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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 nointim! 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 oflife'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. 

_, "' _u , "' . L _r_ .. C 
' .. ' . .. ' 

sarily meant by predictivity in science; rather, for an idea to be scientific, we must 
. I 

wv"u "" 

life has descended (''with modification,'' as Darwin himself put it) from a single 
anCeSLOr, ulVt:rSllYlH!-$llH0 :-d.:> 'Wt:J.I~ d.lUH!-$, 
be a single pattern of resemblance linking up all life on earth. More closely related 
speCies suou1u lOOK more llKe eacu ocner n1an more remote KID -oUt tuere suou1u 
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: RNA is present in all life forms; all ver-
tebrate animals have backbones (the very mearung of the groups 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 iri 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
nlPx -::.· d ren iles nreceded their famous derivatives birds and mammals. 

S,, nJ, 1 1 ntif; c cPnt it is also almost cer 

tainly true-having had its two grand predictions about what life should look like 

"''" ,,1· ,,,,rc ,;J ·.1\" " ''""' 

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? What about those of us who do not 

X 
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want to say "fageddabout it!" when we wonder what the tuture holds espectauy 
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 thouP"h usuallv nortraved as a string: of events that saw the 
eventual emergence of leopards and hippos through a long li~eage 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 

· _, · "' _r .. L · .. c .. 1. · _ 

tal disruption shakes life up. 
. c ' ' ' , . 

c ·' 
• c ... L ·.,l_ 

"' boring ecosystems. But larger-scale disturbances -like global climate change, or 
.. . -, . -~-~ 

larger-scale pertur~~tions are often sufficiently devastating that they drive ~ntire 
species excincr. uometimes, as in we ~rt:dl ~ .tJ d.J ~~1 
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, exper1encOO pafeontOfogiSfffi8Itle Is;-Knowsa::rrtnis:-rre atso sees 
that we are in the midst of another major surge of extinction that is bound to trigger 
an evolutionary rebound (indeed, he thinks rt already has!). 1 totally agree wrtn tum 
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 oflife on earth. 

So the question becomes: What 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 meanino- ourselves will disannear comnletelv, leaving all other forms 
f urvivina life to reclaim the nlanet. The naleontoloo-ist and artist DouP"al Dixon, 

in his After Man, made this assumption- and produced a whimsical work of great 
,1 ;,hl. . . .. ,, "' ,),·,,\-," onrl 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 

Xl 



FOREWORD 

substrate of an exuberant, ongoing Life. Alexis's vision dovetails perfectly with YK t<J-< 1\L:t 
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 suooosition --and one verv different from Dixon's bucolic outlook. 

I wonder if past cultural extinctions, where teclmologically advanced and com-
nlPYhr · _] ' ' : h;:nr"' disanneared even while their descendants haveoer 
sisted, living simpler lives, might not also be a source of predicting the future. The The ringing phone was one more interruption in a day filled With them, the day just 

current wave of human planetary disruption might cause, not our physical extinc- another in the blur of time we call life. I anticipated the mundane. But the tele-

tion so much as a loss of the "high culture," --our knowledge-if we do overrun our phone's slight electronic hesitation indicated International, and the caller's precise 

Malthusian limits. Loss of topsoil, lack of access to fresh water, loss of fisheries, Oxbridge accent confirmed England. In this day ofE-mail, no one pays for a phone 

· c. ,. " · · · .n ""'· call unless there is a nitch or a catch so I listened with alacrit". 
"" acknowledged in these pages- may not drive our bodies extinct, but could very well 

c .. 
The smooth-spoken man asked for Pmfessor Ward, showing that European 
·" · P> t;nct ;.. · A ftpr T cenfirmed that I was 

p "'. ' c T 1 • 1. .1. >rl . tl · rh ·~]. Pl '" thewO< 
H"CW "1 Up. 

the future based on what we've seen happen in the past, and what is going on right a producer for the BBC, in charge of a thirteen-hour series about evolution, then 

now wiu1 u1e uumanjoKer in-Ln~:: uecK, n1e witu caru .uac :., 
· ,, · . '-'· ;n "'" .1. . c. · . ' 

of the asteroid that wiped out the dinosaurs 65 million years ago. It is up to all of us I answered, using a word I am sure has never been uttered by a Brit. He explained 

to contemplate tne errects or our couectiVe 1ves on tne Ulure 011ite on our ptaneL. 
' · .1 . C. · · L l L ,.\f 

Peter and Alexis have combined to develop a stimulating vade mecum, an invita- listening much more carefully, having nearly finished the manuscript for this book 

tion to each of us to journey along with them as we wrestle with the problem our- at the time. He reiterated that he was funded to produce thirteen hours of program-

selves. And that, of course, is the real pomt about reWlng anythmg. --rrring'utdl~l" W;CU cue dU;Uldl> dUU plillU> Ul CUe UCill C~cacu UVU> 

profiling a future time slice, starting in the next few millennia and ending in the 
tar-ot! rmure, a oiuion years rrom now, wnen tne sun wou1a De nrig mg co cue 

point of threatening the existence of all life on Earth. We talked a bit further, while 
I kept exclaiming to myself, "Thirteen hours! What 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 tallows: 

i 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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PREFACE PREFACE 

has carved Planet Earth mto a great number ot tmy b10log1ca1 1s1anas Wltn our 01 wau<.tng anClen ou crop::; ct.uu v1 "<s· ~c 

cities, farms, roads, and clear-cuts. Species that arise or evolve on islands usually might be far more entertaining if I took the road of the BBC, or of a visionary 

tend to be small. In other words, there will be no new and exoticlarge mammaTs, named Uougal U1xon, and portrayed an mtereSfmgiJestlary evOlving in a new 

birds, or reptiles. Eden following the fall of humanity. But I do not think that those paths are any-

From the silence that followed I gathered that I had not delivered the message thing but fantasy. 

that this producer wanted to hear. He told me quite succinctly that his program This book is a look back and a look lorward mto worlds past and worlds per 

would deal with the future of evolution in the absence of humanity- that surely haps to come. How can this vision both backward and forward into time be told? 

humans would soon go extinct. To be fair, I find this view almost universal among Simple prose will do some of the job, but thousand-words-wOrth pictures will do it 

my acquaintances as well. There seems to be an underlying human belief that as well, or perhaps better. My partner and frequent inspiration in all of this has 

Homo sapiens will soon join Tyrannosaurus rex and the dodo in the pile of evolution- been artist Alexis Rockman, my equally dark twin. Our methodology was simple: 

ary discards-basically a guilt and shame response, I surmise ("Anything as bad as each morning, to the delight of the stockholders ofMa Bell, we spoke on the phone, 

·"' ~'- ": ~<L """ • hL n t week!"\ holdinP" conversations about art science basketball, movies, and new visions of 

''But what could kill off humanity?'' I asked. He responded with the familiar what might come next in the history of life on this planet. Words spoken would 

" L -h . 1>, :~ 1- .~~ .. " mPr·i:::th" intn word<: written and nictures nainted followed bu faxes sent across the 
_r u -'- ,, 

'PO en tho nnfo'o ;""""'" .. 'we 
• • r 

without humans-by interesting, I divined that he meant that it would make better sent each other as well; he to live with me and help me buy books, and I to sleep on 
,,. h' · ohl• .,), h ' _], ,.d~ ·" .~ 1: ', ),' ' ., 

already decided. The BBC had had a meeting in Bristol, and the decision had been dow less studio where vision becomes visible; I colored his paintings and he shad-

maue: uumanily WOU1u soon ~o · , · · 
-~ -~" -~ -'- ,J.,f. _c . ·, . . -\, 

name of the program. Perhaps a plaque should be mounted somewhere in Bristol is a naturalist, and therein lies a harmony often ending in cacophony, for the future 

inscribed as follows: "On this spot in 1999, executives of the British Broadcasting may not be pretty, and the past has surely been brutal. So here art and science will 

Company decrded the !uture o! the human race ·arret ot all tuture evormion. LU<UU< d> WW, d> 'UCM> <dKC> <H<M '" 
In one regard Caius Julian of the BBC and I are in accord: The future is wild, images. It is our collective vision of a bit of the past and more of the future of evo-

and of this I have no doubt . .tlut, m my opm10n, not w1ld m th~ way that the ts.t:SC 
I 

JUnon. ms nanus were on mese Keys, anu mine on nis orusnes. 

might think. It is far more likely that the future will be wild in the way that kayak Others have also had an influence: the evolutionary scientists, of course, 

builder and former tree house dweller George Dyson thinks-a digital wilderness 
I 

notably Norman Myers, Martin Wells, Robert Paine, and Gordon Orians; my col-

of humans co-evolving with machines, or a wilderness of genetically altered plants leagues in the extinction business, including my Permian companions Roger Smith 

escaping from agricultural fields to change the world into a landscape of weeds, or and the Karoo paleontology field crew; James Kitching, Joe Kirschvink, the crew 

a wilderness of cloned sheep walking amok among their even more staid and nor from the Foundation tor the Future, and especially t)u Cnspm T1ckell; Llr. uav1ct 

mallv bred brethren. Commings, Neal Stephenson, George Dyson, our agent Sam Fleischmann, and 

There was silence on both ends of the line, and I realized that I had been day- our editor John MicheL Thanks to Holly Hodder for books, and to our families for 

dreaming. Finally, it was time for the real pitch: would I consider filling· the post of patience. 

· · · ,.-1, · · fnr th · "!Pri»<:; Rnt we both knew that was a nonstarter now for Here goes 

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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The farm. 

of evolution. 

ambridge lies well east and north of London, nestled in a flat landscape 

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 

manor house sits amid hedges and spacious gardens going wild; around back a 

weather for more zealous players on the croquet pitch. The ivy-covered house, 

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 



FUTURE EVOLt:TlO;\J THE CHRONIC ARGONAUTS 

,~5 uu uuu cuere, uurrowing amiu ics warrens, uui1uing a wau or ' n c X 

G. ~~Is's first book ~~fiction,· published in the fin~tyears tearing one down, marking the centuries with their successive versions of home coveries concerned H. 

Improvement. ueep m the houses center a great clock ticks, markmg tlme s umd1- ot the nineteenth century~ wmswa:J< :rrJYTII" unuu-u,-

rectional progress, while deeper still the ghost of H. G. Wells just might reside. century hysteria that deluged my own world as the twentieth century (and second 

The current owners are people of the University. Martin Wells is a professor of millennium) came to a close, and surely then (as now) all eyes gazed forward 

zoology; hts wde Joyce ts a hnancial officer. Martin has had an influential scien toward the uncertam tuture. Those ot ti. G. certamly dtd. t11s hrst novet remains 

tific career, one now far nearer its end than its beginning; he started out investigat- among his best known, a rather brief story about a man who builds a machine that 

ingoctopuses in Naples as part of his graduate studies and continued for years after can travel through time. Given the choKe of voyagmg either"forward or backward 

that, probing the consciousness of these arcane kraakens, puzzling over their eye- in time, he (like Wells) is interested only in the future. His motive is simple: to see 

sight and superb reflexes, wondering how their large brains worked. Later he the future of humanity. The name of this novel was The Chronic Argonauts. It was 

moved on to explore the brains and physiology of other cephalopods, including the later renamed The Time Machine, and literary history was made. 

most ancient of all, the chambered nautilus. Hollywood and armies of pulp science fiction writers have made this story (and 

It was on an expedition to study Nautilus that I first met him. We lived to- this genre) now instantly recognizable to us. The wonderful 1960 George Pal 

eether on an isolated island in the r-:re't Fb .. iec RPPf ',,1 "i1Pc1 tl movie of the same name is still stanle fare to those surfin2" across the television 
se" in the eun- trnn' ·ol • t' . ot of r . tl . T bandwidth late at niuht. But the movie nlot denarts siP"nificantlv from the novel it 

remember thinking then that Martin was slumming a bit in his nautilus studies. was based upon, and the novel, now not so widely read, holds a number of sur-
H' • fi C J, • tl tl tl ot "] '" • C, mioP T'P 'pen '" I Ti~P im•rneus eioht hundred and two 

Martians in the most celebrated book by his grandfather, the English writer and thousand years into the future from the site of present-day London, and finds won-
nl -tJ-l('!Uio11. TI o!'t' -Cc .L • .T _, "· -~ l 1-l, , l .tl • '""e - 1 · ,_ Thev 

luscan Martians. Did H. G. ever talk to his grandson Martin about these octopus-
I have become smaller in stature, and more feminine: the men have no facial hair, 

I like invaders? Somehow, in all of our long days and nights together, I never asked their mouths and ears have been reduced in size, their chins are small and pointed, 
. " . " . . . • ' ' . • ' .. c 

, V '"V uc cv c •uc, uuc CHUC HdO UdOCU CHC . '"V ' cy ""' ry "P"'F 

preoccupation runs in the Wells family, an odd recessive gene. might be called "future evolution." The Time Traveler finds himself in an ecologi-

1. • \....l". wa::; a 1..-uuuouer, uoc or vamoriage, ana ne neyer visitea tne manor cau<auua""'Y ay 'y 

house now serving as the ancestral home. But if anything spiritual of H. G. still portrays a world where the very plants have changed. Early in the book, Wells's 

exists anywhere, it must be in this house. His memorabilia, the numerous first edi- protagonist describes this future world in the following fashion: 

tions, even the remaining royalties from the great man's publishing empire make 
My general impression of the world I saw over their head was of a tangled 

their way here. This was not H. G.'s house during his lifetime, but it is now. ,,p nfhp,.,,;f,J hnohoo onc1 flnme"" o 1 hPt 'ac -c1, .J 
1 t1rst came to thts place on a cold March day now many years ago and stayed 

saw a number of tall spikes of strange white flowers, measuring a foot across 
for a week, playing croquet with Jv1artin, drinking his elder flower wine, and plot- ·' . • _r,,. · • ~'- " -~~ tl 
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 oiles of But the garden is not so weedless, it turns out, for it is the former food crops that 

covers in my unheated room and listened to the ticking of clocks, it was of H. G. have escaped from the gardens and fields of Wells's time to become the weeds of 
that I thought, imagining his life, and wondering where his inspiration welled i the future. The Time Traveler also finds that the human inhabitants, the Eloi, are 
from. vegetarians. Some of the fruits that they eat are of new varieties. Even the flowers 

! 
" 



FUTURE EVOLUTION THE CHRO;\JJC ARGONAt:TS 

are different-and most animals are now gone. Clearly a vast extinction has humanity will create a great mass extinction on Earth. Third, the surviving future 
c . ' ' 

' ue uueu w•cn ' >pec;e, 'uu ""' ~•u cuuccu ;,,u wccu . rmauy, ' 'S' · ' '"5' ' '"' 

Wells has populated this future world with some old standbys familiar in our humanity itself is virtually extinction-proof, though it will evolve. Wells was, of 
world, including rhododendrons, apple trees, acacias, tree ferns, and evergreen course, a confirmed evolutionist. He passed his college years at the Normal School 

' cyp uuuo auu , or ,:,c1ence m Lonaon, wnere ne TOOK ctasses on evotuuon trom 1nomas 11. rtuxtey 
The Time Traveler has seemingly landed in a Garden of Eden. The well-known himself. The Time Machine is a science fiction novel, one of the first ever, but above 

1-' '·-J.!·.l~'-.tUY t>:::.Lute;::; utctt 1irM impresston, uowever, tor vveus uas poputaLeu n1s aU tt 1s an early and presctent attempt to chart the ruture or evomhon. 1\. century 
future world with a second human species- the Morlocks, a troglodyte race small later it is difficult not to concur with its predictions. 
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: The Future of Evolution 

(" '"' oll >Jo ~- '""'-~ What is the future of evolution? So ambie-uous a question invites varied resnonses. 

but had differentiated into two distinct animals: 
•e ' 

