and even that evolutionary adven-
ture seems far nearer its end than its beginning. The birds are the last class of verte-
brates to have evolved, and they did so almost 200 million years ago. Yet there 
seems to be an expectation that something altogether new will arise. Part of this 
expectation is raised by what did happen long ago in the past, when evolutionary 
novelty was cheap, during an event called the Cambrian Explosion. 
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One future cladogram for the pig (bottom to top): pig, genetically engineered, rhino 

pig, aquatic pig, pygmy, giraffelike, garbage-eating. 
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For the first 3.5 billion years of its existence, our planet was without animal life, 
and it was without animals large enough to leave a visible fossil record for another 
half billion years after that. But when, 550 million years ago, animals finally burst 
onto the scene in the oceans, they did so with a figurative bang in a relatively sud-
den event known as the Cambrian Explosion. Over a relatively short time, all of the 
animal phyla (the large categories of animal life characterized by unique body 
plans, such as arthropods, mollusks, and chordates) that exist today either evolved 
or first appeared in the fossil record. Uncontested fossils of animals have never 
been found in sedimentary strata more than 600 million years old, no matter where 

on Earth we look. Yet the fossils of animals are both diverse and abundant in 500-
million-year-old rocks, and they include representatives of the majority of the ani-
mal phyla still found on Earth. It appears that in a time interval lasting perhaps 20 
million years or less, our planet went from a place devoid of animals that could be 
seen with the naked eye to a planet teeming with invertebrate marine life rivaling 
almost any species on Earth today in size. 

The rates of evolutionary innovation and new species formation during the 
Cambrian Explosion have never been equaled. It produced both huge numbers of 
new species and body plans of complete novelty. That all of the animal phyla would 
appear in one single, short burst of diversification is not an obviously predictable 
outcome of evolution. From this observation comes the second finding concerning 
the Cambrian Explosion that is equally puzzling, if far less well known: The Cam-
brian Explosion marked not only the start, but also the end of evolutionary innova-
tion at the phylum level. Since the Cambrian, not a single new phylum has evolved. 

The extraordinary fact is that the evolution of new animal hody plans started and 
ended during the Cambrian Period. 

The lack of new phyla and the paucity of new classes after the end of the Cam-
brian Explosion may simply be an artifact of the fossil record; perhaps many new 
higher taxa did evolve, and subsequently went extinct. This seems unlikely. It is far 
more likely that the great surge of innovation marking the Cambrian came to an 
end as most ecological niches became occupied by the legions of newly evolved 
marine invertebrates. 

Yet there remains a puzzling mystery: why is it that no new phyla evolved after 
the two great mass extinctions, the Permo-Triassic and Cretaceous-Tertiary disas-
ters? While the Permian mass extinction may have caused the number of species to 
plummet to levels as low as those found early in the Cambrian, the subsequent 
diversification in the Mesozoic involved the formation of many new species, but 
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The Cambrian Era saw an astonishing explosion of diverse new body plans. 
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very few higher taxonomic categories. The evolutionary events of the Cambrian 
and the Early Triassic were dramatically different: although both produced a myr-
iad of new species, the Cambrian event resulted in the formation of many new body 
plans; the Triassic event resulted only in the formation of new species that followed 
already well established body plans. 

Two hypotheses have been proposed to explain this difference. The first sup-
poses that evolutionary novelty comes only when ecological opportunities are truly 
large. During the Cambrian, for instance, there were many habitats and resources 
that were not occupied or exploited by marine invertebrate animals, and the great 
evolutionary burst of new body plans was a response to these opportunities. This 
situation was not duplicated after the Permo-Triassic mass extinction. Even 
though most species were exterminated, enough survived to fill most ecological 
niches. Under this scenario, there was sufficient survival of animals with various 
body forms to inhabit most of the various ecological niches (even if at low diversity 
or abundance) and in the process block evolutionary novelty. 

The second possibility is that new phyla did not appear after the Permo-
Triassic extinction because the genomes of the survivors had changed sufficiently 
since the early Cambrian to inhibit wholesale innovation. Under this scenario, evo-
lutionary opportunities were available, but evolution was unable to create radically 
new designs from the available D N A . This is a sobering hypothesis, and one not 
easily discredited, for we have no way of comparing the D N A we find in living ani-
mals with the D N A from the long-extinct forms now preserved only as rock 
(movies such as Jurassic Park notwithstanding). It could be that genomes gradually 
become encumbered with ever more information—as they gather more and more 
genes—and in the process became less susceptible to critical mutations that could 
open the box of innovation. 

One of the central—and currently controversial—aspects of the Cambrian 
Explosion concerns diversity and disparity. Diversity is usually understood as a 
measure of the number of species present. Disparity is a measure of the number of 
body plans, types, or design forms among those species. The controversy centers 
on the wondrous assemblage of fossils found at the Burgess Shale localities in west-
ern Canada, where not only early animals with hard parts, but also early forms 
without skeletons, are preserved as smears on the rocks. 

The Burgess Shale has had an enormous impact on our understanding of the 
initial diversification of animal life. In large part, it is responsible for showing us 
that most or all of the various animal phyla (the major body plans) originated rela-
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tively quickly during the Cambrian. But the Burgess Shale may also be telling us 
that not only were the body plans found on Earth today around in the Cambrian, 
but so too were other body plans that are now extinct. One of the central messages 
of Stephen Jay Gould's book Wonderful Life is that the Cambrian was not only a 
time of great origination, but also a time of great extinction. Gould (and others as 
well) asserts that there were far more phyla present in the Cambrian than there are 
today. How many? Some paleontologists have speculated that there may have been 
as many as a hundred different phyla in the Cambrian, compared with the thirty-
five still living today. In observing this pattern, says Gould, "we may acknowledge 
a central and surprising fact of life's history—marked decrease in disparity fol-
lowed by an outstanding increase in diversity within the few surviving designs." 

This view—so forcefully and beautifully described in Gould's Wonderful 

Life—is vigorously disputed in the 1997 book The Crucible of Creation by British 
paleontologist Simon Conway Morris, also about the Burgess Shale and the Cam-
brian Explosion. Conway Morris is, ironically enough, a central and sympathetic 
figure in Gould's book, which portrays him as one of the architects of our new 
understanding of the Cambrian Explosion. But he is not so sympathetic to Gould. 
He disputes Gould's assertion that disparity has been decreasing since the Cambri-
an, citing several cases suggesting just the opposite. Conway Morris also attacks 
another of Gould's ideas, the metaphor of "re-running the tape." Conway Morris 
argues that convergent evolution (in which distinct lineages evolve similarly in 
response to similar environmental conditions) can produce the same types of body 
plans from quite unrelated evolutionary lineages. He argues that even if the ances-
tor of the vertebrates had gone extinct during or soon after the Cambrian, it is like-
ly that some other lineage would have then evolved a body plan with a backbone, 
since this design is optimal for swimming in water. 

Simon Conway Morris's point is that convergent evolution will dominate evo-
lutionary processes. He even makes what might be the first academic reference to 
Dougal Dixon's book After Man, a semi-whimsical prediction of how animals 
might look in the far future at a time when humankind has mysteriously gone 
extinct. Conway Morris notes that the animals conjectured by Dixon all seem to 
resemble animals living on Earth today, even though they are portrayed as evolving 
from quite novel sources: 

In the book he [Dixon] supposes that of all the mammals only a handful of 
types, mostly rats and rabbits, survived to repopulate the globe. After Man is 
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an exercise rich in imagination in its depiction of the riot of species that quick-
ly radiate to refill the vacant ecological niches left after a time of devastation. 
All the animals, of course, are hypothetical. Certainly they look strange, 
sometimes almost alien. W h e n we look more closely at their peculiarities, 
however, they turn out to be little more than skin deep. In this imaginary bes-
tiary the basic types of mammal, those that trot across the grasslands, burrow 
in the soil, fly through the air, or swim in the oceans, all re-emerge. 

It is thus the physics of environments that decides which shapes are adaptive 
and which are not, which shapes can allow flight or running ability or the ability to 
chase down and kill prey. And this assumption points to a central conclusion: no 
evolutionary novelty. Expectations of exciting and bizarre new life forms—the 
types seen in any science fiction B movie—are pipe dreams. The animals and 
plants arising in the future of evolution will in all probability look much like those 
of the present—except for being far less diverse. 

Expectations of Body Size 
Large animals are much more charismatic than small ones. It is no coincidence that 
the majority of the animals listed as endangered and in need of help by the World 
Wildlife Fund are large mammals. Lately it has become fashionable to sneer at 
their popularity. Yet it is unfair to single out this hard-working group for criticism, 
for the hard fact remains that the large mammals—the last of the megamammals— 
are indeed endangered. Assuming that this group will show some of the highest 
extinction rates of the modern fauna, we might expect that future evolution will 
produce many new species of large-bodied animals. 

Can we expect any new large animals? Recent scientific studies of the size dis-
tributions of mammals and their history of evolution suggest that large species 
might not appear after all. Mammalogists have long noted an interesting aspect of 
mammalian size distributions. There are over 4,700 species of mammals on Earth 
today, and their range in body size is impressive: the smallest (e.g., the tiniest 
shrews, such as the genus Microsorex) have an adult weight of about 2.5 grams, 
whereas the largest (Balaenoptera musculus, the blue whale) weighs about 1.6 X 10 8 

grams—a difference of twenty orders of magnitude. And there are all size (weight) 
classes in between. Yet if the size distribution of mammals for each major continent 
on Earth is graphed, it is immediately apparent that each distribution is skewed to 
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the right of the graph: there is a greater number of large mammal species than 
would be expected if the sizes were randomly distributed. However, this trend does 
not occur on small continents such as Australia, on large islands such as Madagas-
car, or on smaller islands. On smaller landmasses it turns out that the distribution 
of mammalian sizes is relatively symmetrical. Moreover, the smaller the landmass, 
the smaller the size of its largest mammals, and the larger the size of its smallest 
mammals. On small land areas the two tails of the distribution curve disappear. 
Finally, when small landmasses are completely isolated from"other land areas, an 
extraordinary thing happens: large species evolve into dwarfs, and small species 
develop gigantism. But these are relative processes: an elephant evolving down to 
half size (the size of a horse) is still a large mammal (if a small elephant), whereas a 
mouse that doubles in size may be large for a mouse, but it is still a very small 
mammal. Can these observations be used to predict the future body sizes of newly 
evolving mammals (or any other type of animals, which presumably are affected in 
similar fashion)? 