As in The Time Machine, it might be interpreted in terms of outcomes: what will 
,L_ H. ·- "'---' ' 

that my graceful children of 
;:Jnim;:Jk nl;1nt~ ;1nd other ornnisms be like at some time in the future nerhans a 

"' ;"" '"' 
"""" frnn, nnw "th ""~ million ve'" fmm ) Th · nnl 

"5• >U'> UUOLUV VUV>L LUL> '"" 

certainty is that they will be different. Even in the near future, the mix of species also heir to all the ages. 
,,1 •I ' ' ' ' ·ol ' nl >rl -ol ' ,,I' >itl dl ,;11 

The Time Machine was first published in book form in 1895, and later reprinted 
! have changed, and by the far future the accumulated changes may be breath-

innumerable times. Yet orior to its book oublication it . LSITial£ru:m.in ' . . . Tl- , I ri. , I •h c.il ' L . '' • I 

National Review, and that version contained several pages of text omitted from all created the astonishing diversity of species on Earth in the past and into the present 
subsequent book editions. In these pages Wells amplifies his prediction about the will continue creating new species and varieties, resulting in a global biotic invento-
Cc ' ·I , QOO 000 , C. ' ,;11 , 1.;11 oCC. .ll 

of the v,:orld's animals, "sparing only a few of the more ornamentaL" Wells is 
>y UC >jJLLKO ; CUP< V> Juay. UU , -•v w WUU< WUO , "UjJCU 

to informed speculation, and is one of the subjects of this book. This particular 
H '' 

.£L cp 
quescion wa' aume"eu oOu>e ye~> agu uy oucuu• ~uugo• ~;Auu ;u "'' uuigmM 

message in this novel written in the late 1890s: the plants, a~imals, and humans of 1970 bookAfteY Man. 
the future will evolve from their state in the present, but many of the extant species Ahead of his time (if still well after H. G. Wells), Dixon echoed Wells in fore-
of our world will not have a future: they will be driven to extinction by humanity. casting an imminent mass extinction, prophesying that humanity would eliminate 

Late in the book, there is a final, terrible prediction. The Time Traveler voy- enough of the current biota on Earth to open the faucets of evolutionary change. 
"-::;~ 'Y . y• e ~u ure . .1 ue sun uas ~urneu orange . .t ,ant anu but here .Utxon parted company wtth the Wells vtston, ror .utxon pos1ted hts new 
animal life is sparse; he finds giant insects to be the dominant inhabitants of the fauna evolving in a world where humanity itself has gone extinct. Dixon predicted 
.tarth. 1 ne human race still extsts, but has ··devolved· mto small creatures that that most of Earth's post extinction bestiary would evolve from the surviving 
look like rabbits or kangaroos. lt ts a dark and depressmg chapter m a. book already meek, such as small birds, amphibians, rodents, and rabbits. Dixon's central 
dark and hopeless in tone. The future of humanity is not extinction, it is evolu-

' assumption is that humanity will biotically impoverish the planet and then have 
tlon -but 1t 1s not a very progresstve evolution, at least as many of us would like the good grace to go extinct, opening the way for the evolution of many new 
to define human progress. We do not end up as wiser, more beautiful, more refined species. His imagined new biota depends on this central fact-that humans have 
creatures. Quite the contrary. gone extinct, yet left the Earth in sufficiently good repair to allow wholesale evolu-

H. G. Wells made a number of unambiguous predictions in The Time Machine. tion of new forms. The creatures figured show evolutionary convergence: they 
First, the book clearly implies that evolution will continue in the future. Second, e the · ,1, that mieht soon be extiuct..oo..lb.e~F'"th 11ixnn 
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' .. ,n. 
has thus figured ammals resemblmg the many endangerea 1arge ner01vores, carm 
vores, and scavengers in the varied biomes represented on the planet today. \Vhile altered plants and even·:~imals now ~uite c:~mon in agricultural fields and scien-

great fun, this new fauna (like that portrayed in:TarTess detail m 'I he 'ltme Machine) LificTaooratories. JUSt as pnysicists are Dringing unnarnrar · · 

is a completely untestable vision residing in the realm of fantasy. in the natural world through technological processes, so too has our species invent-

The pathway of Dougal Dixon ---Df imagining a subsequent fauna and flora- ed new ways of bringing forth varieties of plants and animals that would never have 

is one way of answering the query about the future of evolution on Earth. Yet there graced the planet but tor the hand ot man. 1\nd, like plutonmm, the new genes ere-

is another wav that the auestion mig:ht be interpreted. Perhaps it relates not to out- ated and spliced into existing organisms to create new varieties of life will have a 

come, but to the evolutionary process itself. It might mean, "What is in store for the very long half life; some may exist until lite is ultimately snuffed out by an expand-

varied mechanisms that have resulted in the various species of the past and pres- ing sun some billions of years in the future. So what is the future of evolution? Some 

ent?" Might the "rules" governing those processes be changed in the near future- of it is being decided in biotechnology labs at this moment. 

or might they have been changed already in the not so distant past? Humans have profoundly altered the biotic makeup of the Earth. We have done 

crJ. " · · ,c •" · ' h entlv ridiculous. it in wavs both subtle and blunt. We have set fire to entire continents, resulting in the 

The processes that introduce novelty and evolutionary change-natural selection, presence of fire-resistant plants in landscapes where such species existed only in 
. ' . . . n. ,1, . small numbers orior to the arrival or evolution ofbrand-bearinP" humans. We have 

"L .C th ·" >I :Co f; miner! out entire snecies and decimated countless more either to suit our needs for 
.. , "5 

appeared on the planet at least 3.8 billion years ago. But it may be that while process food or security or simply as an accidental by-product of our changing the landscape 
• • < • c, , R. ,\,,\, · n H ! '" C, · , \\!~ houe I the mlP nf not<rral selec· , . . ~ 'c , . 

' man Myers of Oxford University. One of the most vocal and prominent conserva- tion by favoring some species that could never otherwise survive in a cruel Darwin-

lioniSLS Ol Llle 1ale W ~HI 
. L ,L .~ u "'h .. c .c; 

"'' h 
.,<o" no • t mPs nf 

<y, 'LY 

the rules of speciation itself. That controversial view will also be explored in the organisms, first with animal and plant husbandry and later with sophisticated 

pages that follow. manipulation and splicing of the genetic codes of various organisms of interest to us. 
' ' ' ' ,, ' 'C>' .R.•L 

Whether or not we have somehow cnangecrTunaamema.t aspec1:s or now or c5' 

where new species arise, it is an unambiguous fact that very early on, our species both in the number of species present and in their abundance relative to one another. 

learned to mampulate the torces ot evolution to sUlt tts own pu.rposes, creatmg van H ;, UU' juo' <HUUUU LU 

eties of animals and plants that would never have appeared on Earth in the absence biotic change, or even the primitive farmers that caused the evolution of the now 

of our will. Large-scale bioengineering was under way well before the invention of familiar domesticated animals beginning 10,000 years ago. Hunters have also signif-

written language. We call this process domestication, but it was nothing less than icantly participated in creating evolutionary change that will echo through time for 

efficient and ruthless bioengineering of food stocks-and the elimination of species thousands or tens of thousands of years still to come. We have not only created new 

posing a threat to those food stocks. Once the new breeds of domestic animals and ways ot proaucmg ammals ana plants through Drutal unnatural selec 1on, uUL we 

nlants became necessarv for our snecies' survival, wholesale efforts toward the have manipulated the most potent force of evolutionary change-the phenomenon 

eradication of the nredators of these new and stunid animals were undertaken. A of mass extinction. Humanity has created a new mass extinctiOn W!Uclli will show 

carnivore eating humans was tolerable, because the losses were negligible, but a to be now largely over· that is different from any that has ever affected the planet. 

· ino the- nc-m h,m~n food sources was not because the losses soread to A central thesis of this book is that the most consequential aspects of the new 

the entire group. mass extinction of species so direly predicted to be awaiting us in the wings of the 

Our modem efforts at biological engineering are but an extension of our earlier near future have, in fact, already occurred, at least among those creatures that con-

efforts at "domestication." Until the end of the twentieth century the natural world tribute most importantly to the makeup of the terrestrial biosphere. One of the tenets 

. 
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·~y . "-" ,, . ._.,, evu ..... ~ionis LuaL mass exLincl.ion is 
a potent source of new species once the forces that brought it on have ebbed. Accord-
ing w mis tneory, tne elimination or a majonty ot speCles \ charactenshc ot the dtrest 
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. Nfany 
evolubomsts have theonzed that over the next several centunes humanity will direct­

ly or indirectly create just such a situation. In contrast to this position, I argue that, at 
least tor the most important terrestrial animals, this has already happened. 

The elimination of large mammals during the last SO, 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 entirelv new tvoes of soecies. lust such recoveries 
followed the two greatest mass extinctions of the past: the Permo-Triassic extinc­
tion 250 million vears aQo which ended the Paleozoic Er<~ of life ;mrllJ>;hPn"rl in th 
Mesozoic and the Cretaceous-Tertiarv ()_c; mill"-m vh'rh 

ended the Mesozoic and created the conditions leading to the Cenozoic Era. 
The fi"t, " · · ,,j · ,.Jc1 

dominated by mammal-like reptiles to one dominated by dinosaurs, while the 
,ri ,,1 tl , f, · th A nf M, ol, "tl th .r 

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 
.L • 

"" , . ' <coc <O<e>ccvmy <au-

naS were in turn succeeded by a newly evolved group of dominant organisms, often 

l. uv11~ Luv"c:: uldl. 1 puor l_Q ute mass exLtnC ton. 
So too with the extinction of the fee 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 
cvotutwn, 1'\'lles tldrertge s 1 he Mmer s Ganary, 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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peruaps a .L/epauperace , ~ge. _,_ ue mos prominen~ o_._ ... ese ~ .. in_._,er i.., normau 

Myers, who brings up an intriguing and disturbing point: What if the processes 
ana places that have restocKea tne momversny cupooara m cne pasr 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 troptcal ramtorests, that are bemg 
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. What if we are already in the midst of the new 

Age? What if the dominant organisms of the new evolutionary recovery fauna have 
alreadv evolved? In the pages below I will trv to show that a newl evolved recoverv 
fauna is indeed already among us, composed of new types of mammals and birds 

1 on Earth even 15 000 ears aQo: cows. sheen. oi!!s do!!s cats chickens 
ch ck "nd ,nd fluffv Easter b on· amone ctlwc<· the 

familiar domesticated animals that serve as our companions and food sources. This 
th . th illi _fi cth .tl 

humanity continues to enlarge its numbers and its hold on the Earth. But the sub-
. OJl.b . ol . clf., ' 

and will occur mainly among terrestrial species of little evolutionary importance­

species that will probably not be replaced as long as humanity exists. 

my uu= 'w "'"' "' "" _'~_s' """""'". >""_' - '5 '~'' 

mammals) on Earth, save for the bacteria inhabiting the deep microbial biosphere 
OJ. ~ue Larwt supper SL.Ony cruse, our "pe._Ies lS Lue mo_,L cALHlL-LIOu-l:-'l.'-''-''• uHH::::;::; 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 w111- ana as 10ng as tnat nappens, tnere Wlll 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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~~~~'-~·· ' oioaiversiLy wiu j_au LO enu-rateozoic tevets oecause 01 cominueu ex-cinclion anu 
major mass extinctions that have already occurred, but while most treatments of the functional removal of traditional barriers to migration. 
ma1:31:3 · · 1 rocus on causes, maris irrerevan---rw me arguments in this book- -lt 5. All mass extinctions have been followed by a recovery interval, char-
hardly matters whether an extinction was brought about by climate change, mete- acterized by a new fauna composed of animals that have either survived 
or impact, or human activity. All achieve the same effect-our story. the extinction or evolved from such survivors. 

Eight propositions to be defended, then: In this case, that recovery fauna is already largely in place, and consists mainly 
~C '~ . ' ~ ,I, .~~I· ,11~ " ·"·" . ,J..l. ,fl; ' 

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

amid high populations of humans. 

and fostered the creation of evolutionary novelty. 
6. There will be new species yet to evolve. 

2. Most -or all-past mass extinctions have been multi-causal, and have 
Many of these new species will be the result of jumping genes, as DNA from 

c • ' • ~ . organisms created under laboratory conditions by biotechnology firms escapes into 
C)" 

the wild. Others will be mainly small species adapted to living in the new world of 
3. The Earth entered a new mass extinction event during the waning of the ' soreading cities and fanns. The new animal and plant species will thus evolve in the 

last lee t\ge a mass extmctlon that contmues mto the present. niches and corners of a world dominated bv Homo saviens. The rules of speciation 

It is likely to continue well into the future. But its most consequential phase- I 
have changed: few large animals will evolve as long as humanity exists in large num-
ber" ::.nd as lon2: as our nlanet remains dividend into innumerable small islands. 

the destructwn ot 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-

7. Our species, Homo sapiens, can look foreword to both evolution and 
roc. . D ·•'- <J.., I. 

tion of the dominant terrestrial organisms, the large megamammals that populated '0 '" . 
most of the land surface until the last phases of the Ice Age and into the present. I 

susceptible to extinction: humanity is functionally extinction-proof. 

This new mass extinction now preys upon the small, the endemic, and the wild Yet we are also malleable by the evolutionary forces of natural selection, and we 

species such as salmon and cod that are harvested as human food. But mostly it 
I 

may De seemg rapid evolutiOn wtthm our species at the present time, as evidenced 

prevs on cinimals and nlants livim:r on biotic islands either real islands surrounded by an increase in the incidence of potentially heritable behavioral disorders (atten 

by water or the artificially produced habitat islands that our"highways and crop-
I tion deficit hyperactivity disorder, Tourette's syndrome, clinical depression). There 

lands are creating. What we witness now is a highly significant yet almost invisible will also be what might be called "unnatural selection" as some segments ofhuman-

diminution of the smaller species on Earth, for the larger animals are already gone. ity acquire the use of neural connections to sophisticated memory storage devices. 

4. The modern mass extinction is different from any other in the Earth's I 
The future evolution of humanity will entail integration with machines-or perhaps 

' .. L • 
we are but the midwives of the next global intelligence: machine intelligence. ., 

To date, it has affected mainly large land animals, island birds, and rare ·trop-
I 8. There will never be a new dominant fauna on Earth other than humanity 
j "~ ' .L ' ~ 'T ' 

teal species, although data emerging in recent decades suggest that its highest ex- I 
' tmchon rates may be shifting to tropical plant communities and perhaps tropical ' -, """ 

marine coral reefs. It is certainly causing the depletion of wild food stocks ofland Prophecy is perilous business. But there are some clues, mainly from the fossil 

and marine animals. The reduction of fishery stocks is causing a wholesale elimina- record, aoout now -.:ne ru-.:ure or evolution may proceed. 1 hese clues anu Lneir 

tion of major populations that may not kill off entire species (due to fish farming), implications are the subject of this book. 

but will leave the planet biotically impoverished nevertheless. Global terrestrial 

11 



mass was greatest 

Although some animals, like this bunowing LystYOsaurus, 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. 

n a cloudless September day a paleontologist gears up for a collecting trip 

of about 3 kilometers, beginning at the base of a large valley overlooked 

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 2 51-million -year-old strata 
and ending in 249-mil!ion-year-old rocks. 

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 

13 
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in Africa, a geologist in costume. With no more ceremony than locking the vehicle this plant may have looked like). Giant horsetails in stands like bamboo might have 
doors, he sets out mto a basm tens ot kilometers across. lmed the nverbanks . .t'erns, mosses, and pnmltlve plants known as lycopoas were 

His first impression is of heat, first felt against his rapidly drying skin, then also common. There might have been savanna-like regions as well (but without 
glimpsed as faintly perceived shimmers in the clear air. Great vultures ride these grass, a much later innovation). Paleobotanist Bruce Tiffany envisions the Karoo 
thermals, but otherwise the vista is exammate. Unly a thm nbbon ot road bnngs vegetation as "gallery forests," isolated stands and thiCkets composed ot seed terns, 
order to the wide valley floor, and a sense that the living share this place with the with conifer trees in areas of moisture, surrounded by regions of true ferns. The 
fossil dead. The air is so clear that great distances lie visible, as if the landscape is ferns may have formed extensive communities, almost like giasslands. All of this 
part of another, larger planet, where the very horizon recedes impossibly far, or richness fringed the watercourses; in more upland regions, away from water, there 
perhaps this world of dreams is flat. Green fights a losing battle among the low, may have been little vegetation. All in all, it was an ideal place for land life. 
dispirited shrubs and thorny scrub, fading to relentless brown, a thousand shades At first only squat, belly-dragging amphibians lived in these river valleys. But 
nfhrown· a color elsewhere so monotonous vet here so diversified. as eons nassed more advanced land dwellers arrived or evolved: the fullv terres-

From his vantage point at the base of the valley, the world seems to have encoun-
I 

trial reptiles, small at first but rapidly enlarging until a great diversity of spectacu-
.~ ~h ,fmmn A test of life failed· failed in the oresent ], .~ h .. lk' " ,nrl ,hnfflen ahout the landscane. Several 

c,;u · th rh ·-hillinn-ve'"-nld n,gt for Loots . cln 1i >rl . 'th . Af,' .~. Me -levoen ceca-

berg Pass is a fossil graveyard, a headstone to Planet Earth's greatest extinction. tures called therapsids, or "mammal-like reptiles." But other reptilian legions 
Tlo .illi , ' . , ], L ~: nr oil rh th ' Ji ~' >rl 

birds had first evolved, the southern part of what we now call .Africa was gripped in tually, the dinosaurs. Some were hunters, far more were hunted. All have left a 
. c. .c . <1. "'' th. J, rl .~ rl ',, ~- . . c. " J th . f, . 17. ,1 ·" 'th h 

· o' ·r ' . ' . 

scape suitable for life emerged. First low mosses, then h1gher forms of life colo- ~!:""The therapsids are virtu~lly unk~own to us in any sort of cultural contex~; 
nized the rapidly warming region, eventually creating a lush world of wide river theirs is the true lost world. When in Edwardian times Sir Arthur Conan Doyle 
vaueyS<af HOUHUe>Cd. WCU UU' > wuuu cue' '"Y• • 'Y wwce ue> • "ucy , '" Lvoc cuuu, uc ccucaccu "" 

left their· remains in the ancient river sediments, remains that only now are eroding known at that time only to academics: the world of the Mesozoic Era, known to us 
tree 1n tne lSoJatea seaimem::ary roCK oanKS anu ouu . .:J.Op;:; uoc:ll~d.Lu :; .1. <t""· as tne Age or .uinosaurs. ne creat:eu a ptace 10S1 in ute wonu uecause OJ. g 

The geologist makes his way to low outcrops of greenish sedimentary rock isolation, but he was really painting a picture of scientific isolation, for even in the 
carved into the grass and scrubland making up the wide valley floor. The sedimen- early twentieth century the great Age of Dinosaurs was still a lost world, so little 
tary rock beds in this or any other exposure are windows to the deep past, for it is did science (and the public) know about it. The Age of Dinosaurs is clearly no 
within such strata that information about ancient environments, as well as ancient longer so lost. Every schoolchild knows the dinosaurs' tongue-twisting names, 
inhabitants, is entombed. Because of their textures and bed torm, tnese parhcUlar their food preferences, and even their color schemes. Nothing so well known to 
sedimentary rocks could have formed only in rivers. The rocks also bear fossils, Hollywood and popular culture can be considered lost. Instead, the true lost world 

remains of ancient plants and animals. is that of the mammal-like reptiles-a time and place that disappeared from the 
The river valleys of250 million years ago would have looked much like any river Earth a quarter billion years ago. 

vallev todav. with meandering streams and swamps. But the ri.ch plant life would 
probably seem exotic and peculiar to us if we could somehow be transported back to Paleontologists now have a fairly accurate census of the large vertebrate genera 
this ancient time. While the world today is dominated by flowering plants, the fos- living in the Karoo Basin just prior to the great extinction. There were two amphibian 
sils in these greenish river deposits are from species far more ancient: mosses, ferns, genera (and thus at least two, but probably more, species), six types of captorhinids 
club mosses, ancient horsetails, and most commonly, seed ferns of a type called 

I 

(ancestors of turtles), two eosuchians (ancestors of dinosaurs, crocodiles, and birds), 

14 u 



The T. rex of its time, the gorgon was the largest of the Paleozoic predators. 

The drawings here represent four possible renditions of what this animal might have 

looked like. 
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, ten group 
now-extinctrq>tiles), and three cynodonts-doglike predators that are on the direct 
line of all All told, 
tures are known from this last million years 

This demonstrates that life was 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 

large, four-legged land life. 

approaches the boundary marking the mass extinction. The most common fossil is 

found as welL As in any environment of today, the herbivorous forms far outnum-

About halfway up the gully fronting the Loots berg Pass region, the rocks begin 
to change color from greenish to red. The green and olive strata first show faint 

great stratal column making up this region, more and more of these red to purplish 
are occurs as 

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 

found 

well, including a smalllizardlike form, some amphibians, creatures looking some-

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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occurs: one 
are found in the 

where else in the Karoo at this same 
last green beds are very thinly laminated, showing the finest-scale bedding planes 

rial-and no fossils of an 

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-

beds are thinly laminated when they are first deposited. But in most environments 

the fine-scale differences in sediment composition producing the visible bedding 

sive, featureless, and free of bedding plane surfaces. Oddly enough, it is the pres-

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-

The sun rises higher in the clear sky; the geologist is halfway through his trek. 
sweat emerges on 

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-

is like the surface of Mars· --perhaps in more ways than one. The geolOgist comes to 

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 

18 

Inheritors of the post-Pe-rmian world, the dinosaurs would quickly dominate in species 

and individuals. 
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deposits that all rivers past and present make when they cross a river valley. Such of the Basque country. On a very hot day a geologist prepares to hike this bit of 
. 4 ' ' . . r ·' ' ' ' . - ' 
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trek, but have disappeared from the Triassic strata. He wonders, imagines the boundary sites, a place where the great catastrophe ending the Age of Dinosaurs is 

scene. Perhaps the land suddenly tilted upward, creating a slope where none was preserved in dramatic fashion. To get there, he has to walk a pathway only the 
. . .. ' ~ 

cvu c uu caac. vue cane " uv vcUtL • wac cue .L CUUULY LUULU , ; e •ay uy -, 
long-ago region of Loots berg Pass was affected by rapid mountain building. but to the future-the future of evolution-as well. 

ne stan:s nis 1:reK a10ng a ousy sceni· " " .J..J.oc "~us 1ong memory, anu 1v1ars anu o.. u. v ·eus come to mtna. Long ;co 

ago there was water on 1t1ars, and rivers. But all of the rivers on Mars were braided, open-air cafes, then strides onto a wide sandy beach covered with naked humans. A 
leaving behind the same types of deposits, he is sure, that are found in these lowest lone, futile sign proclaims Nudism Interdit! (Nudism Forbidden). It is July, a hot 
Triassic strata in the Karoo. The reason the rivers on Mars were braided is that morning, and already throngs from nearby Spain are jostling with the German 
there was nothing to stabilize their banks, no deep roots to hold them in check, for tourists for the best bits of littoral territory as they lather their naked bodies with 

evolution there, it 1t produced life at all, probably never got beyond bacteria. And sunscreen amid piles OfdiscaroecrCfo1Fiing.-yvery age ancrTorm Of humamty 

the connection clicks. He has a vision of a long-ago Earth, where rivers were spreads itself out to fry in the sun, and the geologist is an odd sight as he walks 
always braided until plant life evolved and introduced a new type of river, the through the sand, at times stepping over and by the prone naked bodtes, testooned 

meandering river so familiar to us all in our world, and familiar too in the Permian I aS he is with the hammers, compasses, water bottles, packs, and other regalia ot h1s 

period. Then, 250 million years ago, a huge mass extinction made this portion of trade. It is an odd sight to see a clothed man, let alone an equipped clothed man. 

the Earth, and perhaps all of the Earth, suddenly Mars-like, stripped it of all of the Odder still, he is walking to work, while the rest of humanity is here to frolic in the 

Permian trees and bushes that had greened that ancient world and kent its rivers waves. nlavin!! the odd !!arne of Soanish oaddleball. The tide of humanity washed 

flowing in the sinuous and meandering channels so recognizable and familiar to onto this shore is oblivious to another flood of flotsam floating in from Spain with 

those of us who live in a tree-filled age. It hits him: this ancient extinction killed off the tide: the flotillas of garbage caressing their legs and ankles in the warm Bay of 
tl .otnftf-D ~I A.~, ~-. u· +~ · +t eir rlominion over a thoroucrhlv tamed 

the way the rivers flowed. world. Not a single one of them worries about being eaten by some predator that 
n.~ "' . ,_, - '. ·_c LtLC' .• LC.C ' ·, 0 , • ' , tC ' ' '1 n1 ~1- en· ,,.I: rl" ' ffi"SS 

numerous fossils, mostly of the pig-sized Lystrosaurus. But hE: sees other fossils as extinctions do the predators disappear. 
well, one that will give rise to the mammals, and another that will be the seed stock At the end of the beach a great rocky headland exposes pinstripes of strata, the 

of an entirely different group: the dinosaurs, those heirs to the Paleozoic world Upper Cretaceous sedimentary beds he has come to sample. But the rocks rise pre-

whose own world also ended abruptly in global catastrophe and mass extinction, in cipitously and vertically up from the sea, leaving no path for the beachcomber to 
· '' · ' '' .If 

"5 ~ up "s· •s . 
down the coastline. A well-worn path beckons upward near the end of the beach, 

LL -' D. 
and he tallows it amlcrme sweersmerr~ .cy 

track wmds throughDraiTen,tl1en---otingSllim ne~ cc 

Long ago, Spain whirled in its continental drifting, made a hard right tum, and ran filled with children. As he passes closer, he sees that in contrast to the frolic and 

mto .rrance w1th a tectomc lunge. Kocks crumbled, and the Pyrenees became the play normally assoCiated w1th the young, these children are listless, slow-moving, 

zipper uniting these two great blocks. An ancient seafloor was raised in the process. or motionless. Some are wheeled by white-coated attendants. He realizes that this 

Today a part of that ancient ocean is exposed for all to see, but like Gomorrah large outdoor reserve is for autistic and retarded children, all helpless and heart-

and Sodom, that deep-sea bottom and its trove of skeletons has been turned to wrenching in their plight. He walks slowly by, staring, but they take absolutely no 

?n ?1 
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ting --these children that in another age would die early, but here will live and in large ruins of concrete littering the flat grounds like yawning caves or the litter of 
• L -~. ·· • • · f L 
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is no longer at work for these, or any other, humans. tles him; he expects a fox or dog, but a naked man slowly stands, watching him. He 
He ponders this experiment in future evolution as he finally passes by the mani- passes by, and another man can be seen in the next smashed bunker. Soon he real-

, > JU'C J< "'">' u•cu <V' <VVM, ill'U UK }'dU> <•co '""' •uc HUU <O d<HC 
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begins to rise. Now a different assault on his senses occurs: the cool, sweet salt air is or, like the first, not wearing clothes at all. He understands suddenly that this park 
• uy a ~u~-'WTeucuing ouor, a CuOKing miasma, J. ne pau1 now runs is we Lerri~ory anu cruising grounu 01 ~ue 1oca1 gay cormnuni~y, a mee~ing p1ace 

next to the municipality of Hendaye's sewage treatment plant, its huge outdoor pools where the vacationers who come here, and the locals who live here, swap microbes 
of cess slowly rotating in giant concrete cisterns. Unfortunately, there is no way over and homogenize the world's infectious diseases. It is a microcosm of what is hap-
the headland except by this path. A littoral territory once the home of a small tribe of pening to the world's animals and plants. He wonders, how much of their behavior 
humans is now inhabited by tens of thousands of humans and visited each year by is genetic, and will that be a future of evolution? 
that many and more, and their combined fecal output is now so voluminous that it 

' 
He tops the crest of the headland and begins to drop down toward the sea. A 

can no longer be sllnply dumped into the sea. So here it is "treated" and then dumped steep and switchbacked trail makes a precarious path to the water's edge, where 
into the sea, creating a riotous explosion of algal growth in the shallow water around gently tilted strata are now exposed by the low tide. He strides out onto these rocks, 
the sewage outfall pipes, an experiment in ecology that is utterly changing the inter- inch- to foot-thick limestone layers packed with the most spectacular fossils. 
tidal and subtidal communities .along the coast as now bountiful phosphates and Giant clams lie frozen in the strata. Not the giant clams of our age that are now 
nitrates amid their rich liquid fertilizers putrefy the region. seen as birdbaths in backyard gardens, but flatter clams, with huge oval shells as 

Finally he is past this hurdle as well and he enters a fairyland. High above the much as a vard in length. They are nothing like any clam now alive, vet once these 
beach a great pasture unfolds: acres of manicured grounds, scattered trees, and the fossils were dominant members of the Mesozoic sea bottom community. They are 

magnificent vista of the sea. Sitting above it all is a splendid spired castle, now hous- called inoceramids, and they are hallmarks of a time when dinosaurs ruled the land 
inr> French .h oil ol. ,h ~ r-r. ,,-1 ' th Th ·ith i],,-1 chelle lilc · th 

is now in the reserve called Abbadia, a huge park that was once the fertile fields of of the nautilus, are also found in the clam-rich strata, although they are never so 
th . ,tJ, .c1 h ·fool, h ·.>l. Th • fo ,,-1 h olO ,,-1; ,1. 

' 
more distant time travels just ahead. He shoulders through a 'herd of sheep-ani- to the bedding, and thus up through time. 
mals stupid and bizarre compared with their ancestors. Their fecal pellets lie every- It is a beautiful walk, with high cliffs of white limestone and reddish marl arch-
where, and he wonders if they are, after humans, the most common large mammals ing overhead, the sea slapping the rocks, and gulls wheeling about in noisy cacoph-
on the planet. He ponders the process called domestication and how all domesticated ony; no c;louds mar the deep blue sky. When he has walked along the coast for 

cy uy e ' . ~ "5 . cs• ~y· 

species that they have become. He imagines the world of8,000 years ago as human- pear. Soon they are rarely seen, and then they are gone altogether. They and their 
i.ly u~;:;!Sau lU pu}JUJaLe iL wim emire1y new -.:ypes or animals ana plants in me smgJe 

' 

Kina aisappear nm on1y rrom me srrara on 1nis seacoas1 ou1 rrom au roc~s uar:eu aL 
greaLeSL evomdonary experllnent since tne anCient mass extinctiOns. 1)/ m1111on years o1a ana Jess, m wmcn tney naa oeencommon.Anera retgn or over 

As he walks across the high meadow in the sparkling summer sun, the twenti- 170 million years, this type of clam suddenly goes extinct. The strata look the same, 
etn century ana tts history once aga.m mtrudes. 1\mtd the wavmg grass, grazmg but the g1ant clams are gone. 
sheep, and linear hedgerows are the scattered remains of huge concrete bunkers, The geologist continues his walk along the seacoast, moving relentlessly up 
jumbled masses of fractured concrete and twisted rebar. The blockhouses were the through time as he crosses the tilted strata on the rocky beach. Fossils are still 

1? ?' 
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small clams and the rare but beautiful ammonites can be seen on this infrequently 

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 

this day. A thin clay layer several inches thick marks the boundary between the 

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 
claystone with his rock hammer and examines them with a powerfulloupe. The 

the Cretaceous, the other slightly above it, on the oldest rocks of the Tertiary, span-

The asteroid (or comet-who knows!) is perhaps 10 kilometers in diameter, 

an hour. Yet even at such great speed it can be visually followed as it traces its 

Earth's crust. It is so large that it takes a second for its b~dy 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 

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 

The Age of Dinosau-rs ended when an asteroid crashed into the Earth at 

Chicxulub on Mexico's Yucatan Peninsula. 
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impact. A giant fireball also expands upward and laterally from the impact 

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. 