They can. Earlier we saw that global trade and travel are effectively recreating a 
supercontinent, bringing about the homogenization of the fauna that typified such 
large, single continents of the past. However, we have also seen that barbed wire, 
canals, roads, and freeways are subdividing the continents into smaller habitats. 
This trend is shaping the fauna according to the rules of island biogeography. 
Thus, we see the world being transformed, in an evolutionary sense, into an envi-
ronment favoring low diversity, as well as the dwarfing of large species and the 
enlarging of small ones, with extinction occurring among the largest and smallest. 
The Age of Megamammals is well and truly over, with the last few wild mega-
mammals now consigned to parks and zoos. As long as humanity survives at large 
population numbers, it will not return. 

W h a t might this new world look like? Let us invoke H. G. Wells's vehicle again 
for a fanciful, if dyspeptic, flight: 

The Time Machine came to a stop. Ten million years had passed in the 
blink of an eye. The Time Voyager stepped from his machine and sur-

veyed his surroundings. He was on the edge of a giant flat plain. Small fires 
dotted the broad expanse, sending thin blue columns of smoke into the cloudy 
and humid sky. The sun was setting, looking no different from the sun of his 
own time. Not for the first time, he wondered whether the machine had some-
how malfunctioned. 
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Walking away from the Time Machine, he took better stock of his sur-
roundings. He seemed to be in a gigantic garbage d u m p of some sort. Untold 
numbers of flies filled the air, their buzzing a constant hum of background 
Muzak. Roads crisscrossed the plain at regular intervals, but no vehicles 
could be seen. He looked more carefully at the refuse-strewn plain he was 
striding across, and was startled to see chaotic movement among the material 
swirling around him in the hot wind. At first he thought that thousands of 
huge insects were moving in the litter. But on closer inspection he discovered 
that while there were indeed numerous cockroach-sized insects afoot, many of 
the scurrying, tiny forms were mammals, a few as large as cats but most rat-, 
mouse-, or even shrew-sized. 

He sat down on his haunches, motionless, and watched as more and more 
curious small mammals began to emerge. Clearly, many of the species he 
could now see were unfamiliar to him. Although their bodies looked like those 
of the rodents of his time, their heads were distinctly different. It was clear 
that many distinct species were present, some with long tapered heads, others 
with thin ribbonlike tongues, others with blunt heads and large knoblike 
teeth, still others with huge batlike eyes. Some had fur in a variety of camou-
flage patterns, while others were hairless. Some were heavily armored with 
armadillo-like scales. Some had front legs exquisitely adapted for digging; 
others had long needlelike claws extending from their toes. The small forms 
wormed among the garbage, some using their impossibly long tongues to 
probe into the piled refuse, while others broke open some of the many scat-
tered bones to root out the marrow. While he watched, one of the small mam-
mals was suddenly lifted into the air by a flicking rope of some sort, and then 
he saw the body being carried into a large, waiting mouth. A huge snake lay 
coiled not far away. Its tongue was like that of a frog, capable of flicking out-
ward and grasping its prey. He saw another large snake moving on short legs 
like those of a centipede, and yet another moving its head in and out of the 
piled garbage, looking for small prey housed within. 

Watching this menagerie of the small, he tried to compile a list of species 
new to him, losing count after tallying more than forty. It was not that every-
thing was alien, for these creatures were surely descended from the mammals 
and reptiles of his own time, but they were just as clearly evolved, forming 
entirely new groups of species. And still more and more animals began to 
appear in the gathering twilight. The biggest animal that he saw was the size 
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of a pig, and seemed indeed to be some sort of bizarre swine. But this "pig," if 
that is what it was, seemed well adapted for pushing through the piled garbage 
in search of food. It had a small trunk instead of a nose, which allowed it to 
root efficiently through the piles of rotting offal. Numerous small ratlike crea-
tures hung from its sides, like remoras clinging to a shark. He thought at first 
that they might be babies, but they were clearly parasites of some sort, looking 
like hairy lampreys with greedy sucking mouths. Or perhaps vampires would 
be a better description. The rats, it seemed, had evolved. ' 

He shuddered in revulsion at this bestiary. All seemed exquisitely adapted 
to these piles of garbage; in fact, all seemed adapted exclusively for life in this 
setting. In the distance he saw a copse of trees, and decided to leave the gigan-
tic d u m p for a more "natural" setting, not realizing how natural garbage 
dumps were in this world. He began striding through the garbage, heading for 
the distant patch of green. Suddenly, shadows below and a cacophonous, rau-
cous cawing from above announced a flight of birds over his head. They were 
crows, but bigger than those from his own time, and with brilliant plumage. 
He ignored them, but was jolted from behind with a sharp, piercing pain. 
Swearing, he put his hand to the back of his head, and found it covered with 
blood. He looked up to see another of the large crows diving at his head. He 
ducked just in time, seeing a large, eagle-like beak and great talons with a 
long, knifelike barb extending from one of the large feet. He began running 
back toward the center of the garbage, seeking shelter of some sort, but the 
crows, more than a dozen strong, attacked viciously. They let him run in ter-
ror back toward the trees, and as he got closer, he saw why: more than a hun-
dred sat perched in the first row of trees, watching as their compatriots herd-
ed this particularly stupid human toward the waiting, hungry flock. The lions 
of the world now had wings. 
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EIGHT 

THE FUTURE 
EVOLUTION OF 

HUMANS 

Some of our principal concerns about our bodies may be quite 
remote from, even at odds with, inherited human tactics for 
increasing our reproductive success or our chance of survival. 

-PHILIP KITCHER, The Lives to Come 

What about the future evolution of our species? How will the future 
world and its new environments affect our own evolutionary out-
come—or will we be affected at all? Will we become larger or smaller, 

or gain or lose intelligence, be it intellectual or emotional? Might we become more, 
or less, tolerant of oncoming environmental problems, such as a dearth of fresh 
water, an abundance of ultraviolet radiation, and a rise in global temperature? Will 
we produce a new species, or are we now evolutionarily sterile? Might the future 
evolution of humanity lie not within our genes, but in the augmentation of our 
brains through neural connections with inorganic machines? Are we but the 
builders of the next dominant intelligence on Earth—the machines? 

Fossils tell us that evolutionary change is not a continuous thing; rather, it 
occurs in fits and starts, and it is certainly not "progressive" or directional. Organ-
isms get smaller as well as larger, simpler as well as more complex. And while most 
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lineages evolve through time in some manner, the most dramatic evolutionary 
changes often take place when a new species first appears. If this is the case, then 
future morphological evolution in Homo sapiens may be minimal. On the other hand, 
we may show radical change in our behavior and perhaps our physiology. Perhaps— 
and this is the biggest perhaps—a new species of human will evolve in the not so dis-
tant (or distant) future. But such an evolutionary change would almost surely 
require some sort of geographic isolation of a population of humans, and as long as 
humans are restricted to the surface of the Earth, such an event seems unlikely. 

Since the time of Darwin, it has been accepted that the forces that produce 
new species are usually brought to bear when small populations of an already 
existing species get separated from the larger population and can no longer inter-
breed with it. Gene flow, the interchange of genetic material that maintains the 
integrity and identity of any species, thus gets cut off. Of course, genetic isolation 
generally means geographic separation, which means new environmental condi-
tions, different from those experienced before. W h e n you add this into the mix, 
you have a recipe for making a new species—given enough time, and continued 
isolation. 

New species have formed many times in the course of human evolution. 
Although there are many gaps in the record (and disagreements among the special-
ists, with much work left to do), we can sketch a rough outline of human evolution. 
The human family, called the Hominidae, seems to begin about 4 million years ago 
with the appearance of a small proto-human called Australopithecus afarensis. Since 
then, our family has had as many as nine species, although there is ongoing debate 
about this number. About 3 million years ago two new species, A. africanus and A. 

aethiopithecus, appeared, while another, A. boisei, first appeared about 2.5 million 
years ago. (These three species are sometimes identified as Paranthropus instead of 
Australopithecus.) But the most important descendant of A. afarensis is the first 
member of our genus, Homo, a species named Homo habilis ("handy man") for its 
use of tools, an ability that is about 2.5 million years old. This creature gave rise to 
Homo erectus about 1.5 million years ago, and H. erectus gave rise to our species, 
Homo sapiens, either directly about 200,000 to 100,000 years ago, or through an 
evolutionary intermediate known as Homo heidelburgensis. Our species has been 
further subdivided into a number of separate varieties, one of which is the so-called 
Neanderthal. (Some researchers consider the Neanderthals to be a separate species, 
Homo neanderthalis, but this is still highly disputed.) 
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Each formation of a new human species occurred when a small group of 
hominids somehow became separated from a larger population for many genera-
tions. Then, following rapid morphological transformations, Homo sapiens, once 
evolved, showed little or no further evolutionary change. 

Although major structural changes in H. sapiens may now be over, many 
smaller evolutionary changes will undoubtedly take place. Prominent among these 
might be a homogenization of the current human races. The same forces resulting 
in the homogenization of the Earth's biota are at work on us: our former geograph-
ic isolation has been broached by the ease of transportation and the dismantling of 
social barriers that once kept the very minor genetic differences of the various 
human racial groups intact. The most obvious change that may come about would 
occur in skin color. Because rapid transportation and global communication have 
destroyed most barriers to human movement and even isolationist human culture, 
we move about more. As we do so, we tend to interbreed, and thus the barriers that 
once selected for various types of skin pigment are no longer present. Skin pigment 
is one of the most heritable of human genetic features, and it may be that humanity 
is heading for a universal brown-skinned future, as the darkest of the black-
skinned races get lighter and the melanin-free skins become darker. The humanity 
of ten thousand years from now might be but a single shade of color, a pleasing 
chocolate brown. 

In stature, each race of our species seems to be getting larger, yet this is surely 
not a genetic feature: with improved nutrition we are simply maximizing the height 
potentials carried by our genes. 

But in many ways, natural selection as we know it may not operate on our 
species at all. It is being thwarted on many fronts by our technology, our medicines, 
and our rapidly changing behavior and moral values. Babies no longer die in large 
numbers in most parts of the globe, and babies with the gravest types of genetic 
damage, which were once certainly fatal in pre-reproductive stages, are now kept 
alive. Predators, too, no longer affect the rules of survival. Tools, clothes, technolo-
gy, medicine: all have increased our fitness for survival, but at the same time have 
thwarted the very mechanisms that brought about our creation through natural 
selection. 

As an example of new human speciation, let's look for a moment at what it 
would take to create a new species with a much larger brain—say, a brain size of 
about 2,000 cubic centimeters, compared with the average value of about 1,100 to 
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1,500 cubic centimeters in Homo sapiens. W h a t conditions of natural selection on 

Earth today would engender such a change, and would such a new creature even 
belong to our species? 