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

of 

the asteroid punches in the Earth's crust; the Earth is rung like a bell, and earth-

the impact eventually washing ashore along the continental shorelines of 

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 

For several months following this fearsome day, no sunlight reaches the Earth's 

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 

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, 

Debris from the K- T impact would have created continent-size fireworks before 

raining ash and darkness on the planet for years. 
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then back to even more tropical than before the impact, all in a matter of a few The last assemblage of vertebrate animals present on .t.arth mlilledmtely pnor 

years. These temoerature swim!:s moduce more death, more extinction. The to the great Permian extinction was entirely made up of four-legged types-

dinosaurs die out, as do most-but not all-mammals. Most life in the sea is quadrupeds. All of the dicynodonts walked on four legs, as do the majority of rep-

exterminated. tiles and mammals living on Earth today. By the very end of the Permian many 

The end Cretaceous catastronhe was o1obal immense. It shares manv charac- held their legs beneath the body, as all mammals do today. Some of these types of 

teristics with the Permian extinction so vividly exposed and expressed in the animals survived. In the Triassic Period, soon after the mass extinction, the sur-

K ,. f ntf off, >rl t)w Forth 'much thoHhru ) the notme r " vivors and the earliest of the new snecies to evolve also could be tvoified as 

ry rocks of the time. In France that change is clear-the latest Cretaceous rocks are quadrupeds. But from that point on things began to change. With the first appear-

green in color; the K-T boundary layer is dark mudstone, and the recovery rocks of ance of dinosaurs in the Triassic Period, a new suite of forms made its appearance: 

the succeeding Tertiary are the thick pink limestone. Such changes occur only in bipeds. While there were indeed many four-legged dinosaurs, the dominant form 

the face of great chemical changes. of the Mesozoic, exemplified by the allosaurs, tyrannosaurs, iguanodons, and 

oy 
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this single calamitous event, the impact of a huge asteroid with the Earth 65 million giant sauropods, stegosaurs, ankylosaurs, and ceratopsians) had body forms differ-
r ' ; ' n · ; c " · · tL , J, 
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killed them? Was their passing (and that of many other creatures at the same time) mal life on either side of the great Permian extinction is quite dissimilar. The body 

me resuu; or an .c.arm a1reaay snessear 1t appears tnat tne l.,_,retaceous-lertiary mass '""'" U' UK t · .w "Y 

extinction, like the great Permian extinction that preceded it, was multi-causal. fauna that followed. 

1 ne geoJogtst s revene 1s broken by a great rumblmg sound, and he notices, tor wou1u uinosaur uoay Lypes nave evo1veu even ir me rermiau ex · 

the first time, the giant culvert snaking down from the cliffs above, a pipe three feet not occurred? This is an unanswerable question, but we do know that the mammal-

in diameter, ending in the small bay he is standing in. A great deluge of brown like reptile faunas of the late Paleozoic were moving toward the mammalian condi-

water belches from the pipe, filling the bay with treated sewage from the plant on tlon. Some mvestlgators even mterpret them aSliiivmgDeen qUite mammauan. lll 

the bluff above. The Cretaceous rocks and the overlying Tertiary strata are quickly the absence of dinosaurs, would these same animals have produced T. rex or Tricer-

covered, clues to a long ago extinction fouled with the last meals of the good people atops clones, with body shapes mimicking those of the dinosaurs? It seems doubt-

ofHendaye. I ful, for true mammals have never really explored the bipedal or long- tailed body 

Lessons from the Past 
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 

Mass extinctions are biolorrical events. But thev have been tran~formed into o-eo be the legacy of a mass extinction. 

logic evidence, and therein lies the problem. Turning flesh into stone means the The world in the aftermath of the Permian extinction was desolate, and not 
I of ,,_.' ·.,J'.r ' -~ ,c ,, -1--tC ' ,r,J onlu on land. In the seas the extinction was enualbr devastatino-. As on land, the 

'" .. c R i · t} p p, rm· an seas radicall" reset the evolution,nr aaenda. Perhaus the 

extinctions profiled above can teach us a great deal about how mass extinctions can most telling evidence of the extinction's severity is found in the western United 
.rL ,, .r .L ,, " _, n "'' ~' ', th .,1ri;oh ohol1, ofol , Snr~ , r , 

fauna (and flora) change radically, through the replacement of one suite of species warm, sunny seaways are today the sites of rich communities of organisms living 

with another, but so too did the body types of the animals and plants involved. above, on, and in their sandy bottoms. Because the continent of North America 

There was not only a turnover, but also what we might call a "changeover." was farther south 250 million years ago, the shallow seaways of its western portions 

28 29 



FUTURE EVOLUTION 

then as 

now. same were 
deserts, barren of all life save a scattering of rare invertebrates and vertebrates. The 

that had almost 

incessant grazing that resulted. 
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, 

world of dinosaurs and pines, and ultimately by flowering plants and burrowing 

was struck down in a second great mass extinction. Across the globe, in every 

Permian extinction. Ammonites and their legions of shelled cephalopod relatives 

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 

enormous 
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 or even the most , lesson to be learned from such past global 

determining the age of rocks on the Earth's surface. By the early 1800s European 

Earth's sedimentary strata into large-scale units oftime. 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 

Although theiT turn would come, mammals did not take a prominent place in the 

Mesozoic food chain. 
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rocKs, Lney mscoverea a means or cauorat:ing 1:ne uiversiLy or 1ire on IC.arrn. nna ' ' .,. 
they found intervals of biotic catastrophe, which were named mass extinctions. of mammalian diversity took place only after the dinosaurs were swept from the 

· 1 he two largest mass extmctwns-those exarmned above were so pr0fou:i10 scene. while ainosaurs existea, mammals werenemiiT •ecK. """" 

that they were used by John Phillips, an English naturalist, to subdivide the strati- extinctions are thus both instigators of and obstacles to evolution and innovation. 

graphic record-and the history of life it contains-into three large blocks of time. Yet much of the research into mass extinctions suggests that their disruptive prop-

The Paleozoic Era, or time of "old life," extended from the first appearance of erhes are tar more tmportant than thetr bene±tctal ones. 

skeletonized life 530 million years ago until it was ended by the gigantic Permian On every planet, sooner or later, a global catastrophe can be expected that 

extinction of 250 million years ago. The Mesozoic Era, or time of "middle life," could seriously threaten the existence of animal life or w1pe 1t Out altogether. t',arth 

began immediately after the Permian extinction and ended with the Cretaceous- is constantly threatened by planetary catastrophe, mainly by the comets and aster-

Tertiary extinction 65 million years ago. The Cenozoic Era, or time of "new life," aids that cross its orbit, but potentially from other hazards of space. Yet it is not 

extends from that last great mass extinction to the present day. At the time of only the hazards of outer space that threaten the diversity of life on this planet-

pf,;]J;n' rk in the middle nart of the nineteenth centUf'' the notion that a and surelv on other olanets. There are Earth-borne causes of catastrophe as well as 

species could go extinct was still quite new, and his recognition that not only single extraplanetary causes. 

h ,U '" "'" "'' oh nC<' 

• ~; .. 1 f, ~ . 
John Phillips's 1860 paper also marked the first serious attempt at estimating 

lJo La uses !Vlatter. 
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that, over time, the diversity of life on Earth has been increasing, in spite of the mass changes in the "global atmospheric inventory"-changes in the components of the 
. . . ·' ... ~ .. R .• <h' ·' ' <h ' ,] ' ~ ... C ' h .~ h 

how seemed to make room for larger numbers of species than were present before. many things: asteroid or comet impact, releases of carbon dioxide or other gases 

Far more creatures were present in the Mesozoic than in the Paleozoic, and then far into the oceans and atmosphere during flood basalt extrusion (when great volumes 

more again in me 1......enozoic. om me mass extinnions ai~ ' .r 
w '"'" uu• uy 

number of species on Earth. They also changed the makeup of the Earth. oceanic sediments rich in organic material during sea level changes, or changes in 

lYlass extmctwns are thus one ot the most stgmticant ot .all evolutionary phe- oceau . • ue wuug rlgeue> ill'"e wug• 

nomena. The wholesale destruction of animal and plant species in such large num- and behavior of the atmosphere or in factors, such as temperature and circulation 

bers opens the floodgates of evolutionary innovation. Far more than initiating the patterns, that are dictated by properties of the atmosphere. Sudden climate change 

simple formation of new species a few at a time, the violent cataclysms of mass was probably involved in the Permian extinction, and the Yucata.n asteroid impact 

extinction reset the evolutionary clock. The two events profiled in this chapter are is the probable cause of the Cretaceous catastrophe. But there may be a further 

only the most severe of more than fifteen such episodes during the last sao million cause ot maJor mass extmctwn: the emergence ot a global mtelllgence. 

years and, not coincidentally, the most consequential in bringing about new evolu- The causes listed above all derive from a single source. Yet the history of mass 

tionarv innovation. They literally changed the course of life's history on this planet. extinction on this planet suggests that more that a single cause is associated w1th 

Had the Permian extinction not taken place, there probably would have been no the events we find in the rock record. Sometimes these multiple events occur at the 

A~Ie of Dinosaurs and mammals miPht have dominated the nlanet bv 250 million same time; sometimes they are separated by hundreds of thousands of years. Per-

years ago, rather than 50 million years ago. Did this extinction delay the rise of haps one perturbation stresses the planet, making it more susceptible to the next. 

intelligence by 200 million years? And, in tum, if the dinosaurs had not been sud- Both the Permian and end-Cretaceous calamities appear to have been brought 

denly killed off following an asteroid collision with the Earth 65 million years ago, about by more than a single cause. 
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.vu~ 1s cause reauy sucu an impon:antLning ·w Know: \_::tenerations or numans Darcy on, vrr Uauy any ""' . uy o1- •w 

have been inculcated with the notion that each crime must be solved, the "who" in phologies or designs seemingly rather poorly adapted to their environment and infe-

a whod.umt revealed. Yor the mass extmctwns, we maj}lave tOlJe satiSfleO wiill nor to those ot speCles existing prior to the extincrion~ ,a 

understanding the effect, rather than the cause. winnowing process takes place through natural selection, and new, increasing effi-

cient suites of species rapidly evolve. 

The Anatomy of a Mass Extinction 
The great mass extmctwn endmg the lJerm1an created a long-term aencit in 

diversity, but eventually, in the Mesozoic Era, that deficit was made up. In fact, 

The typical sequence of events in a mass extinction begins with the extinction after every mass extinction that has occurred on Earth over"the past :.uu mtllton 

phase, when biotic diversity falls rapidly. During this time, the extinction rate (the years, biodiversity has not only returned to its former value, but exceeded it. Some-

number or percentage of taxa going extinct in any time interval) far exceeds the time during the last 100,000 years, biodiversity appears to have been higher than it 

"origination rate" (the number of new taxa evolving through speciation). After has been at any time in the past 500 million years. If there had been twice the num-

some oeriod of time the extinction nhase ends and is succeeded bu a second nhase ber of mass extinctions, would there be an even higher level of diversity than there 

often called the survival phase. This is a time of minimal diversity, but no or few is on Earth now? 
fnrthPrPvtinctnno nnrin,tk' in+• ol th nh of . • R .. thl. ol "' . Tnterestino- as this nuestion is it has not vet been tested in anv wav. The fossil 

.;;]; Th th • ·~ nh olio~ th nh rrl r1(iPf':. -uield some evidence that mass extinctions belong on the 

when taxonomic diversity slowly begins to increase. The final phase is the ex pan- deleterious rather than the positive side of the biodiversity ledger. Perhaps the best 
· nh •rl • • • I h 'rl • '· ,, ... ch .. 1. c, th · . ];i,tnm nf raaf . Reefs are the 

tion of new species. The latter three phases are grouped together into what is most diverse of all marine habitats; they are the rainforests of the ocean. Because 
" • " • ' l L _ 1. • r • th ith h ·~ '""1. r; . t. 0 • • r. 
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tal stabthty ( unttl the next mass extmctwn) The rate of the recovery 1s usually pro which bears very few creatures with any fossilization potential), we have an excel-

portional to the intensity of the extinction that triggered it: the more intense the lent record of reefs through time. Reef environments have been severely and 
. . . . . 

"'""' , u« mu<e' "P :me or new spec<es • ., uy '~ · "Y -r 

Three types of taxa are generally found immediately after the mass extinction: I of extinctions than any other marine ecosystem during each of the six major extinc-

survivors, or no~aover taxa; progemtor taxa, the evolutionary seeds ot the ensumg non eprsuues m we'"" ouu . • "" "P 

recovery; and disaster taxa, species that proliferate immediately after the end of the pear from the planet, and usually take tens of million of years to become reestab-

mass extinction. All three types of taxa are generally forms that can not only toler- lished. When they do come back, they do so only very gradually. The implication is 

ate, but thrive in, the harsh ecological conditions following the mass extinction that mass extinctions, at least for reefs, are highly deleterious and create net deficits 

event. They are generally small, simple forms capable ofliving and surviving in a ! 
of biodiversity. And whether we are talking about reefs, rainforests, or any other 

wide variety of environments. We have another term for such organisms: weeds. ! 
ecosystem, the reallty 1s that tor mtllwns ot years tollowmg a mass extmCLton we 

The recovery interval is marked by a rise in diversity. This sudden surge in evo- ' biodiversity of the planet is impoverished. 

lution is generally due to the many vacant niches found within the various ecosys- So, while there are many who would argue that since mass extmctlons are 

terns following the mass extinction. Because so many species are lost in a mass ! sources of innovation, a modem one would not be such a bad thing, as tt would be 

extinction, it creates new opportunities for sneciation. Darwin once likened the sne the source, ultimately, of a new age and even greater biodiversity, I will argue in the 

ciation process to a wedge: the modern world has so many species in it that for a new following pages that this is simply not the case. 