Intelligence and the Bell Curve 
If Homo sapiens sapiens (the modern form of our species) were grouped together 
with an australopithecine, a Homo habilis, a Homo erectus, and an archaic Homo 

sapiens, what would the significant intellectual differences be? Would the other 
species use language, sing songs and create music, dream of flying, or even draw 
pictures? Before tackling these questions, we must first ask ourselves, what is 
intelligence? 

There are several definitions of intelligence: what you use when you don't 
know what to do; guessing well about what fits together; finding an appropriate 
level of organization; finding an appropriate pattern from the available informa-
tion. Although these statements certainly typify aspects of brain function that we 
recognize as intelligence, such definitions remain highly unsatisfactory. It is clear 
that intelligence is composed of an enormous array of components. Some of us have 
great math skills; most do not. Franklin D. Roosevelt, the longest-serving Ameri-
can president and certainly one of our best leaders, was an indifferent student. 
(Oliver Wendell Holmes once remarked of him, "A second-class intellect, but a 
first-class temperament!") His English contemporary and Second World War sta-
blemate, Winston Churchill, was so indifferent a student that he never completed 
college and was packed off to the military by his despairing parents. Yet both rose to 
lead great countries in crisis through their political skills—clearly reflecting keen 
intelligence. Surely an ability to master politics is as much a type of intelligence as 
the ability to solve partial differential equations—but it is just as surely a very dif-
ferent type of intelligence. As any practitioner of "intelligence testing" can readily 
assert, the commonly used tests, such as the long-reigning IQ tests, measure some 
small portion of a great system of brain organization and function loosely termed 
"intelligence." 

In the end, the definition of intelligence is probably irrelevant. For in spite of 
periodic hand-wringing by those who argue that our species is doomed to an ever-
decreasing average intelligence because less intelligent people are having more chil-
dren, there is very little chance of IQ (or any other measure of average intelligence) 
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changing any time soon. The reason for this is that intelligence, by almost any def-
inition, is produced by hundreds or even thousands of individual genes, and is thus 
very difficult to change. It is estimated that the correlation between an individual 
parent's intelligence and that of his or her child is 0.2%. Since both parents con-
tribute, this effect is multiplied: thus the correlation between the parents' intelli-
gence and that of their offspring is 0.04%o. W h a t this means is that two parents with 
IQs of 140 will probably conceive a child with an IQ of 100—as will two parents 
with IQs of 80. • 

Nevertheless, we remain fascinated by the concept of quantified intelligence, 
its history in our species, and the possibility of its long-term heritability. Those 
interested in the evolution of our species have probed the minutest anatomical dif-
ferences among our various fossil predecessors in an effort to determine how and 
when our lineage began to "get smart." Yet this information is maddening in its 
incompleteness, and applying a present-day understanding of learning to the study 
of early humans is impossible. It has long been clear, for example, that the brain of 
a newborn human and the same brain only two to three short years later are vastly 
different, and the by-products of those differences are the marvelous characters of 
humanity. The toddler can speak in sentences, reason, remember, and move about 
independently; the infant can do none of these things. During the developmental 
period, and for years afterward, neurons are connecting and changing their mor-
phology in ways still largely unknown to science. And no information about such 
changes is available to the paleoanthropologist when it comes to early humans. The 
most we can know of the brain of Homo erectus is its size and a bit about its shape, 
gleaned from the interiors of fossilized skulls. The real bits of information behind 
intelligence—the morphology of human brain cells and the pattern of their connec-
tions—is the area where the great secrets lie. 

Two persons who have met with some success in this area are Terry Deacon of 
Boston University and Will iam Calvin at the University of Washington. Deacon 
is a neuroanatomist who has studied the various attributes making up human 
intelligence. He has concluded that the emergence of human intelligence came 
about not through some mysterious new neurological or morphological invention 
within the brains of the earliest modern human species, but through the develop-
ment of already-present circuits and cells. In other words, our species used "off-
the-shelf equipment" that was then wired in novel ways through the processes of 
evolution. 
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Calvin, a neurobiologist, has put forward similar arguments about how intelli-
gence came about through evolution. Calvin sees intelligence as the evolution of 
structural thought processes, such as syntax, the nested embedding of ideas; agen-
das, the ability to make novel plans for the future; logical chains of argument; and 
the ability to play games with arbitrary rules. And, last of all, Calvin sees a beauti-
ful leap in the evolution of human intelligence: at some point, humans, alone 
among the animal world, began to perform and eventually write music. Calvin has 
presented a most interesting hypothesis about how all of this came about: he thinks 
that intelligence may be a by-product of a brain that evolved to throw better. So 
many new "connections" and novel pathways were necessary to create the neu-
roanatomy required for throwing weapons at prey that unforeseen consequences 
resulted from this newly evolved brain. In particular, it became intelligent. 

Unnatural Selection 
In his book Children of the Ice Age, paleontologist Steven Stanley has made the 
observation that the advent of medicine has disrupted natural selection as it acts on 
humans. Humans, according to Stanley, have created unnatural selection, for our 
species now routinely heals or saves many individuals who would never survive in 
the "wild." Furthermore, not only do we save individuals with physical or mental 
defects, we also allow them to breed. Now, with the increasing power of genetic 
engineering, we are poised to take unnatural selection to new levels, not only for a 
host of nonhuman species, but for ourselves as well. 

One of the most provocative assertions about how our species is evolving at the 
present time comes from Dr. David Comings, a physician and geneticist specializ-
ing in human genetic disorders. In 1996 Comings published The Gene Bomb, a 
book as controversial (if far more overlooked) as The Bell Curve. Comings spent 
two decades studying Tourette's syndrome and attention deficit hyperactivity dis-
order ( A D H D ) among children, and came to the startling conclusion that the inci-
dence of such genetically inherited disorders is increasing in the human population 
faster than population growth alone should dictate. His conclusion is that our 
species is evolving ever greater numbers of behavioral disorders. 

Comings first came to this realization when treating his patients diagnosed 
with Tourette's syndrome and A D H D : he noticed that the frequencies of these dis-
orders were high in the children of his patients. Instead of these behaviors being the 
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result of an increasingly complex society, he surmised that society was selecting for 
the genes that caused these behaviors—a case of unnatural selection. 

Further work now suggests than many of humanity's so-called "behavioral dis-
orders"—such as A D H D , depression, addiction, and impulsive, compulsive, 
oppositional, and cognitive disorders—have a significant genetic component, and 

unlike intelligence, may be coded on only a few genes. If this hypothesis is correct (and 
no authoritative study has yet been able to falsify it), it means that the heritability 
(the rate at which such a trait is passed on to the next generation) of such disorders 
is very high. If selection acts to favor the transmittal of highly heritable traits, they 
very quickly increase in the overall gene pool of a species. Comings has summa-
rized this stark view as follows: 

Many different studies have documented an increase in the frequency and a 
decrease in the age of onset of a wide range of behavioral disorders, includ-
ing depression, suicide, alcohol and drug abuse, anxiety, A D H D , conduct 
disorder, autism, and learning disorders in the second half of the twentieth 
century. All of these disorders have a genetic component. The usual expla-
nation of these trends has been that they are the result of an increasingly 
fast-paced and technologically complex society. I have suggested that the 
converse is true—that the increasingly complex society is selecting for the 
genes causing these behaviors. 

Of course, these inherited behavioral traits are certainly affected by the individ-
ual's environment: many people carry the genes making them susceptible to addic-
tive disease, but under many or even most circumstances do not succumb to alco-
holism or drug addiction. Yet many others do. Comings took his findings even 
further, and postulates that many victims of A D H D reproduce at an earlier age than 
those without the syndrome, since very few of these sufferers attend college, and 
many women carriers become pregnant at an earlier age than women either attend-
ing college or entering skilled positions. The result is that women attending college, 
and then entering careers, ultimately have fewer children. These women are usually 
of higher intelligence than the population mean, and have lower frequencies of 
behavioral disorders. Women bearing children earlier—and having more children as 
a consequence—will be passing on their genes with more efficiency. While this dif-
ference will have little or no effect on intelligence, Comings believes that it may be 
highly significant in increasing levels of behavioral problems in the population. 
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Comings's theory is controversial for two reasons: the data and their interpreta-
tion. First, the increasing frequency of reported cases of depression, A D H D , and 
the like may simply be due to an increased awareness that these disorders can be 
treated, which encourages people to report them with greater frequency than they did 
in the past. Second, even if these disorders are indeed on the rise, they may have only 
a small genetic component, and may be due to any number of environmental causes, 
including increasing levels of environmental pollutants such as lead and other heavy 
metals, as well as organic macromolecules, in drinking water. Given these two issues, 
it is hard to say whether there is merit to Comings's assertions—but they provide an 
interesting example of the potential for further evolution in our species, involving 
genes that we usually do not think of as being capable of evolution. 

Human Behavior and Directed Evolution 

We tend to think of evolution as something involving structural modification, yet 
it can and does affect things invisible to the morphologist—such as behavior. In 
fact, it may be that much of humanity's future evolution will involve new sets of 
behaviors, allowing us to deal with the changing set of environmental conditions 
facing our species: life in cities, life among crowds, life in a world where certain 
behaviors affect survival. 

Because we have directed the evolution of so many animal and plant species, we 
might ask ourselves, why not direct our own? W h y wait for natural selection to do 
the job when we can do it faster and in ways beneficial to ourselves? This is precise-
ly the tack taken by many behavioral geneticists who are searching for ways to 
manipulate human genes. Behavioral genetics is a new branch of science that asks 
what in our genes makes us different from one another (vs. what makes us different 
from other species or what makes us human). Scientists working in this field are 
trying to track down the genetic components of behavior—not just of problems and 
disorders, such as those profiled in the previous section, but of everyday behaviors 
that may well be heritable traits: overall disposition, the predilection for addiction 
or criminality, many aspects of sexuality, aggressiveness, and competitiveness. 
These are traits that we know intuitively to be at least partially heritable. 

The implications for the future of our species are incalculable. It seems unlike-
ly that our society will not eventually accede to the idea that D N A samples should 
be given to genetic specialists. W h e n this happens, elaborate screenings of an indi-
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vidual's genetic makeup will become commonplace, and specific genes for depres-
sion and other behavioral abnormalities will be detected. The second step will be 
the application of behavioral drugs using newly discovered chemical pathways. But 
the third step will be actual changes in people's genes. This can be done in two 
ways: somatically, by changing the genes in a relevant organ only; or by changing 
the entire genome—what is known as germ line therapy. Since germ line therapy 
involves changes in the genetic code of a person's eggs or sperm, it will not help the 
individual in question, but it will help his or her children. 

The major obstacle to the genetic engineering of humans is a property known 
as pleiotropy: most genes perform more than one function, and many functions are 
coded on far more than one gene. All genes involved in behavior are probably 
pleiotropic. This is surely the case, for example, with the many genes involved in 
human intelligence (in fact, neuroanatomists and behavioral geneticists believe 
that the genes involved in IQ are probably involved in many basic brain functions 
as well). Therefore, far more will have to be known about the human genome before 
wholesale tinkering can begin, since very slight changes in gene frequency could 
lead to drastic changes in the species-level genome. As has often been quoted, a 
mere 1% difference in the genome is all that produces the vast gulf between chim-
panzees and humans. 

W h y change genes at all, then? In all probability, the pressure will come from 
parents wanting to "improve" their children: to guarantee that their child will be a 
boy (or a girl), tall, beautiful, intelligent, musically gifted, sweet-natured, or wise, 
or to ensure that their children won't become addicts, thieves, mean-spirited, 
depressed, or hyperactive. The motives are there, and they are very strong. The 
Human Genome Project, now completed, had for much of its motivation (whatev-
er it supporters argue) the desire to find "bad" genes. Once they are found, new 
Herculean efforts will be required to weed them out. Assuming that it does become 
practical to change the nature of our genes, how will that affect the future evolution 
of humanity? Probably a great deal, if the practice continues over millennia. 

If natural selection is unlikely to produce a new human species—the event fore-
seen by H. G. Wells in his novel The Time Machine—the same end result could cer-
tainly be achieved by directed human effort. As easily as we breed new varieties of 
domesticated animals, we have it in our power to bring a new human race, variety, 
or species into this world. Whether we choose to follow such a path is for our 
descendants to decide. 
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Just as the push by parents to enhance their children genetically will be soci-
etally irresistible, the assault on human aging will be a force of unnatural selection 
in the future. Much recent research shows that aging is not so much a simple 
wearing down of body parts as it is a system of programmed decay, much of it 
genetically controlled. It is highly probable that the next century of genetic 
research will unlock numerous genes controlling many aspects of aging, and that 
these genes will be manipulated. An individual human lasting between one and 
two centuries is an obtainable goal. Whether or not it should be pursued, in light of 
human population growth, is another question. 

Here is a scenario already posited by several scientists (and science fiction writ-
ers) that could potentially lead to a new human species, or at least a new variety. 
Some parents allow their unborn children to be genetically altered to enhance their 
intelligence, looks, and longevity. Let's assume that these children are as smart as 
they are long-lived—they have IQs of 150, and a maximum age of 150 as well. 
Unlike us, these new humans can breed for eighty years or more. Thus they have 
more children—and because they are both smart and live a long time, they accu-
mulate wealth in ways different from us. Very quickly there will be pressure on 
these new humans to breed with others of their kind. Just as quickly, they will 
become behavioral outcasts. Wi th some sort of presumably self-imposed geo-
graphic or social segregation, genetic drift might occur and, given enough time, 
might allow the differentiation of these forms into a new human species. 

Dyson among the Machines 

Humans are no longer simply tool makers. Now we are machine makers as well, and 
not all of the machines we make can be considered tools. In ways perhaps even less 
predictable than our use of genetic manipulation, it may be our manipulation of 
machines—or they of us—that creates the most profound evolutionary change in our 
species. Not simple morphological change, or even behavioral change (although that 
might happen too)—but a change as consequential as the first enveloping of one bac-
terium by another to produce the symbiotic by-product now known as the eukaryot-
ic cell—the key to animal life. Is the ultimate evolution of our species one of symbio-
sis with machines? Numerous writers have discussed the prospect, but in the late 
twentieth century, at least, perhaps none so evocatively as George Dyson, particular-
ly in his book Darwin among the Machines: The Evolution of Global Intelligence. 
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The subtitle of Dyson's book sums up a possible trend in the future of our 
species. But according to Dyson, that global intelligence will not be a product of 
Darwinian evolution among the fusing populations of Homo sapiens, but will come 
about through an ongoing symbiosis with the machines we build: "Everything that 
human beings are doing to make it easier to operate computer networks is at the 
same time, but for different reasons, making it easier for computer networks to 
operate human beings." 

In science fiction books and movies, this kind of symbiosis is portrayed as a 
machine and a man linked by cables—the contact of wire and neuron as a shared 
pathway of electrons. Would such a linkage enhance intelligence, if it were possible 
at all? Neuroanatomists claim that such linkages are only a matter of time and 
money, and that the first benefit of such a linkage will be enhanced memory—the 
ability for an individual to immediately access the knowledge of the collective. But 
is memory—and data—intelligence? Dyson points out that H. G. Wells pondered 
this subject in his lifetime, concluding that some sort of global intelligence was the 
only hope of improving the affairs of humanity. Wells prophesied that the whole 
human memory would soon be accessible to every individual. In Dyson's view, 
"Wells acknowledged memory not as an accessory to intelligence, but as the sub-
stance from which intelligence is formed." 

All of us who routinely use computers have suffered from some lack of memo-
ry in our systems, be it R A M or space on a hard disk drive, and such nuisances 
invariably detract from some other task, break our concentration, require an unan-
ticipated change in activity. It is easy to see how extra memory space—or extra 
memories—would change the world and the way we perceive it. But would it 
increase intelligence? Most thinkers who ponder this subject assure us that it 
would, though in ways that may not be perceptible to us, perhaps because an 
enlarged, networked intelligence would operate at time scales different from ours, 
and thus invisible to us. As Dyson notes, it might also operate in a fashion unlike 
that of Darwinian evolution: 

W h a t leads organisms to evolve to higher types? Darwinian evolution, as 
Stephen J. Gould, among others, has pointed out, does not "progress" 
toward greater complexity, but Darwinian evolution, plus symbiogenesis, 
does. . . .  Darwinian evolution, in one of those paradoxes with which life 
abounds, may be a victim of its own success, unable to keep up with non-
Darwinian processes that it has spawned. 
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In an earlier chapter, we asked whether the "rules" of speciation have changed 
for humans. The answer is that they have not—humanity may have affected the 
nature of the playing field and the players, but we cannot change the rules. Yet in 
the merging of man and machine that conclusion may be overturned. The evolution 
of machines and machine intelligence does have directionality, toward ever greater 
complexity and intelligence. Machine intelligence does not go backward as much 
as it goes forward; there are no functional equivalents of a blind cave fish or the 
whale, a mammal that returned to the sea. In the computer world, direction is 
progress: better operating systems, more machine interconnections, more memory, 
easier use, more humans connected. 

Dyson further argues that information comes in two types: structure and 
sequence. The first is the map of space, the second the map of time. Memory and 
recall are translations between these two types of bits. Thus it is Dyson's fervent 
belief that the future evolution of humanity lies in "technology, hailed as the 
means of bringing nature under the control of our intelligence, thus enabling 
nature to exercise intelligence over us. We have mapped, tamed, and dismem-
bered the physical wilderness of our Earth. But, at the same time, we have created 
a digital wilderness whose evolution may embody a collective wisdom greater than 
our own." 

As breathtaking as Dyson's vision is, I differ slightly in predicting the type of 
machines we may merge with. One of the tired old saws in the science fiction pan-
theon is the notion of a silicon-based life form. There is a simple but powerful 
retort to that possibility. The variety of "organic," or carbon-based, compounds 
found in life processes can be readily seen by going to any chemical supply store 
and checking out the store's catalogs. They are book-sized. Silicon-based com-
pounds, on the other hand, fill only a good-sized comic book. Silicon, however use-
ful it may be for the electronics and computer industries, is none too suitable for 
life. We may soon find that it is none too suitable for the computers of the future, 
either, or for the machines we may try to merge with. 

Perhaps, after all, the progression of Earth's dominant animals will be Age of Bac-
teria, Age of Protists, Age of Invertebrates, Age of Fishes, Age of Amphibians, Age of 
Reptiles, Age of Mammals, Age of Humanity—and then a long Age of Artificial 
Intelligence. This certainly seems to be the view of many of the moguls and thinkers 
spawned in Silicon Valley. Of these many prophets, none seems so bullish concerning 
the coming replacement of humanity by thinking machines as Ray Kurzweil. His 
vision is starkly writ in The Age of Spiritual Machines. Kurzweil believes that the 
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invention and routine construction of computers that have the computing power of 
the human mind will occur early in the twenty-first century, and that machines that 
outstrip the capabilities of the human brain in some attributes of processing and logic 
will inexorably appear soon after. In his view, the merging of human and machine (or 
at least artificially constructed) brains will be inevitable. But will it ever be heritable? 

Growing Buildings and Changing Trophic Levels 

Science fiction is so pervasive and voluminous in its output that there are few ideas 
not already in use in some futuristic plot device. Thus, the two ideas I throw out 
here are surely well known to its aficionados. However, they seem to me to be two 
potentially realistic strategies that could alleviate both our population problems 
and the stresses our metals-based industries place on the rest of the world. 

Many of our industrial problems and pollutants come from the processing of 
metals. The industrial smelting and forging of tools and technology made from 
iron, aluminum, nickel, tin, copper, and the many minor metals and their blended 
components requires massive supplies of energy and water and produces volumes 
of pollution. Although it would require significant genetic manipulation to create 
organic structures and tools, humanity might be better off by "growing" as much 
technology as possible. On a very small level, researchers have already experiment-
ed with this idea: a square tomato has been developed to suit packaging needs. 
More imaginatively, a living house made of growing wood and other organic struc-
tures might be a way to realize sustainability in a technical society. 

Yet an even more dramatic breakthrough could be realized by manipulating not 
only our machines and technology, but also ourselves. Humans require massive 
amounts of food. We, like all animals, are heterotrophs—we must ingest other once 
living matter in order to live. The world could support far more people if we could 
somehow radically re-engineer our food and nutrient needs so as to become 
autotrophs—organisms at a lower trophic level. Plants and many types of chemoau-
totrophic bacteria use sunlight or chemical energy to power their metabolism. If 
biotechnology could help get humanity off its hamburger diet (or even its wheat 
diet) and merge with the plant world, a great deal of stress on the planet could be 
alleviated. Solar-powered calculators do remarkably well; perhaps the only hope 
for an Earth even remotely resembling its past self in terms of habitats and diversi-
ty is solar-powered humans. 
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New Human Species? 

Our lineage has produced new species in the past. W h a t about the future"? 
Speciation requires an isolating mechanism, of some sort. The most common is 

geographic isolation, whereby a small population gets cut off from the larger gene 
pool, then transforms its own set of genes sufficiently that it can no longer success-
fully reproduce with the parent population. Most species have done this through 
geographic isolation, yet the very population size and efficiency of transport of 
humanity make this possibility remote—at least on Earth. If, however, human 
colonies are set up on distant worlds, and then cut off from common gene flow, new 
human species could indeed arise. 