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. 

jq 



This arsinotherium, a distant relative of the rhinoceros, contemplates its 

geological past. 

of the Age of Megamammals 

We are more dangerous than we seem and more potent in our 

-LOREN EISELEY, The Unexpected Universe 

is known as the Great Escarpment have dried the air and created a desert. This 

GraafReinett, 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 

water. Graaf Rei nett itself is now a haven for tourists, for it is a virtual museum of 

, in the "White" part of town. There are few trees and little green in the nearby 

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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ronh rh .• {;]1,,,1 ;,h A •h oCc; A. .d_ -= 
ancient bar is wood and memory. 

cy 
"Y • 

Old photos line the walls, scenes of the town the rivers and finally arriving here in the Karoo. I have come across the1r bones 
. ,,_ . ·' . 

many times arouna nere. 1 ne 1ast were KiHea orr aoom: Lne ·mrn or tne century. <y. ~ U' CHC ~HUCUO OHUWO 

tusks piled high in the street in front of the newly built hotel. I still remember that phrase, "killed off." Not surprisingly, the great pile of 
On my first visit to the bar I came upon this photo and asked the ebony and tusks in the photo at the Drosty Hotel in Graaf Reinett came from local elephants, 

.1c1c tllt: Lu;:;K.::; ll<tu L.uult 1rum. 1uere must uave ueen uunureas hunted to ext1nct10n by the local tarmers and townspeople. nut wnat struck me was 
of them in the huge pile, and it is clear from the photo that a brisk trade of some sort not that the local elephants had been killed off, for extinction is a fact of life, but 
Nd' ,u;ug uu aruunu wem. n.n auccion, pernaps. 1 ne 010 nartenaer rooKea at the that even the memory of their existence had been killed off ill less than a century 

photo, as if for the first time, and professed ignorance; all he knew was that there since the last one died. They were hunted to extinction and then forgotten. Where 
had never been elephants living around Graaf Reinett in his tribe's memory. once the great elephants roamed in great herds, nothing is left of them but a fading 

The Karoo is dry and dusty; it does not seem like elephant country, so I believed photograph. No longer even a memory, they are now a part of a vanishing Africa, 
him. But as years went by and I learned more about elephants, I began to wonder. where wilderness has been transformed into farmland in a single generation. 
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 Africa is revered for its abundance of lame mammals. Nowhere else on Earth 
summate imperialists, and were once found on five continents. \Vhy not the Karoo? can such diversitv aflame herbivores and carnivores be found. Yet this animal nar 

Each time I returned to the Karoo I asked local people-white and black-if adise instead of being the exception----was once the rule: all of the world's temper-
they had ever heard of elephants in the region. I always heard the same storv: there oto on<l tmnirol an7ino oooinn< wooo nuite • of Afoic'n fhvm R,.t th 'olo. 

had never been elephants in the Karoo. But never is a taboo word for a paleontolo- phants of the Karoo are just one casualty of an extraordinary event that has 
_gist used to dealing in millions of vears and I inauired further. ..a.t..Lo.ELb ,.J, nl ,,.j ' ', F ,,,, · · · nfl Jl c!Jlnnn f, 

the door of James Kitching, a retired professor. this a mass extinction? Are the forces causing it still under way? Or was it the first 
Kitching is a fellow paleontologist, born in the Karoo, who then went on to cause in a multi-causal event now entering a new phase? 

rrreat f nf '' 
,],.j' '-'- r. ,;_ 

made what might be the most important fossil find of the twentieth century. On a 
nlrl ,,],~ ,] · ',;_ ' · ,C • 

~s· "' . h 
those studying extinction, one significant lesson we can take from the past 1st at 

'"'""au ua» uao a'"' wu «cc vv «c od ULCU' C 

reptile Lystrosaurus. This same creature is perhaps the most ·common vertebrate ecosystems than does the extinction of smaller ones. The extinction at the end of 
fossil in the Karoo-so common, in fact, that Kitching no longer bothers to collect the Cretaceous was significant not because so many small mammals died out, but 
them. But this particular fossil, the first common animal of the Triassic period, had because the dinosaurs did. It was the removal of these very large land-dwelling ani-
never been recovered in Antarctica, and its discovery there constituted a powerful mals that reconfigured terrestrial environments. In similar fashion, the removal of 

. . ' ' ... 
, L y :..5 L, Cdca anu:. unca .ay JOineu. 1D 1ac , tne maJonty ot large mammal spectes across most or tne worm over u1e 1ast :JU,UUU 

at that time, all of today's southern continents were united in a single "superconti- years is an event whose significance is only now becoming apparent, and one that 
nem: name~ uonawana.Jana, wnose components -1\tnca, lndia, 0outn 1\menca, should have lasting effects for additional millions of years into the future. 
ana 1\.ntarcnca sunsequently spllt apart and dntted across the .l:'..arth·s surtace hke In the late Pleistocene Epoch, at the end of the Ice Age, about 15,000 to 12,000 
great stately cruise ships, carrying their animals-and fossils-with them. Kitch- years ago, a significant proportion of the large mammals in North America went 
mg s tmd ot Lystrosaurus m 1\ntarctlca constituted one ot the proofs of what is now extinct. At least thirty-five genera (and thus at least that many species) disappeared 
regarded as fact: that continents drift. from North America during this time. Six of these lived on elsewhere (such as the 

My real purpose for coming to see Kitching was to discuss Permian fossils, but horse, which died out in North and South America but lived on in the Old World); 
I soon asked him about the elephants as well. He laughed dryly. "Of course there the vast majority, however, died out utterly. The lost species represented a wide 
?Q 

·' 



The arrival of humans in North America was one of the most devastating events ever 

to occur on the continent. 

THE NEAR PAST 

orders. The only unifying characteristic of this rather diverse lot is that most (but 

The best-known and most iconic of these lost species were the elephant-like 

mammoths, 

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. 

unlike 

mammoth and the woolly mammoth. 

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 

present-day Los Angeles, while the last and best known, the Shasta 

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 

no surpnse many carmvores 

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. 



A few of the local fauna from Los Angeles, circa 18,000 B.C., courtesy of the La Brea 

ta-r pits. 

THE NEAR PAST 

rodents and the giant beaver. But these were exceptions-most of the animals that 

The animal extinction in North America coincided with a drastic change in 
plant community makeup. Vast regions of the Northern Hemisphere went from 

prior to more 

available. But as the number of nutritious plants began to to 

climate change, herbivorous mammals would have increasingly foraged on 
the remaining more nutritious plant types, thus exacerbating their demise. The 

led to reductions in size for 

America the spruce stands changed to large, slow-growing hardwoods such as 

Douglas fir began to cover the landscape. These forest types have a far lower car-

them. 
lt was not just North America that suffered such severe losses. Until recently, 

underwent quite separate evolutionary histories. Many large and peculiar mam-

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. When the Isthmus of Panama formed some 2.5 million years ago, free 

interchange between the two continents began. 

In Australia the losses were even greater. Since 
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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:::>v,vvv years nowever, rorty-uve species 01 marsupials oewngmgto tmrteengenera laKe pmce wnen new, more mgnty evotved or adapted creatures suddenly 
were killed off. Only four of the original forty-nine large species (greater than 20 arrive in new environments. Such was not the case in the lee Age 
pounds m weight) present on the contment 100,000 years ago surviVed. U± course, extmctwns, tor in no case can the arrival of some new fauna be linked to 
no new arrivals from other continents bolstered the disappearing Australian fauna. extinctions among the forms already living in the given region. 
Large reptiles also disappeared, including a giant monitor lizard, a giant land tor- TL' 

toise, and a giant snake, as well as several species of large flightless birds. The larg-
Pleistocene mass extinction. 

"> . r '"' 

er creatures that did survive were those capable of speed, or with nocturnal habits. 
Others argue just as vigorously that the cause of the 

The wave of extinctions affecting the faunas of Australia, North America, and . . , u1 vt::):;t::ca.uuu cuac occurreu uunng cue 

South America coincides both with the first appearance of humanity in all three 
mtense chmate changes accompanying the end of the Pleistocene glaciation. In 

regions and with substantial climate change. Reliable evidence now shows that 
fact, most discussion about this extinction deals exclusively with this argument 

humans reached Australia between 35,000 and 50,000 years ago. Most of the large 
over humans versus climate as its cause. 

A "]; '], th "' "' '" nnn '" ?n nnn 
For the sake of our arguments, however, the cause is irrelevant. No one doubts 

A different pattern emerges in the areas where humankind has had a long his-
that whatever Its cause, the lee 1\ge mass extmctwn resulted m a maJor reorganiza-

ch Af,' A ' '" l', ], Af,' ,,.1, 
tion of terrestrial ecosystems on every continent save Africa. But today Africa is 

? ' 
,;n; ), ], ], of makmg up for lost time, losing its megamammals as the large herds of game 

regions, were far less severe. The mammals of northern Africa, in particular, were 
become restricted to game parks and reserves, where they become easy prey to 

'" c" cL <L OcL .n. Tc poaching within their newly restricted habitats. 

Africa, few extinctions occurred, bu~ "'i~ southern Africa, signific~nt climate 
The end of the lee Age megafauna is not a clearly defined line, like those drawn 

in the sand at the Permo- Triassic and Cretaceous-Tertiary boundaries. But then -
' . ' -5· we are looking at it from the present, and, geologically speaking, it is just a moment 

tion of six species of large mammals. In Europe and Asia there were also fewer 
away. At this distance, intervals of time lasting 10,000 years or less are insignificant 

extinctions than in the Americas or Australia; the major victims were the giant 
and nrobablv bevond the resolution of om Uh •rl {, 

mamm01:ns, mas-rouons, ana woouy rninos. 
hundreds of millions of years away. The end of the Age of Megamammals looks 

'uc r ,,;>eOCcuc cx,;uc,;uu C•u "'"' uc • 
If, ot h ;, ;]]l"h · '"' 

Zcu "' 
disappears into the past-one of the odd aspects of time. But there may be more to 

0 Large terrestrial animals were the primary victims; smaller animals and the story. The megamammals still left on Earth now make up the bulk of endan-
virtually all marine animals were spared. gered species, and many large mammalian species are now at risk. 1f the first phase 

0 Large mammals survived best in Africa. The loss of large mammalian of the modern mass extinction was the loss of megamammals, its current phase 

"· '" '" '"" .. " -'" . "'"' . Q, '" -L L' '"' . ' . 

America, 79%; in Australi~, 86%; but in Africa, only 14% died o~t. turned into fields, citi~s~ and ~oxic ;aste dumps. 
e 

0 The extmctlons were sudden m each maJor group, but occurred at '» n '"'' "'' w~u uuu u<e new .um, powe~eu oy an tn-rernei-IUelea 

dl±±erent times on ditierent contments. Powerful carbon datmg techmques ; Mid.lH Lu rooK torwaru m ume, wa-ccn1ng Ior Ine suspectea new 

allow very high time resolution. These techniques have shown that some biological onslaught to begin. In my view, it has already happened. lt is visible in the 

species oflarge mammals may have gone completely extinct in periods of rearview mirror, a roaaKiu atreaay turnea mto geotog1c 11tter -bones not yet even 

300 years or less-a nanosecond in evolutionary time. petrified-the end of the Age of Megamammals. 

0 The extinctions were not the results of invasions by new groups of animals 
(other than Homo sapiens). 1t has long been thought that many extinctions 

44 45 



The Norway mt, one of the few mammals as successful as humans, steps off the boat 

in Polynesia, circa 1767. 

I have seen no a country which has 

xford is the odd twin of Cambridge, the slightly less illustrious sibling, a 

the chalk of the Cretaceous, Oxford lies in the opposite direction from London, 

Its 

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 

second, that the most consequential phase of this extinction, at least for large ani-

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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beginning of a larger wave of extinction continuing into the present and for some 

Myers believes that a new phase of this mass extinction-a broadscale reduc­
tion in biodiversity-has been under way since about 19 50, when a major increase 

vast 
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 

ultimately, 

most. While this estimate may sound drastic, it is in line with those of other biodi-

go extinct before 2020 and another 30% or more thereafter; Peter Raven's 1990 cal-

and Anne Ehrlich's 1992 estimate that SO% of all species will be extinct by 2050. 
All of the aforementioned seers take the position that the majority of the mod-

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 

simple methodology. To arrive at extinction numbers, we need an accurate census 

recent and not so recent past. The phrase "dead as a dodo" is not pure whimsy. But 

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 

One hundred years ago the vast Amazon rainforest was a virtually pristine ecosystem. 

Today there is almost no portion of it that has not been touched by humans. 
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obtain: How many species are there on tarthf tiow many nave Lnere ueen aL 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 ot 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. ln contrast to the estimates above, 
!':nmf: !':cientists wonder whether the loss of soecies will approach even 10% of cur-
rent world diversity, and suggest that such a small loss would hardly be noticed. 

Why 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 
· · · · .. h .~u h · -L th ntina un the number 

of sp~~ies on Earth and then, over a twenty-yeartimeperiod, for instance, observing 
••c. ' ,J, ,fhi,Jn 

"' ' "' reality, we have only the haziest idea of how many species currently exist on Earth, 

HOW m~LY HL<LL H< c t , · C 
time. It is our lack of the most basic and necessary information- the current number 

or speCles presenuy nvmg on Lar w- ~ .::.· 

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;t:ne remaiilCier is mau~::: up OI variuu:s iuvnlt:-

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 
mav approach 20%. For example, the common "ten-spotted ladybird" found in 

Europe has forty different scientific names, even though it represents but a single 
<mecies. Such mistakes mav seem easilv avoidable, but many species exhibit a wide 

.-..f' iation and the more extreme examnles of a given species are often mis 

takenly described as new or separate species. 
n... th · , +h"+ th" ' of snecies on Earth toda 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 ~ua axonom1s s avo:: , J' o ::>¥ 

thus have barely begun their work in the 250 years or so since Linnaeus set out the 

taSK OI descnbmg every species. Uther, more cautious soars poslrm.ten 1uwt:r 

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 ot species counts vanes trom group to group. Yor 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. 
1t is clear that scientists will never succeed in describing every species (how­

ever wonderful that would be I. Nevertheless, there is a pressing need to establish a 
reasonable estimate of world biodiversity. Is it closer to 1.6 million or 50 million? 
H ..... ,.,,..."' ;:~ mnrP reliable estimate be established without describinv every living 

There have been several ingenious attempts to arrive at a reasonable estimate of 
-L of ' < J' ' r P rth A • f, • horC oo th" 1 ROOo Rritioh -' ' 

knew that insects are the single most diverse group of animals on Earth and tried to 
· · · , · ::1. · ~< oo coo · Tt · 

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 

"UUO) <0 <U UO<CHL U 0~ , o' ry 

that have been long studied and are considered essentially well known (such as 

DirdS anu mammaLS) <U CUCdL WUHU 

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 ot buttertlles to other msect speoes 1s the same m u1e 
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 mllllon speCles ot beetles m the world's troptcaJ torests. 1 hts particular <y <y 

estimate has been so widely quoted (and misquoted) that it bears further scrutiny. confirm or falsify these new, higher estimates of global biodiversity soon followed. 

Erwin's concern at the time was not global diversity, but sim:Pfy lliatthe upper Une ot the most thorough was carried out in lndonesia. 

reaches of the rainforest canopy were little known and rarely sampled by taxono- Project Wallace was a yearlong collaboration between scientists of the Natural 

mists. Most known organisms from rainforests came from the forest floor. The History Museum in London and the Indonesia Department of Science. Some two 

multistoried canopies of large trees were known to harbor a quite different fauna, hundred net wavmg, Jar totmg entomologists descended on the Island ot ;::.ulaweSl. 

yet because of the difficulties of sampling this environment, its inhabitants were Many insects were collected, including more than 6,000 species of beetles and almost 

poorly known. Erwin devised a new method of sampling the upper canopy 1,700 different species of flying insects, more than 60% of which were new to sctence. 

regions. Over three field seasons he poisoned and collected all of the insects living These scientists, applying methods similar to Erwin's, estimated a worldwide biodi-

in nineteen trees belonging to a single tree species (Luehea seemannii, a forest ever- versity of between 1.8 and 2.6 million insects. Since insects are only one part of total 

green). He found that there were an average of 163 species of beetles specific to biodiversity (albeit the single most important one), these new estimates confirm that 

;h ,J '" fo oil " '" A ;h' p, world biodiversitv in indeed far higher than the 1.6 million species currently 

set out a number of assumptions to arrive at his famous ::30 million beetle estimate. described. On the other hand, even with so many insect species, world biodiversity 
p· h .• h. -1. . - would still fall well short of the 30 million snecies nredicted bv the Erwin estimate. 