Perhaps humans will lose (or voluntarily discard) the technology that allows 
the global interchange of our species from continent to continent. If separation lasts 
long enough, and if conditions on the separated continents are sufficiently dif-
ferent, it is conceivable that a new human species could arise due to geographic 
isolation. 

Scenarios 
Let us conclude with some alternative scenarios of humanity in the future. Once 
we leave aside our guilty assumption that our species will soon go extinct somehow, 
we are left with what Rod Taylor (in the film version of H. G. Wells's The Time 

Machine) described as "all the time in the world." Wi th hundreds of thousands to 
millions of years yet to play with, what might our species evolve into? Here are four 
scenarios: 

1. Stasis: In this scenario we largely stay as we are now: isolated individuals. 
Minor tweaks may occur, mainly through the merging of the various races. 

2. Speciation: Through some type of isolating mechanism, a new human 
species evolves, either on this planet or on another world following space 
travel and colonization. 

3. Symbiosis with machines: The evolution of a collective global intelligence 
comes about through the integration of machines and human brains. 

4. Eusociality: Our fascination with ants is that we see our cities and ourselves 
mirrored in them. The animal world is filled with colonial organisms. 
Hydrozoans and bryozoans have morphologically distinct polyps that serve 
for food acquisition, defense, reproduction, and colony stabilization. Each 
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polyp is connected to every other polyp. The functional equivalent of 
this system among insects is the behavior of species like ants, known as 
eusociality. Ants (and other eusocial insects) have evolved behaviors and 
morphology befitting a highly complex system in which the colony itself 
serves as the functional individual, and the various actual ants of the colony 
serve as the various organs of that "superorganism." Will the future 
evolution of our species be toward the ant model? In one of the most 
original of all science fiction novels, Larry Niven and Jerry Pournelle's 
The Mote in God's Eye, an intelligent race genetically manipulates itself to 
evolve different types of "workers," including morphologically discrete 
farmworkers, engineers, politicians, soldiers, "masters," and even "food." 

Evolution takes time. Humanity probably has that—as much as a billion years of 
it—as I will show in the next two chapters. 



It is unlikely that even geological boundaries will apply to humans in the future. 



NINE 

SCENARIOS 
OF HUMAN 

EXTINCTION 
Will There be an "After Man"? 

Ultimately the Earth could no longer supply the raw material 
needed for man's agriculture, industry or medicine, and as shortage 
of supply caused the complex and interlocking social and 
technological edifices crumbled. Man, no longer able to adapt, 
rushed uncontrollably to his inevitable extinction. 

—DOUGAL DIXON, After Man 

On May 23, 1995, academician Boris Pevnitsky, Deputy Director of the 
Russian Federal Nuclear Center, strode up to a small podium in a 
cramped, steamy room in Livermore, California. His audience consist-

ed of an attentive, cosmopolitan group of middle-aged men: some in sleek 
Nordst rom's suits, some in the more dingy variety available at G U M in 
Moscow, others in Uni ted States Air Force uniforms. Dr . Pevnitsky's message 
was simple: he proposed that the Uni ted States and Russia jointly build the 
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largest hydrogen bomb ever conceived, a bomb so great in energy yield that its 
explosion anywhere on Earth would blow away a significant portion of the 
atmosphere. But that was Dr. Pevnitsky's point. He didn ' t intend to explode his 
"classical super" anywhere near the Earth. He intended to use it to destroy an 
asteroid in space. In the back of the room, a small, shriveled man with graying 
but still fierce eyebrows looked on, surely with some satisfaction. Dr. Edward 
Teller, inventor of the H - b o m b , must have been pleased to hear that his great 
dream—the "peaceful" use of thermonuclear weapons—was at last being dis-
cussed by an international assemblage of American, Russian, and Chinese 
nuclear specialists, astronomers, and geologists, 150 strong, in an open forum. 
All had gathered in the slightly run-down conference center of the Lawrence 
Livermore Laboratory to discuss one topic: the defense of the Earth from comet 
or asteroid bombardment . 

The Lawrence Livermore meeting was the second such meeting held in a 
one-month span in 1995. T h e first, held at the Uni ted Nations in New York in 
late April of that year, had roughly the same theme, but was far more theoretical, 
dealing with the rate of asteroidal collisions, rather than how to defend against 
them. T h e megatonnage necessary to deflect or destroy an asteroid was not overt-
ly discussed, but the message was the same: our planet, and with it every species, 
every individual, every great and tawdry work of humanity, is endangered by 
celestial happenstance. T h e magnitude of this risk remains a topic of utmost 
importance to our species, for many scientists believe that the greatest threat fac-
ing us is not some Hot Zone virus from Africa, but the billion or more comets 
and asteroids that have Earth-crossing or potentially Earth-crossing orbits. 
Should Halley's comet, or some other messenger from the heavens of equal size, 
hit the Earth, it would bring about the complete destruction of all life on this 
planet. 

Asteroid impact is not the only threat facing our species, only the single most 
dangerous one. Other threats to the viability of the human species exist as well, 
including other astronomical disasters (a gamma ray burst, a nearby supernova) as 
well as Earth-borne causes such as thermonuclear war, biological warfare, disease, 
and sudden climate change. While any of these disasters would severely reduce 
human populations, probably none by itself, other than the astronomical causes, is 
capable of driving all of humanity to extinction. However, several of these effects 
acting in tandem could do the job. 

156 



SCENARIOS OF HUMAN EXTINCTION 

157 

The Sky Is Falling! The Sky Is Falling! 

Despite its scientifically ludicrous depictions, Hollywood has nevertheless served 
to educate people about the dangers of Earth-crossing asteroids and comets. The 
overall message of the late-twentieth-century movies Armageddon and Deep Impact 

was grounded in reality. Asteroid impact can be viewed as the most dangerous sin-
gle threat to our species' existence. 

T h e rate of collision of celestial objects with the Earth has been well estab-
lished, and the destruction wreaked by such impacts is also well understood. Such 
events have occurred countless times throughout the history of our planet—and 
they will inevitably recur in the future. For example, it was a great planetary col-
lision nearly 4 billion years ago that created the Earth-moon system, and in so 
doing may have made our planet unique as a womb for the gestation and diversi-
fication of life. A second great collision some 65 million years ago slayed the 
planet's dragons and set the stage for mammalian, and ultimately human, evolu-
tion. But of greatest relevance to our species are the future collisions, great and 
small, that will inevitably occur. For alone among the countless species that have 
populated this Earth, we have it in our power to defend the planet from these 
strikes. 

Just how likely is it that a comet or asteroid collision might destroy our civiliza-
tion? Is it more dangerous to arm ourselves with nuclear weapons larger and more 
destructive than any yet developed, ostensibly for planetary defense, than it is sim-
ply to pray? 

Whi le it is impossible to assign a precise number to the chance of an asteroid 
impact, we do know that significant hits have occurred as recently as 100 years ago. 
On June 30, 1908, a relatively small meteor exploded in the lower atmosphere over 
remote Siberia, releasing the force of a hundred Hiroshima-sized atomic bombs. 
The blast flattened miles of forest, and 50 miles away, reindeer herders and their 
stock were blown into the air. Had that same explosion happened over a heavily 
populated area, it would have produced one of the greatest episodes of human car-
nage in recorded history. The small fragment that produced this explosion was only 
about 50 meters across. Just two years ago, an asteroid a hundred times as large 
barely missed the Earth, and was seen only after it went by. Today, several hundred 
Earth-crossing asteroids of various sizes have been detected, and that seems to be 
only a small sampling of the thousands that orbit in the vicinity of Earth, not to 
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mention the estimated billion comets hovering far out in space. If an object larger 
than a mile in diameter were to strike the Earth, not only would our civilization be 
threatened, but so too would our species. And as we saw with the impact of Comet 
Shoemaker-Levy 9 on Jupiter, the time between detection and impact for even a 
giant comet—a species-killing comet, had it struck Earth—can be less than a year. 

The reality is that this planet will continue to be hit by debris from space. Just as 
with earthquakes, the question is not if, but when—and how big. Very large 
impacts—such as those that might bring about mass extinctions—seem to occur at 
intervals of tens to hundreds of millions of years. But the frequencies and ages of 
craters found on the surface of the Earth demonstrate that asteroids of up to a kilome-
ter in diameter seem to hit the Earth at million-year frequencies. Such collisions 
could be expected to disrupt human agriculture on a global scale for many years fol-
lowing the impact, and would certainly lead to a great slaughter of humanity. The 
complete extinction of humanity might occur through the impact of a comet or aster-
oid greater than about 15 kilometers in diameter—half again as large as the one that 
ended the Mesozoic era (and killed off the dinosaurs in the process) some 65 million 
years ago. 

Although the impact of a very large asteroid or comet could completely elimi-
nate the human race, a more likely scenario is that some significant proportion of 
our population would be removed by the direct effects of such an event, and the 
rest of the job would be done by the aftereffects. Just how easily that could occur 
was shown by astronomer John Lewis of the University of Arizona in his 1999 
book, Comet and Asteroid Impact Hazards on a Populated Earth. Lewis not only 
wrote about the dangers of such events, but included with jus published book a 
software program that allows the reader to simulate such impacts. 

Lewis's simulation program uses a statistical analysis to calculate the human 
deaths resulting from an impact. Michael Paine, a scientist at the Jet Propulsion 
Laboratory at Pasadena, ran the program to simulate the effects of likely asteroid 
impacts on human populations over the next million years. His analysis led to 
sobering results. Assuming a constant population of 5 billion people on the Earth 
at any time, the total death toll was 7.5 billion people over a million-year time 
span—or 7,500 fatalities per year. But the impacts were not evenly distributed. 
Paine's simulation yielded ten occurrences in which the impacting body was from 
one thousand yards to a mile in diameter, five in which it was a mile to 1.3 miles in 
diameter, and one in which the impacting body was greater than 1.3 miles in diam-
eter. The latter event resulted in 2.5 billion deaths when a 1.3-mile comet hit the 
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American Midwest, releasing the energy of 60,000 H-bombs. Seven million people 
were killed instantly, and the rest died of starvation as sunlight was blocked and 
crops failed. 

If our species survives for a long period of time—as I believe it will—then we will 
become used to occasional devastating global events that—at a minimum—knock 
humanity back into the Stone Age for long periods of time. One such event in con-
junction with another human-killing factor could indeed cause our extinction. Of 
course, the impact of an even larger asteroid or comet could do the job all by itself. 

War and Thermonuclear War 
Although it is doubtful that thermonuclear war alone could wipe out humanity, one 
scenario for human-induced extinction is a massive thermonuclear exchange, perhaps 
aided and abetted by chemical and biological warfare at the same time. While the 
causes of such warfare could come from many sources, the twenty-first century and 
beyond will probably see a variety of smaller wars fought over food, land, and water. 
Unto themselves these wars certainly pose no threat to the entire species—unless, of 
course, they escalate into a full-blown nuclear-chemical-biological exchange. 

Human beings have proved to be a cantankerous lot, and unfortunately the 
efficiency of anti-human weaponry has markedly increased since our stone-throw-
ing days. Prior to the twentieth century, war was an exercise between combatant 
armies. In that century, however, it spread from armies to noncombatant popula-
tions. William Eckhardt, in his "War Related Deaths Since 300 B.C.," has estimat-
ed that the number of war deaths per 1,000 people in the total world population 
rose from 9.7 in 1700-1799 to 16 in 1800-1899 and to 44.4 during the twentieth 
century. This change was promoted by the twentieth century's propensity for 
attacking an enemy nation's economy, infrastructure, and civilian population. Total 
war deaths for the twentieth century totaled nearly 110 million humans, at least 
half of whom were civilians. Yet alarming as this rising death toll is, our extinction 
would require far more than 45 deaths per thousand. 

The reasons for future conflicts are easy to discern. First, the need to supply food 
to a growing human population has caused a great increase in the need for arable land 
and for water to irrigate crops. New high-yield strains of rice and other grains, for 
example, require more water than less productive crops. Often, aquifers that have 
taken centuries or millennia to fill take only years or decades to discharge. One solu-
tion to water problems has been to build dams, but damming rivers that travel 
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through more than a single country is a sure means of creating conflict. From 2000 to 
2020 the worldwide demand for water is expected to double due to the need to irri-
gate new agricultural lands in dry areas, as well as the need to provide water for the 
growing human population and for industrial uses. There will also be renewed 
demand in dry countries such as Jordan, Israel, and Syria, where aquifers have been 
nearly emptied. Not surprisingly, in the late twentieth century, the World Bank 
prophesied that most twenty-first-century wars would be fought over water supplies. 

Whatever its cause, war has been a plague on humanity as long as there has 
been human memory and legend. Prior to the latter half of the twentieth century, 
however, none of the myriad means of human warfare posed a threat to the species. 
But the unleashing of the atom and of fusion reactions has changed all that. Today, 
humanity holds the seeds of its own destruction in its hands. 

Following the explosion of the first atomic bomb in 1945, and the first ther-
monuclear (or hydrogen) bomb in the early 1950s, the stockpile of such weapons 
has grown alarmingly. The National Research Council estimated that the five 
major nuclear powers (the United States, Russia, Britain, France, and China) pos-
sessed nearly 70,000 nuclear weapons in the mid-1980s. This number had dimin-
ished by the latter part of the 1990s to a total of about 35,000 weapons, with about 
23,000 of these deployed at about 90 sites in Russia. While a smattering of other 
weapons exist, notably in Israel, India, and Pakistan, it is the two superpowers that 
maintain the majority of the arsenal's numbers. The total is expected to decline fur-
ther, to about 6,500 active weapons for the United States and Russia combined by 
2003—roughly the same number present in 1969. 

Whi le the reduction of weapons systems has somewhat diminished the over-
all danger, the t ruth of the matter is that there are far more nuclear weapons still 
on line than would be necessary to exterminate humani ty from the Ear th—one 
instance in which the word ' 'overkill" is not hyperbole. Scenarios of nuclear 
exchanges include vast devastation and radiation poisoning, with long-term 
aftereffects due to the lengthy half-lives of the radioactive materials released 
into the environment. In an article published in 1982, Paul Crutzen and John 
Birks pointed out a further peril, later dubbed "nuclear winter." They suggested 
that multiple nuclear explosions could blacken the atmosphere with enough soot 
and dust to reduce sunlight by 99% for a period of 3 to 12 months, depending on 
the number, yield, and type of target of the exploding warheads. Such a cloud 
cover could reduce average global temperatures to well below freezing in the 
interiors of Nor th America and Asia. Such temperature changes, while not nec-
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essarily dooming humanity, would certainly reduce agricultural crop yield to a 
trickle. 

The concept of nuclear winter gained credence from studies of the terminal Cre-
taceous asteroid collision and from additional work by Carl Sagan and his colleagues. 
They showed that a full-scale nuclear exchange could indeed bring on a "nuclear 
winter," which in turn could quite easily lead to the extinction of the human species. 

Catastrophic Climate Change 

Never in the history of life on Earth has there been an organism better adapted for 
climate change than the human species. The most serious environmental threat to 
most species is temperature change, but we can deal with that quite easily: if too 
hot, remove clothes, or install an air conditioner, or move to a cooler climate if nec-
essary. Dealing with cold is even easier: put on warmer clothes, build a fire, install 
insulation: in short, let technology deal with the problem. No other animal has the 
ability to control its body temperature so quickly and easily. Thus temperature 
change is usually not a threat to our species' survival. 

Or is it? One of the great scientific discoveries of the latter part of the twentieth 
century has been a new understanding of the rate of climate change in the past. It 
had long been assumed that major changes in the Earth's climate were drawn-out 
events spanning great intervals of geologic time. Evidence to the contrary began to 
emerge when deep cores of ice drilled from the ancient ice sheets covering parts of 
Greenland and Antarctica were analyzed for their isotopic content. To everyone's 
surprise, these long records of global climate revealed intervals of extremely rapid 
temperature change. The newly discovered data painted a much more dramatic 
picture of climate change: they showed that major changes could overtake the 
Earth in a decade or less. And the changes would not be limited to the high north or 
south—their effects would be global. Such rapid changes, if superimposed on the 
large human population and its present agricultural needs, would be a recipe for 
chaos and at least partial extinction of our species. 

Somewhat paradoxically, it may be that global warming will trigger a rapid 
change involving a sudden cooling of the Earth. In a thoughtful article published in 
the Atlantic Monthly, William Calvin of the University of Washington outlined a 
scenario that, if it did not exactly drive our species into extinction, could certainly 
set up the social chaos that would lead to global war and the loss of significant por-
tions of the human population in mere decades. Calvin called this scenario the 
"great climate flip-flop." 
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Calvin argues that catastrophe could come with a sudden cooling of Europe. 
At the present, Europe is anomalously warm for its latitude. Whereas most of the 
populous parts of Nor th America lie at latitudes between about 30° and 45°N, 
most of the population of Europe is about ten degrees farther north: London and 
Paris are at nearly 50°N, Berlin at 52°N, Copenhagen and Moscow at 56°N, and 
the cities of Scandinavia at 60°N. Yet in spite of its more northerly location, the 
European subcontinent is extremely productive. Its agricultural industry sup-
ports twice the human population of Nor th America on a much smaller land-
mass. Much of its agricultural success comes from a climate warmer than its lati-
tude might otherwise dictate. Europe's warmth comes from the Gulf Stream, a 
tropical water current flowing up the Eastern Seaboard of Nor th America and 
then vaulting across the Atlantic to push masses of warm water against the Euro-
pean landmass. It keeps northern Europe about 10° to 20° warmer than it other-
wise would be. 

The current bringing heat to Europe is not a single waterway, but is composed 
of several segments. One branch of this current carries warm water to the vicinity 
of Iceland and Norway. Eventually this water cools, and when it does, it sinks 
deeper into the ocean. It then returns to more southerly latitudes, but does so as a 
cool deepwater current, rather than the warm surface current it begins as. As it 
moves south it also carries more salt with it, for salt water is heavier than fresh 
water and tends to sink because of its greater density. Warmer, fresher water thus 
travels on the surface and returns at depth as cooler, saltier water. Paradoxically, 
this system would be shut down if more fresh water were added to it on the sea sur-
face. Thus the movement of salt in the current system is integral to maintaining the 
steady supply of warm water to the coast of northern Europe. 

The scenario that could lead to a failure of the warm northern Atlantic current 
is global warming. If the glacial ice covering Greenland were to melt at a higher rate 
than it currently does, it would flood the sea surface in the regions concerned with 
fresh water. The normal circulation pattern would thus be disrupted, causing the 
northern branch of the current to begin its return prior to reaching Greenland. The 
warm temperatures that these currents bring would not reach the shores of Europe, 
and Europe would suddenly cool. Thus a strange paradox: global warming would 
ultimately cause a sudden cooling of Europe. 

The failure of one single current would, at first glance, not seem to be the stuff 
of sudden global climate change. Yet the world's oceans are but a single body of 
water, and heat flow is global. The breakdown of any one current system necessar-
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ily causes changes in others. If the North Atlantic current failed, the entire world 
would experience sudden climate change. Europe would go into a deep freeze, and 
it seems likely that its human population would revert to warfare over the territory 
necessary to support the suddenly starving millions. It may sound alarmist and 
overly dramatic to talk about "suddenly starving millions," but it is important to 
remember that Europe currently has 650 million people and is largely self-suffi-
cient in its food production. Almost simultaneously with the global current change, 
that ability to be self-sustaining would disappear. Calvin describes this scenario as 
follows: 

Plummeting crop yields would cause some powerful countries to try to take 
over their neighbors or distant lands—if only because their armies, unpaid 
and lacking food, would go marauding, both at home and across the borders. 
The better organized countries would attempt to use their armies, before 
they fell apart entirely, to take over countries with significant remaining 
resources, driving out or starving their inhabitants if not using modern 
weapons to accomplish the same end: eliminating competitors for the 
remaining food. This would be a world-wide problem—and could lead to a 
Third World War. 

Calvin makes the point that without its warming current, Europe would have a 
climate like that of present-day Canada, and if Europe had weather like Canada's, 
it could feed only one of twenty-three of its inhabitants. 

W h a t makes a sudden global cooling especially threatening is that it is not a 
"point source" disaster. The Earth is regularly stricken with calamities such as 
hurricanes, tornadoes, and catastrophic earthquakes. These disasters cause the loss 
of much human life, and they are usually followed by rescue and recovery efforts 
that are often global in scale. But such disasters are always of short duration and of 
limited geographic extent. Neither hurricanes nor earthquakes perturb any signif-
icant percentage of the Earth's surface for more than a few days. An abrupt cool-
ing, on the other hand, could last decades or centuries. Calvin argues that even a 
meteor strike killing a majority of the human population in a short period of time 
would not be as catastrophic as a longer-term disaster that killed just as many—the 
killing effects of the meteor strike would soon be over, but global cooling would 
continue to stretch its deadly effects over decades at a minimum, and more likely 
over centuries. 
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Disease 

In the last years of the twentieth century great attention was centered on human 
communicable diseases, sparked by a spate of movies and best-selling books. W h a t 
are the chances that a new disease could bring about the extinction of humanity? 
For instance, what if a 100% fatal disease such as HIV were spread as readily as the 
common cold? And what if such a disease were used as a weapon? Biological war-
fare, like nuclear warfare, does have the potential for a radical reduction of the 
human population if world war erupted. Most disturbing may be the stockpiling of 
diseases for which we no longer are vaccinated (e.g., smallpox), and the genetic 
engineering of new, virulent strains of disease, the subject of countless movie and 
book plots. 