00 . w. cL .L .C. .I. YPt >~nr>thPr tvne of estimate was derived bv noted biolouist Robert Mav. who 
~0 ' • 

had its own 163 species of beetles a veritable army of beetles specific to that tree in 1988 pointed out that the observed correlation between body size and species 
n · .L · " • . ; . c . . "'" h '" ,,;. oc'o" wh . - ''' . ,. . . n,;"" 

•s ~~, .• , •s ' 
11,140 tree-specific beetle species in one hectare of forest in Panama, and then such a method, May estimated that the Earth contains between 10 million and 50 

,;]h ,c; .. ;h ·"· 
>p , J' ']J '5 

at a figure of 12,448 beetle species per hectare of forest. Next, he assumed that 
Genetic Losses 

beetles made up 40% of the total arthropod fauna in the canopy, so that the entire 
momverstty ot insects in hiS one hectare was j 1, 1 LU species or arrn:topocrs.---rre ~ue m cue ''eac m cue uuu- cc '"'-=-r """ ., 
then added another third of this total to his estimate to take into account the species-virtually all species-are characterized by far higher amounts of genetic 

msects tound on the torest tloor, and arnved at a grand totaLo± 41 ,3~11 arthropod variaoiicy man previously supposea. 1 ne men-nascent . ):;t::l "'1"'v 

species per hectare of Panamanian forest. The final step--scaling up from a trophoresis and DNA sequencing allowed geneticists to evaluate just how different 

hectare of Panamanian forest floor to the entire world-was accomplished in the individuals of the same species were. While everyone knew that genomes-the 

following way. Erwin noted that there are 50,000 species of trees in the tropics. number and type of genes-varied tremendously from species to species, no one 

Assuming his figure of 163 host-specific beetle species per tree, he arrived at his foresaw the great genetic variability that characterizes virtually every living species. 

much-repeated estimate of 30 million species of beetles in the world. Every organism carries a large number ot genes: a bactenum typically carnes 

Erwin's "thought experiment" was simple and elegant, but full of untested about 1,000 genes, a mushroom about 10,000, and typical higher plants and ani-

assumptions. However, since it was based (at least at the start) on real sampling in mals as many as 50,000 to 400,000. It is variability among these genes that differ-

regions that up until that time were virtually unknown, it took on a life of its own entiates the various species on Earth, today as in the past. But there remains a great 

and was treated ouite seriouslv. It is still the basis for the laruer biodiversitv esti deal of variability within each species as well, which creates the various "races," 

mates cited today. sub-races, and populations that make up a species. This variability appears to be of 

The Erwin estimates were widely publicized, and rightly so. They gave us a utmost service to species, for it provides a hedge against sudden changes in the 

whole new view of global biodiversity. But because of the way in which they were environment: in highly variable populations, there will probably be at least a few 

52 JJ 
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~or w .. a ever new conulLlons come aLong, tuus 
allowing the survival of the race. Any reduction in genetic variability is thus dan 
gerous LO a species ana appears to oe a sure mmcator ot a speaes slldmg 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. 

m tne m10-1 ':J ;vs, a study ot 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 onlv a verv ,:.mall of 

other seals to choose from, resulting in severe inbreeding and a loss of genetic vari­
ation. Such unions between close relatives are. .oft l ~ "l · o-} .o£ 

birth defects retardation. and reduced ili 

that humans of every culture have produced laws against it. 
_1\.rr nl, nf re . c.L . 1'<1. ;~. 

species of the American cougar has been reduced to fewer than thirty individuals in 
_th ciULl ,d,L d. .ll 

Genetic studies show that this subspecies has the lowest genetic variation of any of 
the extant cougar populations. 

Estimates of Current Extinction Rates 
H .... a.u u<;. a, gueu c11al lne currenL mass exunCLlOn Is 1ar less calarmtous than ettner 
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 
tnat tne extmctions 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. What is being overlooked, however, is the fact that the absolute­
not relative number of species (or other catf_g_o_ry}_that have alread-v gone extin.ct_ 

in the last million years may be substantial. For instance, biologists Stars 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. 

INTO THE PRESENT 

This represents perhaps 20% of the total bird biota on the planet. These are species 
that have left a fossil record and thus s ecies w > kn ar . K, 
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 11:: _di ... L _I:>' 

a speciation process, exists for a given span of years (usually counted in the 
_mill' "'' ,nc1 th rrtnlh h n 

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 

_ .... ~ ......... ,.": ... 5 Lllt::: LaSL Juu miuion years uas been 
about one species every four to five years. In contrast, Norman Myers has esti­

r u.uy uave ueen going exuncr 1n Drazu a10ne over the past 

tieth century, extinction rates were measurable in species per hour. 

u a aming a renao1e eshmate 01 g10ual species diversity has caused problems, 
estimates of current extinction rates have been no less controversial. While many 
uluerent people msagree 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 bv a high canopy, often 30 40 mPtPrs 
above the ground v.rith 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,_____ar__ · ____rajnfn Pst · · 

Basin but extending up the Caribbean slope of Central America to southern Mexi 
C n · 'l · L1C 

large block occurs in the eastern tropics and is centered in the Malay Peninsula. -= ·,~' •o1 H.' 

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
tiona} 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 submergence of an eroding island obviously causes the immediate extinction of 
complete disappearance of all tropical forests in one century, if current practices --

many species that once dwelled there. Others will die off later in time. 
continue. Biologist E. 0. Wilson, in The Diversity of Life, estimated the rate of The number of individuals in any population of organisms is always fluctuat-
tropical forest loss in 1989 to be 1.8% per year. The Food and Agricultural Orga- ing. There may be long-term trends toward increase or decrease, or even toward 
nization (FAOI of the United Nations officially placed the deforestation rate at constancv. but these lon2:er term trends are tL ; made un of'" '"" 
0.5% per year in the late 1980s. fluctuations. The fluctuations themselves have traditionally been thought to be 

TJ::miPl v ·-1 . .cf nfFlmida State Universitv analvzed all available informa- related to _fact< . ch . _in d oh 

tion regarding the rate of forest destruction--data mainly derived from satellite predation or competition; physical environmental changes such as long-term tern-
imagery and remote sensing. He found that the tropical forests of Asia are perature change or habitat change. To understand these changes, ecologists have 
already virtually gone. There are currently about 92,000 recognized plant species developed a series of equations that describe how birth and death rates-the ulti-
(and an unknown number of plant species waiting to be described by science) in mate determinants of population size-· are affected by the external environment. 

· • · · _n_. -~- " r" ve ' -c . -
' "' '"" 

culated that between 1950 and 2000, almost 14,000 plant species (15% of the first appreciated by Robert May. In the 1970s, May showed that population flue-
,L' H •L 

") '!- 'b' ") "!-"''" "' """""'" -·~ !-~""" "" av• y ~auuom, D~l 
UU~M· M<o" U. CH< 

Simberloff predicts that the extinction of over 
~H"L.-..a.u. uw.y LJ<: .. a.u a.~l-'"-L-L '-H L-ua.O", cue r.-.~a tve~y new1y u.escnueu. puenomenon tn 

reserves and national parks, which apparent randomness isn't random after all. Although governed by precise 
uu,vvu p•am specres \""'"! auu w uuu >J-<CK> \' o; mau1emalica1 ru1es, Lue ueuavwr 01 a cuaOllC sySLem tS vtnuauy 1mposs1me to pre 
and 2100 A.D. Simberloff concludes that "the imminent catastrophe in tropical diet. lt may be that some populations of organisms show wild fluctuations that are 
rorests 1s commensurare wnn a11 Lne greaL mass exLincLions excepl 10r lual al cue causeu not oy externat conuttlons, sucn as cnmate cnange, out oy aeep y rooted 
end of the Permian." and complex dynamics within the ecosystems in which they reside. May also 

showed that the geographic distribution of organisms may be related to factors 
Kecent Losses anu other than the external environment. May and his colleagues showed that popula-

~ince 1600 a minimum of 113 snecies of birds and 83 soecies of mammals are tion fluctuations within a patchy (or irregular) distribution may not be related sim-

known to have gone extinct. But these animals are large vertebrates, which through ply to the favorability of each patch, but might be far more complex. 

time have had a far lower background extinction rate than 5 per year. About three- All of these findings have profound implications for conservation biology-· 

quarters of these extinctions took place on oceanic islands. Historical records also and for the understanding of mass extinctions. In their 1996 book, The Sixth 

suggest that, since 1600, extinction rates for these two groups have increased by a Extinction, Richard Leakey and Roger Lewin point out that 

'- -" ' •h · · ,f ,,1 n 1% ,f ~ h'nl .l± rrld ,~- " " 

per century and 1% of mammals per century. Extinction rates in other groups of striving for balance. It is a more interesting place than that. There is no denying 

"' ••~~L'-L •h 
'"5 ' "' •• , "b 

_;cr, 
am•<•, , .. , •y . "r '"r ~-A'""' w -vv ov• 

(350) classified as endangered in the 1990s than there were a decade earher. pattern we recognize-both in time and space--emerges from nature herself. 

we maJU< '""'"' umw" >~eLM ou . ' v• \' - ... u~~ L~ ct L..lllH~H.~5 HL..;>L5".".' '-V'-U H ~ LUa.c cue wOr.r..Ol COuservacionman 
where in the world) appears to be changes in habitat, such as those that occur agement is made more difficult. It was long believed that population numbers 
through climate change, desertification, or deforestation. Habitat perturbation could be controlled by managing external conditions (as far as possible). This 
often causes rapid extinction of species: the drying of a freshwater lake or the final 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 b10ta, 
and thus are amoncr 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 
1 ~ +""";1 r<>rord of themselves so that diversitv levels and losses in the past can 

be measured. 
T, roao n '" rnr::~tnr nf hirdo: 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 

· · ' · ' · . r nr •'- · 
' Till "" ' """ 

mately 10,000 species of birds on Earth today, about one-fourth have restricted 
~L 

oreemng ranges 

species mOSt SUSCe_tJL~UH::: LU 
Little is known about the prehistoric human impact on birds in most continen­

tal reg10ns, but Nann nmerica is one exceprion. ~ vv 

North America, about 11,000-13,000 years ago, between twenty and forty species 

of buds went extmct. 1'\U or tnese mras may nave ueen Lieu inLO ecosy 
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 8:Gclit10nal btrd species went eXOnet 
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 extmc­
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 
virm on1rlPn-cheeked warbler and Kirtland's warbler) are so close to extinction 
that only expensive, concerted captive breeding efforts (such as that taking place 
c~ .~:~, .;n ,,, 

in ntal reP"ions outside of North 

America have been little studied. The paleontology of birds is far better known for 
· • ~• ""'' ;, ~> ' ,.];lnomollerlocal 

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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. ' ' c J, 

each case the extinctions postdated the first human contact with each island. 

--yreui · "" erurure OJ oiras-is-rrrTca>y '""'·a cuay uc urac-me 
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 sangume, and see the ongomg cuning or rne wona s toresrs anu Luetr 

replacement with agricultural fields, an entirely different type of habitat as a fac-

tor ensunng the contmued loss ot bird spectes. 

Why the Modern Mass Extinction 
May Not Be as Bad as Projected 

One ot the great dangers facmg fuose who atteffipt to prophesy lS mat 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) scten­
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 
nrolonP"ed it will be. There is a tendencv 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 
h ,;th fh -neriod nrior to the nonulation run UD of our 

own species, is the most pressing question, and one that is very difficult to 

n · ·'"'" '' ,f '" · · · lie. 
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 than 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 hvmg mdivtduaJ ot a gtven species. /\11 speCies are u1e resuu 01 a 10ng ··o 

period of evolution. They do not just go away; something must eventually kill them Several tvoes of climate chan2:e could reduce the current area of farmland and 
all off, and that cause must be sufficient to end a history m most cases counted m hence create pressure for further habitat conversion. Global warming due to the 
millions of years. greenhouse effect could cause the tropical regions to increase in size. This in turn 

cc ., ' 
··' •L •ol, ch ,h would cause an exnansion of the desert areas at hi!!her latitudes nroducinl! an 

Worldwide conservation efforts have brought to light the plight of many endan 
adverse effect on the grain belts located there. lf grain regions migrate to higher lat-
· de · ;, >h cill ,ff, ohMto• ""~ h· oh ammino oooonno '"" the" 

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 

reduced yields. 

given habitats. These efforts have occurred only in the last two to three decades on a 
A second and opposite effect would be a return to a new glacial interval. The 

worldwide basis. Yet they have already registered a number of remarkable successes, 
current warm period is but an interglacial interval in a long pattern of glacial 

~l...l. · ' th · ..-.+ ,,,J.. ale and larcre bird snecies. Bans on dangerous chem 
cycles ~hat has been operating for more than 2_ million years. 1f past patterns are 

icals such as DDT have vastly aided this process. These efforts alone may be suffi uy '' • Y' • "S' · S' 

. ,,;h . .d mas<> extinction. 
an~ cover vast regtons of the Earth m some of the most productive agricultural 

•<g•uuo. . 
3. Extinction rates have been ov~resttmated 2. Sealevelchange 

"''' +o nH' •~' ,;,., otudieo is 

our very poor knowledge of the most basic baseline figure, the actual number of 
. u_isruprion or agricuuure cou1u a1so come rrom a rise in sea JeVeL r.ven smau 

· -' •L ch • >; ch .:1 · ,f · 
nses m global sea level will result in significant land reductions in agricultural 

0~ ' ' 

among various taxonomic groups and specific habitats. In very few other avenues 
regwns, ~d such. sma.u-sca1e nses Will come about n current g ooal warmmg pat-

of science are the error ranges quite so great: an order of magnitude separates the 
terns contmue. Rtver 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-
hlgh arur ow ugu<e,. "may-u<'C ""' ""' 'Y '1<' ,~ · 

Earth, and that a relatively low percentage of them have recently undergone extinc-
e:ed from a study of Antarctic glaciers in 2001 indicates that the rate ot sea level 
nse may be three or four times faster than the worst case scenario of the late 1980s 

tton, or w111 ao so in tne near tuture. and early 1990s. There may be a 20 foot sea level rise in the next two centuries. 

Why the Modern Mass Extinction 3. Greater than expected human population increases 

May Be Worse than Projected As we will see in greater detail in a subsequent chapter, the number of humans 

cc •L '"··•" ·" 
on Earth greatly affects the rest of its biota, and surely extinction rates as welL If 

·'Y 

to amplify the current rate of extinction. If we accept that the current levels of 
the human_ population reaches some ot the more extre~e eshmates over the next 
few centunes---over 50 billion people, for instance there will certainly be greatly 

extincfton are r~tatea to tn_e a 'v• '~ ,,, 
elevated extinction rates. 

verston or previously undlstufi")e(f"nauna.l tSucu i::l.t:i w H<u 

into agricultural areas-then anything causing an increase in such conversion 
The Earth currently has more species than at any time during previous geo-

should adversely attect the bwdtversny oase1ine. 1\ny redUCliou iu uu:; ldHU cur· 
logic epochs. This general pattern of increase in diversity over time may not con-

rently available for agriculture would be likely to spur more conversion. This could I 

tinue, however. How it might change is described in the next chapter. 

happen in several ways: I 
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Even a completely degraded environment can be successfully exploited by certain 
species-but others are sure to perish. 

GOD, in a conversation with Noah 

n 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 tee-

slogan was a cry to bring back all of the southern continents into the single con tin en-

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

between them have been eliminated. The common travel of 

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
The nlanet mav well stav at the low levels tvnical 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 

c. '"' · · ;;]I • c' ' · ~;nc; the <',mh'i'n 

Period more than 500 million years ago, the diversity of species on Earth has been 
n · c · · .,nn;:ll' ' '" ?H eT .,;11 ,;1 

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 tne 01versny or a glVen regionr now can a carat reer ue su Iicu_i111i1t: 

and a sand bed bes1d.e 1t so poorr /\nd 11 we cnange scate, now can a targe regiOn ue 
species-rich and a neighboring province species-poor? If we define diversity as the 
number of species present in any gtven area, can we arnve 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. 
Biolo~ists have long recognized that diversitv 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-

'"' '" 1 ' c, ? 
Some rough rules of thumb about this relationship were first formulated in the 

' O.L dL .<L -"Vnn· "' 
~ .L.L >< ~ 

.,, "S , 

their idea the equilibrium theory of island biogeography. In essence, it relates the 

d<td V' HdV<Cd' 'V CH< M W >~ '~ • 

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 defer-
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estation, for example, leads to the shrinking of habitat and thus to the loss of 
snecies. 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 

•ole" ""' hi '" elcho I col no 

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 

MWdyo >mm d moo u~ ~ , v• '"'~« 

habitat into smaller patches of disturbed and undisturbed regions will increase the 
rate or ex 1nc 1on, 

with these Implications in mind., paleontologist lVlichael Mc.l.\.inney or we u ni 
versity ofTennessee has recently summarized the general traits of global diversity: 

1. Diversity (which can be defined here as the number of species in the habitat 
uemg exarmneu, oe n: an tstana, a gtven communny, or 1:ne ~ann as a W1101eJ 
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, sometrrnes It nses~ut genera:ITy tt can---oe conillifered 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 

' ~. ·c, ' · ' ' . n 

4. The equilibrium value of diversity is determined by competition for 
available and timte resources-:-7\:stne totar nurilDer ill speCies mcreases, 
th1s compet1t10n mcreases, rOOucmg tfle rate OITormatlon 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 

65 



FUTURE EVOLUTION 

factors (those brought about by life itself, such as competition, pre atwn, an IS­

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. 
Accor mg to t 1s v1ew, t e two most Important mec amsms regu atmg 1vers1ty 

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 

sa ura ion. or many eca es eco ogis s ave use e conce o ni i 
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, 

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 

just as it was during the time of Gondwanaland, 200-300 million years ago. 