Two observations argue against the possibility of a species-ending epidemic. 
First, there is no evidence that any single disease has ever killed off any species. 
Second, humanity now has a technology that can combat disease with increasing 
efficiency each year. Nevertheless, disease remains a potent method of reducing 
human population numbers, and when combined with (or resulting from) other 
human killers in synergy, it could well be a potent force leading to the extinction of 
our species, especially if global warming causes tropical diseases to move into pre-
viously temperate regions. 

Death from the Robots 

It is difficult to arrive at any scenario of human extinction (or any scenario of any-
thing, for that matter) that has not already been featured in some Hollywood 
movie. So too with our next potential villain, artificially constructed machine intel-
ligence. In the famous Terminator and Terminator 2 movies (and to some extent in 
The Matrix as well), the near-future world is run by malevolent robots that are try-
ing to exterminate the human species, or at least enslave it. Such a scenario seemed 
highly likely to Ted Kaczynski, the infamous Unabomber, who in his manifesto 
published by The New York Times and The Washington Post, wrote, "Let us postu-
late that the computer scientists succeed in developing intelligent machines that 
can do all things better than human beings can do them. . . . If the machines are 
permitted to make all their own decisions . . .  the fate of the human race would be 
at the mercy of the machines." 
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This view is also expressed by roboticist Hans Moravec, in his book Robot: 

Mere Machine to Transcendent Mind, and by Bill Joy, the co-founder and chief sci-
entist of Sun Microsystems, in his chilling 2000 article Why the Future Doesn't 

Need Us. As Moravec says, "In a completely free marketplace, superior robots 
would surely affect humans. . . .  Unable to afford the necessities of life, biological 
humans would be squeezed out of existence." Moravec foresees the fusion of a 
human being and a robotic body or being to produce a superintelligent hybrid of 
some sort (as always, Sci-Fi has been there, done that, the Borg from Star Trek 

being only the most recent entry into this genre). To Moravec, such a being would 
succeed humanity—and cause our extinction sooner or later. 

W h y robotics? Part of the promise is a better way of life for the organic mak-
ers—us. To do away with the mind-killing labor that bedevils most of humanity 
would indeed be a social and intellectual breakthrough. But robotics holds an even 
greater promise—the extension of our individual intellects, if not our bodies. If we 
can download our consciousness into a machine (and by machine I mean organ-
ically produced as well as purely inorganic artificial intelligence), we will indeed be 
on the verge of some sort of immortality. But at what cost? As Bill Joy notes, "If we 
are downloaded into our technology, what are the chances that we will thereafter be 
ourselves or even human? It seems to me far more likely that a robotic existence 
would not be like a human one in any sense that we understand, and that robots 
would in no sense be our children, that on this path our humanity may well be lost." 

Gray Goo 
Of all threats facing humanity, perhaps none is so dangerous—or so poorly under-
stood—as that posed by nanotechnology. Nano means "small," and many technol-
ogists now see the future of technology as the manipulation and assembly of matter 
at molecular and even atomic size scales. Such molecular-level assemblers could 
utterly transform human society by creating extremely inexpensive products, med-
icines, and even energy through the construction of virtually free solar panels. 
Because most of the new products would be created from organic rather than 
metallic and other mineral material, there would be far less pollution and fewer 
other environmental consequences of manufacturing. 

The future in such a world might be Utopian. On the other hand, it might mean 
the extinction of humankind. It is this vision that is most starkly illuminated in Bill 
Joy's cautionary 2000 essay. Joy views nanotechnology as the most dangerous of 
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the new trio of technologies, dubbed G N R , for Genetics, Nanotechnology, and 
Robotics. As he notes, "Molecular electronics—the new subfield of nanotech-
nology where individual molecules are circuit elements—should mature quickly 
and become enormously lucrative within this decade, causing a large incremental 
investment in all nanotechnologies. Unfortunately, as with nuclear technology, it is 
far easier to create destructive uses for nanotechnology than constructive ones. 
Nanotechnology has clear military and terrorist uses." 

Joy sees the military applications of nanotechnology as potentially dangerous 
to the existence of our species. Moreover, just as the nonmilitary use of atomic 
energy holds undeniable threats to human life from nuclear power plant accidents, 
so too does the potential exist for industrial accidents in commercial nanotechnol-
ogy applications. Yet while one cannot imagine any scenario in which the release of 
radioactivity from an industrial application of nuclear power would threaten the 
entire human species, a "runaway" nanotechnology could. Such a case is described 
in Eric Drexler's book Engines of Creation: 

Tough omnivorous bacteria could out-compete bacteria; they could spread 
like blowing pollen, replicate swiftly, and reduce the biosphere to dust in a 
number of days. Dangerous replicators could easily be too tough, small, and 
rapidly spreading to stop—at least if we make no preparation. We have trou-
ble enough controlling fruit flies. 

Among the cognoscenti of nanotechnology, this threat has become known as 
the "gray goo problem." Though masses of uncontrolled replicators need not be 
gray or gooey, the term "gray goo" emphasizes that replicators able to obliterate life 
might be less inspiring than a single species of crabgrass. They might be superior in 
an evolutionary sense, but this need not make them valuable. The gray goo threat 
makes one thing perfectly clear: we cannot afford certain kinds of accidents with 
replicating assemblers. 

No End? 
Although the litany of dangers facing our species seems daunting, none is an 
unambiguous death sentence. Each can be dealt with if our species shows fore-
sight. These dangers must confront any race that climbs the evolutionary ladder 
to intelligence. As Carl Sagan says in his book Pale Blue Dot: "Some planetary 
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civilizations see their way through, place limits on what may and what must not be 
done, and safely pass through the time of perils. Others, not so lucky or so prudent, 
perish." 

My own view is that we will successfully negotiate the hazards threatening our 
species. We will not kill ourselves off. We will not die off from disease. We will wax 
and wane in numbers as the long roll of time still facing this planet buffets our 
species with all manner of climate changes, asteroid impacts, runaway technology, 
and evil robots. We will persevere. But the animals and plants along for the ride on 
this planet that we have so cockily co-opted will not be so fortunate. 

Perhaps this view that we are unkillable—at least as a species—is naive. But 
even if we are to live as long as an average mammalian species—between 1 and 3 
million years—we still have huge stretches of time left, for our species is barely a 
quarter of a million years old. And who says we are average? My bet is that we will 
stick around until the very end of planetary habitability for this already old Earth. 
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TEN 

DEEP TIME, 
FAR FUTURE 

The Time Traveler (for so it will be convenient to speak of him) 
was expounding a recondite matter to us. His gray eyes shone and 
twinkled, and his usually pale face was flushed and animated. The 
fire burnt brightly, and the soft radiance of the incandescent lights 
in the lilies of silver caught the bubbles that flashed and passed in 
our glasses. 

—H. G. WELLS,  The Time Machine 

There is but one place that I know of where time is suspended. 
High above the Coral Sea in a 747 bound for Australia, I sit with nose 

squashed against the frigid window, a bright moon and Southern Hemi-
sphere stars starkly visible. All around me fellow passengers try to sleep, crammed 
into this silver cigar suspended above the Earth, chasing the night as we head west, 
the endless night. Wha t time is it; what is time? A Quantas cabin attendant passes 
among the quiet throng, and unbidden, tells the passenger in front of me that there 
is no time up here, just distance. I shrug at this in affirmation; how can she be 
wrong, veteran of a thousand trans-Pacific voyages? It's 4 A . M . according to my 
watch, West Coast North American time, but 9 P . M . here according to my calcula-
tions, twelve hours into the flight. Three more hours to go to arrive in Australia, 
then three more hours on a cold airport bench, then two more in another plane to 
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arrive in New Caledonia, my eventual destination. Is it past, present, or future 
here? Once again, H. G. Wells seems palpably present. On such a fight there seems 
no possible ending; all that came before is but memory, all to come is speculation. 
Reality is the cramped seat, the tiny window, the suspension above a dark Earth 
assumed to be below, and the baleful moon in its sprinkling of stars. I will never be 
closer to these stars, I muse. A book, quiet reflection, attempts at fitful sleep. The 
opposite of time. 

And then, somehow, against all expectation, the flight does end, and time 
resumes, this voyage becomes memory, ending in a place where time, at least as 
counted by evolution, is suspended as well. 

I had first come to New Caledonia in 1975, crossing the widest ocean for the 
first time, finally leaving the long den of school life. I had come to study an icon of 
evolution arrested, the chambered nautilus, the antithesis to this book—not the 
future of evolution, but an evolution ended. Then I was amphibious, for I had 
taken to the sea early in life. Donning scuba gear at 16, I became a salvage diver at 
18 and an underwater instructor at 19. Being young (and thus immortal), I had no 
fear of the sea, for I felt more at home under its surface than I did living among the 
creatures of air. Thus, for three months in my twenty-fifth year of existence, I lived 
a life of the sea, of study, on an island that had once been part of Gondwanaland, 
splitting off during the Age of Dinosaurs to be carried by continental drift to its 
present tropical resting place, east of the Great Barrier Reef in Australia. New 
Caledonia became its own laboratory of evolution, eschewing mammals, instead 
evolving a unique fauna of birds and insects and flora derived from ancient Gond-
wanaland, a flora dating back to the time of the mammal-like reptiles of 250 million 
years ago. Cut off from the rest of the world, New Caledonia became a museum of 
the ancient, with fully half of its plants found nowhere else on Earth, and many of 
great antiquity. Evolution seems to have taken a long vacation here. In the first 
month of the new millennium, in my fiftieth year of existence, I returned to this 
ancient place, place of ancients. 

Tropical, exuberant, gigantic as islands go, with high mountains and dark rock 
ripped from deep within the Earth's mantle and thrust upward in the cataclysmic 
breakup of Gondwanaland, New Caledonia looks like no other place on Earth. It is 
covered with forests of Norfolk pine and other relics of the Mesozoic Era, and only 
where humans have imported their plants and animals does it seem like the rest of 
the world. Coral reefs stretch out far from land, and one of the world's wonders, a 
Great Barrier Reef as impressive as that of nearby Australia, surrounds the three-
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hundred-mile-long island. It was outside of that reef that I had made the seminal 
discoveries that launched my scientific career. It was also in this same place that in 
my thirty-fifth year one of my closest friends would die in my arms following a dive 
together along this reef, our blood mingling as I vainly tried to breathe life back 
into his ruptured young body. Following that horrific extinction I had no desire to 
see this fatal shore again, but t ime eventually did its healing. It was to this same 
place that I finally returned, to the same stretch of reef where he had died, the blue 
sea finally purged of his red blood so long staining my memories of this place. 

Twenty-five years seemed to have flashed by in an instant, and at the same 
time had crawled by so slowly. Old friends I had not seen for a decade and a half or 
more, friends who greeted me so warmly and with such emotion that I wondered 
who that man was that they had known, to be remembered so fondly, a man I no 
longer was? A huge block of time as measured by the life of a man, yet invisibly 
short as reckoned by the Earth's timekeeper, and by the clock of evolution. Yet as I 
walked the old beaches and places I had known so long ago, I found more changed 
on this island than not; I found that a quarter century of human development had 
radically transformed a place I remembered as still pristine. It was not just the new 
buildings, roads, factories, the vastly increased human population so evident 
everywhere, but the look of the place, the air less clear, the garbage now clogging 
beaches so pristine in my memory. I found myself yearning for the clear warm 
water of the reef, so far from shore, to see once again the ancient nautilus rising up 
from its deep daytime keep to stealthily prowl the shallows at night under the cover 
of darkness. 

In this I was not disappointed. 
Within a day of our arrival we were at sea, in a French oceanographic vessel 

chartered by the television crew that was behind the entire adventure. We anchored 
outside the barrier reef, 12 miles from shore, and started the chores necessary to 
find Nautilus. 

The television company needed to get film of this ancient living fossil, and left 
nothing to chance. We set deepwater crab traps late one afternoon, a sure way to 
catch Nautilus, then spent the night waiting. At first light in the morning we 
winched the heavy traps up from their resting site 1,200 feet below. Seven nautilus 
and several temperamental deepwater eels and crabs were found in the traps, and 
we were ready to use these as stand-ins if, after all, we were unable to see wild ani-
mals in the night. With animals in the bank, there was nothing to do but wait for 
nightfall. Our boat was anchored right at the edge of the reef's drop-off, and I could 
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see the change of color from light to dark blue as our boat drifted back and forth 
over the drop-off. I spent the day snorkeling in this ancient ecosystem—a habitat 
now so threatened in many parts of the globe. 

The livid tropical sun ran its course, and the deep, rich colors of the reef creat-
ed by the sun's equatorial light faded as the afternoon waned. Once again I felt the 
disorientation of a twilight running its course too quickly, the transition from day 
to night so rapidly accomplished in this region of the globe. In the deepening 
gloaming I donned old familiar gear, the museum pieces of equipment I had dived 
in so long ago in this place, well maintained and still as efficient as it had been a 
quarter century earlier. But it was not just my diving gear that seemed out of place. 
I was an anachronism among the younger divers with us on this expedition, young 
men and women sporting the colorful panache of the newest generation of diving 
equipment. 

The warm, dark night of the tropics finally extinguished all light, and it was 
time to dive. We splashed in a bit after 8 P . M . , immediately turning on bright 
underwater lights, and began searching for Nautilus, by now presumably newly 
ascended from its much deeper daytime haunts. I was diving with an old friend and 
fellow old man, Pierre Laboute, with whom I had seen my first wild nautilus 
almost exactly twenty-five years before. We brought with us two of the nautilus 
that we had caught earlier to be sure that the television company financing this 
elaborate and expensive expedition would get the footage they needed. But they 
proved unnecessary, and I surreptitiously released them back into their dark home, 
for near the end of the dive we saw not a trapped nautilus, but one that had come up 
to us from its retreat a thousand feet below to prowl these shuttered reef shallows in 
this dark tropical night. And so again two divers met in the dark, one a new species, 
the other one of the hoariest survivors of our planet's long history. 

Once speared by our lights, the nautilus swam in long arcs, and we followed it 
for some time, two humans and a living fossil engaged in a slow-motion chase 
across the coral reef landscape in the dead of night. The white shell and magenta 
stripes of this nautilus seared brilliantly while transfixed by our powerful diving 
lights, and I have no doubt that the animal inside was terrified, if that word can be 
used for a creature with a very small brain. All afternoon the wind had been rising, 
and with it the sea, causing us to be buffeted even at the forty-foot depths we now 
swam through, but the nautilus simply motored through this swell, and we in our 
turn as well. Too quickly my air ran low, and my moments as a fish were over. 
W h e n last seen, the nautilus was swimming in a seaward direction, back toward the 
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security of the depths, and with this last vision Pierre Laboute and I headed back 
toward our boat in a sea now convulsing in the rising wind. 

But my memory of that dive now turns not on this nautilus, but on time. Here 
we were encountering an animal not much different from the nautiloid cephalopods 
of 500 million years ago, a time when animals—any animals—were new things on 
this planet. In the nautilus it is not time, but evolution, that is suspended. And so, 
in that dark sea, I swam with joy at seeing this old friend, but with confusion at 
the unexpected strength of the feelings that this encounter was producing in me, 
and with the realization of how time had affected me as well: I could not dive as 
well, I was not as comfortable in the water, I had aged. There was a very good 
chance that a further twenty-five years would find me dead or, at seventy-five, cer-
tainly not diving the outer reaches of the New Caledonia barrier reef. Time, and 
time travelers. 

I left the rich nighttime reef with its cargoes of animals and climbed up out of 
Mother Ocean, the clumsy tanks still slung on my back, into the face of a video 
camera, my face white and rubbery, nose running, a picture of a mechanically 
amphibious man caught in the web of time. I slung my mask and fins onto the 
pitching deck and smiled at my companions, sad for those who had to stay on the 
boat during our long dive, those that had missed a great privilege. They asked what 
we had seen, and I could only answer, wonders. 

Coral reefs, with their diverse inhabitants, rich plankton, huge fish in great 
schools; indeed, these are wonders still here in this warm New Caledonian 
ocean. On the nearby land great flights of fruit bats swarm among the endemic 
tree species in the lush rainforests and dry forests, legacies of bygone geologic 
ages. Along the shores, spreading mangrove swamps guard a treasure trove of 
species. 

Wonders, indeed. 
Will those wonders continue? 
All that has gone before in this book has given us a peek into the future, but that 

peek has been timid and so far limited to the near future as measured in thousands, 
or at most a paltry few millions, of years. But here, at the end, let us try a longer 
view. If the nautilus and its ilk can last 500 million years, persisting through trials 
of asteroid bombardment, tectonic cataclysm, rapid (and slow) climate change, 
reversal of the Earth's magnetic fields, nearby supernova explosions, gamma ray 
bursts, fluctuations in the intensity of the Earth's magnetic field, and surely much 
more still unknown to us, why not us? W h y can't our species weather 500 million 
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more years? Or a billion years, for that matter? Surely we can nudge aside the 
really large comets that head our way every million years or so. 

To conclude this book, let us go forward in time until we reach that far-off land 
first seen by H. G. Wells. Let us go 500 million years into the future, the length of 
time that the nautilus has already existed, to a time closer to the end of the Earth 
than its beginning, and speculate about how the end of evolution—and of animal 
life on this planet—may come about. 

By 500 million years from now the Earth, as a planet of life, will have aged con-
siderably. Today, in this dawn of the Age of Humanity, we are already on a planet 
whose "habitability" has gone from middle to old age, a planet nearer the end of its 
life than the beginning. In those far future days, the engine of evolution will begin 
creating a rearguard action against the eventuality of our planet's death, a slow 
backing toward the final accounting that old age, even the Earth's, brings. By a bil-
lion years from now the Earth will no longer be habitable. Somewhere, then, 
between those two times will be a time when life on this Earth will have to adapt to 
ever-increasing heat and decreasing carbon dioxide. It is then, in that far future, 
that the types of animals and plants might finally prove to be exotic compared with 
our present-day biota. 

The big problem, of course, will be the sun. Like all stars, it contains a finite 
amount of fuel, and as the tank empties, the temperature will increase. The amount 
of hydrogen being converted to helium will decrease, and heavier material will 
begin to accumulate. The sun will expand in size, and the Earth, the once equable 
Earth, will face the prospect of becoming the next Venus in our solar system: a 
desert without water, a place a searing heat, a burned cinder. That will be our fate. 
W h a t will precede it? 

Between 500 and 1,000 million years from now there will still be clinging sur-
vivors of the Cambrian Explosion of 500 million years ago, the last twigs of the 
once vigorous tree of life. Let us imagine a stroll along the seashore in such a world. 
The sun is gigantic, the heat searing. The equatorial regions are already too hot for 
all but microbial life, and it is only in the cooler polar latitudes that we can see the 
ends of animal life on Earth. Plant life is still present, but the amount of carbon 
dioxide in the atmosphere has shrunk to but a trace of its level during the first evo-
lution of humanity. Only those plants evolved for life in this low-carbon-dioxide 
environment can be seen: low shrubbery with thick, waxy cuticles to withstand the 
searing heat and desiccation. There are no trees. Gone are the forests, grasslands, 
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mangrove swamps, and meadows. T h e oceans are in the process of evaporating 
away, and huge salt flats now stretch for untold miles along their shores. There is 
no longer animal life in the sea, save for crustaceans adapted to the very high salt 
content. The fish are gone, as are most mollusks and other animals without effi-
cient kidney systems, such as echinoderms, brachiopods, cnidarians, tunicates—all 
the groups that were never good at dealing with changes in the saltiness of the sea, 
or at moving into fresh water. There is still land life, for animals can be seen along 
the shores, but they are low, squat, heavily armored creatures, and their armor is 
not for protection from predation, but for protection from the ever-present heat, 
salt, and drying. 

Inland from the sea there is a different vision. Lichen, a few squat low plants. 
Other desultory animals, some of them arthropods, a few of them vertebrates. All 
the rest of the world is a desert, a place of heat and dying. 

The birds are gone. So too are the amphibians. Whole classes, even phyla, are 
now disappearing from the Earth like players from a stage when the play is ending. 

There are still lizards, and snakes, and scorpions and cockroaches. 
And humans. 

All of humanity, or what is left of it, now lives underground in the cooler 
recesses of the Earth. It is as if at least part of H. G. Wells's vision has come true. In 
a sense, humans have become his Morlocks, a troglodyte species. There is too much 
radiation from the growing sun for humans to last long on the surface of the planet. 
Humanity, by necessity, has had to go underground, becoming the new ants of the 
planet. But physically, humans have not changed much. They know the end is near. 
There is no way off, no path to other, younger worlds. Space turned out to be too 
vast, the other planets in the solar system too inimical, the stars too far. Their Plan-
et Earth is old and dying. They do not mourn the many animals the Earth once had. 
It is hard to remember things that happened 500 million years ago. 

Once there was a future to evolution. 
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