Disturbance and Diversity 
Since the actual number of species on Earth today is so important, knowing what 

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 
Animak?" 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 McKinpey, who 
attacked it in a different wav. 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 tern-
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 speCles-specihc. 
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 oflarge animals and plants., 

Ecologists have long understood that there is a relationship between the degree 
of disturbance and the ability ot nature to mamtam diversity. Many smaies 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 ot open space or haoirar. oy reauciug tut:: ' uf 
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
h<>nrp rliw:r~itv droos as a few species outcompete all the others and dominate the 
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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-

but not so severe as to cause wholesale extinction." 

atively higher levels of disturbance than more broadly adapted species, and there-

specialists and types found in restricted ranges are those that produce the largest 

Global diversification remains a simple equation: origination minus extinction. 
The highest net rates of diversification seem to occur in animals with small body 

and rodents, for example. Although two of these traits-wide distribution and high 

net result is higher diversification than extinction. 

Compounded Disturbance and Ecological Surprise 

happen within a particular range of intensity-not too extreme-result in little 

bances occur repeatedly at higher than normal frequencies? 

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 

Deforestation and fragmentation are the future-and bane-of post-industrial 
ecosystems. 
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time in any habitat. It is these cycles of disturbance that ied to ecology's first para-

frequentl:>frtur\- ; tnJarru J<i. ,f. , ~ ... :ime cO 

die:m tJ.-. ~f , '-'L~<..u '--C.0.\.1;)~ wiuespreau mortah­
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 

rl, .... ~ ~H mecuanisms ~uat structure the even 
tual recovery. Pai~e ... and his colleagues used the example of the catastrophic 1988 

h.L L;l..._, Wuicu ..... urneu neany 'tV/o or 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 
~ ........ u major caLasuopnes are compounded, will ecosystems return to their previous 
state? Paine and his colleagues argue that they will not. 

t._,ompounae~lsturbance can be portrayed in two w~. First it can 
we manner proposed in the Yellowstone fire example, in which a normal commu­
nity undergoes a second (or multiple) disturbance before L.ih ':..fi · 

completed. Second, a major stress can be superimposed on a community altered 
by some significant disturbance. Exa1!1Q_les of_the__this_ l.-l ::£ ,_d_ 

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 at~ 1"1: rh . '"'' ~~-
effect; a series of major storms one after another may ~arkedly alter ecosystems 
that have ev~lved l.-lt>r lr 

Paine and his colleagues note that the prime ca~:e of compounded disturbance is 
human activity, The prime result is lowered diversity-a return to Gondwanaland. 

Plate Tecto_nics_and_ .-.' 

The studies above (and many others as well) suggest that compounded disturbance 

~..J ~ J • ~y ua.Vo;;, .... auseu u_Je equumnum 1eve1 ot world biodiversity 
i .~~-- ~w ... w~ -' a.nu equa.11y Important tactor that is taking US back to 
Gondwanaland: the functional removal of barriers to migration. In a way, to borrow 

LVHL"-L uva<y uUmper SUCKer, we nave mdeed stopped continental drift. 
One of the major influences on the equilibrium value of global biodiversity is 

continental configuration. When the various continents were united, there was 
obviously easy faunal interchange around the globe. When the continents are 
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widely separated, however (as they are today), there is greater heterogeneity in 
environments, less faunal interchan2:e 1rl · . T. ·:·y 
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 continmh. h 'h fn ,,-1 .c.. 

various continents, as least as far as gene flow is conce;ned. 

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 

· · • ..._uc~, " .. '"'!:-'"'""~' rn 01 oceaniC c1rcu ahon, and the amounts of 
nutrients reaching the sea. All of these factors have biological consequences that affect 

~ L .. ~ Vd, conlinemat anncanne1p augment diversity by increas-
:-' '~'""'"'"' ... .uu., gree 01 separa~ton ot na01tat,s ( wnich promotes speciation). 

Plate tectonics also promotes environmental complexity and thus increased 
. uiversicy on a gJooaJ sca1e. n_ world with mountainous continents, oceans, 

and myriad islands is far more complex, and offers more evolution<!IY_ challegg_es 
.. , an a ptanet uommatea oy 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 confi2"urat" of th 

nents and oceans would have far-reaching effects on organisms, causing increases 
in both diversification and extinction. Changes in conti Pnt;:~ 1 · · ,, lrl ~++.., 
ocean currents, temperatures, seasonal rainfall patterns and fluctuations, the dis 
tribution of nutrients, and patterns ofbio_logical 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~ ,;,),_tb _& 

animal species live on land, and the majority of marine species live in the shallow 
water reP"ion ,,lrl -..-l s. 

~or 

communities are packed with vast numbers of highly specialized species. Not only 

th · {, ~h.~;!-- , "" mposiLion 1s Uluerent tram 
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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ln 199b, b10tog1st t'. V1tousek and three colleagues usea matnemancat moaet- pesLs, onty LO nave ~ue inLrOuUo .... t::< :sl" 

ing to project the number of mammalian species that would be expected on Earth if species they were brought in to controL Ironically, some introductions have 

all of the continents were reunited into the configuratiOn present at tile e:lliiCiftlle occurred tor purposes o± e1ther blOtechnology or sciemlric res~i <~.Hy, Lllt::lt:: 

Paleozoic Era, some 250 million years ago. They concluded that the world would have been many accidental introductions from ship ballast and airplane holds, of 

contain about half of the nearly 4,000 mammalian species present if we reunited "hitchhiking" seeds escaped from either wild or agricultural areas, and simply as 

Gondwanaland. These same authors speculated that the current transport of mam side effects of habitat alteration. 

mals from continent to continent is leading to an extinction rate of mammals that The majority of introduced species do not survive. It is estimated that of a hun-

will yield approximately this same global biodiversity: 2,000 mammalian species. dred introduced species, approximately ten will successfully cOlomze or naturallze, 
and only two or three will become pests. But those that do often become major 

Aliens Among Us 
problems, especially in fragile, endangered, or rare ecosystems, such as early sue-
cessional habitats, ecosystems with few species, and ecosystems that traditionally 

"" "' "''" nr.+ nro' iouslu found there is a have a low number of nredators or nazers. The nest invaders often show a suite of 

potential for biological change. Such invasions of new species have occurred similar characteristics: they have a high reproductive potential, many offspring, 

'" ~' ... : ,, "'. . . ' "'' . ~. dho "' I h::~hit~ ::~nd food renuirements. Thev can thus be characterized as 
T. . v . .• 1.. .1.' . " " · r::~n r~lnni7e and flourish in a wide varietv of ecosvs-

I~i~ estimated th~t abou~ 11% of all species now living in France have been intra- terns. They are often human" commensals"-species that thrive in the presence of 
" ' >AO =· >OO ' ' "· 7 .. L " 

more than 40%. These biological invasions are particularly marked in floral com- While the greatest consequences of these invasions are biological, their eco-
. . . " · · · · · L. :~.. TT. · .~ Q .1. :, · · I,,,,.,, Rue-

y "Y 
sian wh~~ aphid causes a~ much as $130 million in crop damage each year, the 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 Mediterranean fruit fly as much as $900 million, and the gypsy moth about $7 SO 

tnan aouotea tne aiversiry or pram rite in New Learana,~ 'Y nuwuu. 'ue uuu wecVH way Hct' -·· 
result. Over time, many non-natives will inevitably drive the natives to extinction, ton crops during the twentieth century. 

causmg world b10diVers1ty to declme. 1ne unima<e en en or many . " 

Biological invasions aided by humans have come in three major pulses. Over a examples of such extinctions abound. In 1959, in the Rift Valley of Africa, British 

period starting several thousand years ago until about 1500 A.D., human move- colonials introduced a northern African fish called the Nile perch into Lake Vic-

ment and migration caused the transport of plant and animals mainly in the Old toria for sport fishing. The Nile perch is a voracious predator on smaller fishes. 

World. Beginning in about 1500, however, a second phase of invasions began with Prior to its introduction, the lake was home to over 300 species of endemic cich-

the increasing contact between the Old World and the New due to European explo lid fishes. Yet by the early 19 80s, when the problem was tmally recogmzeu, over 

ration and conquest, during which many Old World species were transported to half of the cichlid species in Lake Victoria had gone extinct because of the Nile 

the New World. The final ohase began about 150 years ago with the globalization perch. 

of species movement due to the vastly increased efficiency of human transport. Of all the factors causing the translocation of species, the exChange o± ballast 

There have been manv reasons for these snecies introductions. In some cases water mav be among the most important and the most difficult to stop. Thou-

the introduced species were purposely brought to a new location to become animal sands of species are transported around the globe in ships' ballast water. When a 

or plant crops. Some were brought to serve as ornamentals or pets, while others ship takes on ballast water, it takes up the plankton of a given region, which often 

were introduced for sport or hunting. Still others were introduced to control contains the juvenile stages of marine animals and plants. These organisms are 
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2. Rhea 33. Big game huntmg 46. Feral rabbits 

3. 34. The Sahara 

4. Coconut palm 13. Laysanrail 25. Piping plover 37. Research whaling 

5. Hawaiian honeycreeper 14. Ponape crake 26. Alaskan pipdme 38. Eurasian starling 

6. 16. Chatham Island banded rail l'eral pigeon 40. Waliaibix (bear gall bladder, tiger paw, 

7. Easter Island 17. Lord Howe wood rail 29. Caiman hunting 42. Brookesia peyriere~i and rhinoceros horn) 62. Ocean-borne garbage 

8. Mexican grizzly bear 18. Wake Island rail 30. :;lorth Sea oil industry 43. Human migration to 52. EuraJJian bison 63. Stellar's sea cow 

9. :North America 19. Hawaiian rail 31. Gorilla Madagascar 53. Cretan deer 64. Sandwich tern 

44. Dodo and dodo tree 54. Tiger 
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tnen discharged when the sntp reaches Its destmatton pon. une sucn mvauer was 
the infamous zebra mussel, which made its way into the Great Lakes of North 
America. The zebra mussel, which ongmatCCfirlK"urope, ts an extremely ethoent 
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 

A, th ..L · "'"hJ,.,..,L ,,...h 'nvade ... sarenredatorvcrabs which are 

capable of wreaking havoc on shellfish beds. Such an invasion began in the 1990s 
'cl- -C cl- ,1-' "' ' ' · Oc Th ,h fo •~<>n 

Plants also suffer a great deal from biological invasions. Because plant seeds are 
n _n.L · ",. '"''' '"' '"' ' 

take over new ecosystems quickly. In different areas of the United States, intra-
- H. ,c 

v ue - r · --, 

these non-natives, such as kudzu, were deliberately introduced to control soil ero­
sion. Others were introduced as agricultural crops. On rangelands, invasive plants 
sucn as cneatgrass crowd out more ncrriTrtous :tTiltiveptauL:,;, c<1u:st: su.ii~:::rusiuu, emu 
pose threats to native wildlife. 

.t.ven more deletenous than these plant mvaswns nas oef':n me transport 01 

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 J arrah 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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, _L ,. 
,.,, 'Y 'Y 

from the size of its geographic range. In the late 1980s, biologists J. Brown and 
-==-aurer snoweu cnar species m "unn · c uin= viu 

ranges almost always had low population densities within those ranges. In other 
words, there are virtually no species of birds in North America that are both nar-
rawly dtstnbuted ana abundant wnnm thetr small geograpnic ranges . ..__,u Lllt:: 

other hand, birds with widespread geographic ranges are usually abundant in 
most regions withm thetr ranges. 1\lthough we see this all arbund us, lllS DOL 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
inP 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 
ranae tend to be less favorable areas for the species than the interior of the range. If 
the size of the less favorable oerimeter is lame relative to total area of the range, it 
becomes limiting to the overall population, and small geographic ranges have 
h:oh ·-to-am catio, than larae ones. Not sumrisinolv. then when a 

large geographic range is suddenly broken up into many smaller ranges, the abun­
" ,c · ,;11 ~"" · - """"" c ' ' r"n th s influence 

the likelihood of extinction by affecting the rate of extinction of local populations 
that find themselves confined to "habitat islands." _, 

"'' 
mare of conservation planners. The urbanization and "agriculturalization" of the 

. ., ' . '., ,, 
vonu ""' u• "5' ev - 5' --r 

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 Megamarnmals is the functional 

reuniting of Gondwanaland. 



Climate is one of the most difficult things to predict. But one thing is certain: man's 

effects on it have been enormous and the future will be problematic. 

-ROGER DISlLVESTRO, The Endangered Kingdum 

an we predict what the future course of evolution may be? It is sometimes 
tempting to make fanciful conjectures about the nature of future species, 

and appearances of new species would be fantasy, science. Yet it is possible to 

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 

group 
ment 
chance. are not so sure 
Paleontologist Michael McKinney (among others) has argued that the best chances 
of filling the new niches belong to what he calls supertax a, species belonging to 



FUTURE EVOLUTION THE NEAR FUTURE 

.L .n 

~;e ;~e rodents, snakes, and passerine birds-ail of ::hich ~re extremely specie:·-ri~h. "' ~ y 

"megacities." 

lVlcf\.inney pointea out mat since tnese groups are generauy com~o::;eu 01 g · very rew animals uansrorm ·weir naoit:a"!: as ex"!:eu::;ivny a::; 11umu :::;ap-it:rr:s uu~::::;, 

rather than specialists, their members are abundant-and that the same traits pro- and of all our transformations, perhaps none are so visible as the formation of cities. 

mating numerical dominance also lead to an ability to diversify rapidly over long While many of humanity's changes, such as deforestation and the planting and 

penods ot tlme. Another charactenstJ.c ot this group IS small Ood.y SIZe. mamtenance ot agncultural tleld.s perturo and tnen cnange one type or molOgicat 

Second, predicting the makeup of any future biota requires an understanding system into another, the building of cities is a widespread transformation of the 

of what the new range of habitats on Earth will be. While the emergence ot human- organic into the largely inorganic. Termite nests, prame dog tOwns, and a tew other 

ity as the dominant species on Earth has changed things such as the degree of gene examples are slight intimations of this process, but true concrete jungles have of 

flow between once isolated populations and the corrunonness of alien invasions, course been altogether unknown prior to ours. 

perhaps the biggest change has been in the nature of habitats. Humanity has trans- Humans had been building up to large-scale cites for millennia, but the advent 

formed the Earth's surface by producing physical habitats that have never existed of the Industrial Revolution changed the nature of cities forever. Once places 

before. Through the emergence of megacities, the changeover from old-growth to I where trade was centralized and people lived, cities became, during the nineteenth 
managed agricultural forests the soread of agricultural landscapes, the fragmenta- centurv and throughout the twentieth century the places where factories and 

tion of native landscaoes bv roads chang:es in the ecolog:v of the oceans due to the industries were located. The effect was to brin2" oollution into the bedroom. 

disappearance of large fish, mangrove, coral reefs, and seagrass beds, and the 
I 

Ebenezer Howard, an early urban planner, described these new cites as "ill venti-
rh · ,] "fbn~on~u;,trc,,h. •w;th · rJ. 'noothec. · lr ,,j ond "" " Thr Fcenrh I.e(' ,,h 

pollutants, humans will undoubtedly have a marked effect on future evolution. was more poetic in his denunciation: "They are ineffectual, they use up our bodies, 
,], 0 ] .• L .;]1 ·"· nHfr ,Jco 1 cth ,f' . th '" .. ! •. " 

ronmental conditions never before encountered on the planet. 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-
. • • • L . . 

Cities "' ~ "~ ,,. 
twentieth century comes to a close, cities and urban regions occupy about 2% of the . . . 

m ruuarc D • va UK" uvw UK' vcarau ''i' > : r LdHU 0 MUU OVUdC<, n> KJ VO< JU,_ > 

in Mexico City. While Los Angeles was well known to me at that time, I had never concomitant amount of waste material. They are not only centers of human popu-

been to Mexico City, and looked forward to the experience. lation, but centers of human production and consumption. 

Our plane lifted from the lushly verdant Yucatan on a luminous day, and we Urbanization has five major effects: it produces an increased demand for natu-

flew over a starkly visible Mexico. The flight was not very long, and a vista of ral resources in the area surrounding the city; it obliterates the natural hydrological 

mountams ana rorests passea tar oeneatn us. Lventuauy 1 spotteu a utstant cycle at tne stte or tne ctty; 1t reauces owmass ana alters species compost bon 10 anu 

mountain, larger than the others, and as we approached I was filled with wonder. around the city; it produces waste products in high concentrations that can alter the 

Never had I seen a mountain like this before, perfectly dome-shaped, brown m environment around the city, and it creates new but altered landtorms through 

color, impossibly tall, a vision that enlarged and degenerated into implausibility. landfilling and reclamation. What is "reclaimed," of course, is generally natural 

Our pilot headed straight toward the summit of this great mount, and just as we wetlands or lakes. Cities replace natural forests, grasslands, and other vegetation 

were about to crash into it, I realized what it was: the air over Mexico City, a with concrete and brick. These changes vastly affect the flow of water through the 

mountain of pollution covering the huge sprawl below. Even in the 1970s Mexico site of the city, generally causing water movement to accelerate. 
City may have been the world's largest city, and it was a sure vision of the future, Canadian economist William Rees has brought attention to the concept of the 

ou I 
u 
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rootpnnt ot ctLtes -Lue area Ot tanu requireu LO supp y ~uem wi~u tOOu a •u m- macmnes m ones causes marKeu CHanges in air qucUiLy. tue re1ease 01 uuge 

ber products, as well as the area (and plant growth) necessary to absorb the carbon amounts of carbon dioxide and other greenhouse gases that may not readily dissi-

dioxide output they generate. Une such .. tootpnnt, · tor London, was calculated oy pate out o± the e1ty center ttselt provides an msulatmg blanket around the city core. 

Herbert Girardet of Middlesex University in Great Britain. London was the first One of the most salient effects of cities is their formation and accumulation of 

of the "megacities," being the first urban area to attain a population of a million waste. In earlier times the solution was simple: dump the garbage in the poorer 

people. Using the analyses pioneered by Rees, Girardet calculated that the toot neighborhoods. While this system has changed in more developed areas, It stlll 

print size of London is 125 times its surface area. The city covers 159,000 hectares, goes on in poorer countries. Perhaps the most striking example of this practice was 

and its footprint is thus 20 million hectares. This is larger than all of the productive in the Philippines. In the 1950s Manila began to dump its 'escalating volumes of 

agricultural land in Great Britain put together-for just 12% of Great Britain's total waste in a particularly poor neighborhood. The mini-mountain of trash was n,amed 

population. Mt. Smokey because of the haze from burning methane, and it towered 130 feet 

All of the key activities of cities-transport, heating, manufacturing, the gener- above sea level in a city built at sea level. Even more striking than its size, however, 

rlf r lectricit and the nrovision of services-relv on a steadv and re2Ular suo- the b' omass of humans that this bean of nrbaPe sustained. In the ea.rlv 1990s it 

ply of fossil fuels. London requires 20 million tons of petroleum each year-and in was home to some 20,000 people who made a living out of sifting through and recy-

•h ,f ,, 
"' Pm< fiO m-'llion tons of oh '" .,j • . • ' th < li .WC thPCP fed thPrP ,nd heed there. 

"" Ai 'A, th -" F ,J, 'T ,d, '7 000 Th ,f oh 1- ·iti the 

tons of household waste. Earth, and just as surely promoting new strains of evolutionary development. 
,}, "" nli ' ol •rl h' I n. · .A · · A,. f,- h .c h 

logical factors. The liberalization of political systems around the world in the clos- more so, they are habitats for legions of insects, birds, and small mammals living 
. J- .c ..• c . . . . •h _cc . ,, . 

'" ('' . oo non 
.. 

5 ~' 1 . . d . 
was accompanied by urban growth. Unfortunate y, many ctttes are ecaymg as I of food each day for its human inhabitants. About half is transformed into human 

they grow, or cannot keep pace with population increases to provide sanitation, energy; the rest becomes human sewage and "wastage." This vast resource is an 

roou, anu cnemtc<U-U« mv . • uu> uwau ~vmcy '"uum'" "'"uy v• cue evomuoua<y ca<gec w ~ee cj w< u.c """""" cuac a<c uvw ; u. n •o 

changes found in cities today. Current growth projections suggest that there will be clear that 10,000 tons of food material a day was not appearing in the small area 

a mmtmum or l uv megacntes wim popUJa~:ions mover ;:1 miuion peop1e uy L.u;>v. now Known as l"\lew rorK uity prior w 1:ne presence 01 Lue ciLy; iLs re1aLiveq suuuc::u 

These environmental anomalies will have profound effects on both local and, ulti- appearance (by the standards of geologic time) is a sure stimulant for exploitation, 

mately, global climate. and might spur evolutionary change as well, so as to optimize that exploitation. 

Climate statistics for recent decades have shown that most cites are warmer The first consequences of evolutionary change within this system are probably 

than the countryside surrounding them. Thus the boundary between the country- behavioral-the aspect of evolution that is least visible but probably among the 

side and city forms a steep thermal gradient surrounding an urban heat Island. l he fastest to appear through natural selection. The body of a rat or a cockroach is 

heating of cities is a product of several factors. The first is the absorption of solar admirably "preadapted" for living in this new habitat, the garbage dump, and may 

energy. Most roads and many city roofs are made of dark material that absorbs I need little morphological, or body plan, adaptation to exploit it. Yet the new chal-

more solar energy than the surrounding countryside. These city surfaces also have I lenges of city living have undoubtedly affected the genetically coded behaviors of 

a hi~:rh caoacitv for heat storage; concrete and tar roof surfaces both store heat by these animals, and will continue to do so. Since for the most part we view the ani-

day and release it at night to a far higher degree than does a vegetated land surface. 
I 

mals living off our waste and garbage as pests, we do our best to exterminate them. 

Second, cities are warm because they generate a great deal of artificial heat through Any behavior that staves off this fate will be selected for and quickly incorporated 

their energy output. Finally, the concentration of large numbers of people and into the genetic systems of those animals. We may not necessarily see new species 
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Some fauna have adapted surprisingly well to inhospitable urban landscapes, and will 

continue to do so but they will be fewer and fewer. 

THE NEAR FUTURE 

be consequential evolution taking place nevertheless, much of it behavioraL 

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 

even m mcmerator many 
groundwater systems and thereby enter the ecosystem of the city. Animals in~abit­

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 
lethal acid or base 

see the 

ly different evolve? Could we see the evolution of an animal specializing in the most 

Let us imagine a world of long ago, of very long ago: the world of750 million years 

"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. lee 

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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11.ntnropogemc, or numan-1nuucea, proauchon or gases sucn as caroon mox1ue, 1 ne net resmt can oe 10ca1 extinction or a species ir c imace cnange is UulCle y 

methane, chlorofluorocarbons, sulfur dioxide, and nitrogen oxides have been rising fast. The third insight is that patterns of local disturbance will change as climate 

dramatically since the lndustnal Kevolutlon. All of these gases have the ability to changes. f 1re 1s one ofTile pnncipar causes OfOistuiDance 10 mOOernTorest ecosys 

absorb infrared radiation and reradiate it back to Earth, producing the well-known terns; as climate changes, the pattern and frequency of major forest fires will 

" greenhouse effect." To better understand the conditions that will face life in the change as well. Changes in such disturbance patterns may produce a greater 

future, we must better understand what the gas inventory of the atmosphere will be. change in an ecosystem than the climate change itself. Fourth, it seems that multt 

As we all know, predicting the weather is a chancy business. Trying to make ple environmental changes can produce unpredictable responses in ecosystems. If 

valid long-range predictions for the next several days is hard enough. Doing the enough sources of change come to bear on a given ecosystem, lts responses may not 

same for the next few thousands of millennia seems impossible. Yet in some ways be predictable. We may be on the verge of seeing the formation of terrestrial plant 

the long-term view is clearer than the short-term view. Almost all scientific infor- communities unlike any that have existed in the past not through the formation 

mation to date suggests that global warming will be a long-term reality. of new species (although that may happen as well), but through novel compositions 
D.,,; ,f tl :ihl nf nln!,,! eel t f, "· .. 1 .. 1 f rouns of snecies that have no ancient communit analoaues. 

centuries come from a class of models known as General Circulation Models Another factor will be the response of plants to increased levels of carbon diox-
IC:f'Mo\ A 'nt nf . ' tl .. ;· 'tl tl nt nf '" . IIYo \ · tl M "'" ,,, · • tholr nhotosunthetic activitv 

I "' ; "· tl .. L Ill" ... hi. ;, . ere· • ;;· ·" :.tl nf r•n A ro ,,It nf. ·' 
sure to have profound ecological effects, including greater temperature increases in C0

2 
levels will therefore be greater global :Plant productivity, faster growth, and 

:o 1 .0 ,, ,, .. r • 1 .. L .r ' • n. tl tl • l .. 1 tl . "'·•' cMfc . 

globe, decreases in precipitation in these sam;
0 

mid-latitude regions, and an ences among plants in their responses to raised levels of CO?. Some plants (using 
. L n · . .o. ltl 

., 4 

Such changes will affect the entire biosphere, but will have their most marked C0
2 

in the present-day atmosphere, and will not respond with faster growth or 

effects on plant communities. Because there is so much paleontological information productivity if C0
2 

is elevated globally. A second, more common group of plants 

aoom now ptam species anu communi ies rarea auring me rapia ctimate cnanges \ tnose usmg me so-cauem:::;-3 - e ay = : 2 
accompanying the end of the Ice Age over the past 18,000 years, there is some room with enhanced growth. There are other determining factors as well. Plants living in 

tor opbmtsm that reasonatJle project10ns about oncommg cltro.ate changes can be htgh· stress cond.lttons and those trom highly aisturoea naoitats wi11 Mluw ~~~~n; 

made. effect, while plant species that are stress-tolerant will do better. Perhaps it will 

According to paleobotanists, four prime lessons from the near past are applica- come as no surprise that the-winners in a new, C02-rich environment may be 

ble to the near future. First, it seems that species, rather than whole communities, weedy species. 

respond to climate change. Over the past 18,000 years, the species compositions of Although C0
2 

levels will have an important effect on plant community com-

various North American forests have changed considerably, yet the forests them- positions and growth rates, by far the single most significant ±actor a±tectmg plant 

selves have persevered. Whole communities and biomes do not respond to climate community composition and growth is water availability. There is an enormous 

change, but instead change their species compositions. Second, the responses of amount of variation among plant species in their ability to withstand drought, so 

individual species to climate change are often accompanied by a time lag. Espe- future patterns of precipitation and runoff around the globe will affect the makeup 

ciallv raoid climate chan2:e tends to overwhelm manv vlant soecies because thev of nlant communities most. As g-lobal temperature changes affect water distribu-

are incapable of dispersing rapidly enough to move with the changes. For example, tion across the planet, plants will be forced to adapt to rapidly changing conditions. 

the eastern hemlock tree can disperse at a rate of 20-25 kilometers per century. In his chapter "Appreciating the Benefits of Plant Biodiversity," from the final 

However, climate patterns can move at a rate of over 300 kilometers per century. 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 ot changmg carbon dioxide levels Annougn rne grear nnnsn zootogtsr 1 nomas nuXIey op1neu -.::nar a 'u~e greac 

are already being observed in tropical rainforests. Tuxhill notes that the "turnover sea fisheries are inexhaustible," the results of a century of exploitation contradict 

rate" of tropical forests -the rate at which old trees are replaced by younger trees that statement. ·I he reductron of large carmvores m tile sea represents a radical 

has been increasingly steadily since the 1950s. As a result, the forests under study restructuring of the single largest habitat zone on Earth. Perhaps this restructuring 

are becoming "younger" through increasing domination by shorter-lived trees and will instigate future evolution, but can any outburst of evolution occur while fish-

woody vines that grow faster than the tall hardwood trees that make up the old eli- ing pressure exists? 

max communities. Such trends will favor a radical chan:::>:eover in the species com- Humans depend on the oceans for food, raw materials and minerals, and trans-

position of the tropical forest. Tuxhill also notes: 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 

Global trends are shaping a botanical world that is most striking in its greater almost none in 19 50 to between 35% and 60% as the twentieth century came to a 

uniformity. The richly textured mix of native plant communities that evolved close. The most pressing threats to the oceans, according to the 1,600 scientists 
. . . . ' ' " . contributina to the United Nations 1998 Year of the Oceans nroaram are snecies 

v•c• y "Y ' "'Y 
overexploitation, habitat degradation, pollution, climate change, and species intra-under intensive cultivation or heavy grazing, land devoted to settlements or 

" H C. ,1, A ,f >h . "'' "T, • ~"""'"'"con Crnm <ha oea and too 
, dUU uy, 

"". " non-na-.::ive specie~. 
The use of fisheries stocks at the end of the twentieth century was staggering. 

'·'- . . "" -'' ·' . "'""'·c . 
Under these conditions, can we expect substantial tuture evolution m torest com-

mal protein, from the sea, and over a billion people relied on fish for at least 30% of 
munities? Since a very high diversity of plants has already evolved, there are probably _, n ooo .r L 

many species "preadapted" for the new conditions that are being produced now by Y "YY'O' 'Y 

global atmospheric change. While one can speculate and dream up new plant species 
(which also supply at least 25% of the Earth's primary biological productivity). 

evolving to take advantage of higher carbon dioxide levels, the reality is that very lit-
The major fish stocks showing a marked decline in catch totals include sharks, 

tle new evolution may occur within the dwindling forests of the planet. 
wna, sworumn, sannun, anu cou. '><oc~'~ « cA~•vu-

ed in their place. During the 1980s five low-value species-Peruvian anchovy, 

The Oceans 
;)outn 1\mencan pucnard, Japanese pi1cnara, 1....;ni ean jacK macKere , anu 1 ua::;Kau 

pollock-accounted for the majority of new landings. Moreover, the efficiency of 

What separates the current mass extinction from those of the past is that little or no fishing is now such that formerly prosperous regions of the sea are becoming bio-

extinction has yet occurred in the oceans, and that changes in temperature, toxicity, logical deserts. The once rich Grand Banks off Canada are now bereft of the cod 

and other environmental factors there have been minor compared with those on that were once so abundant; the king crab fishery in Alaska has collapsed; the 

land. But for how long? orange roughy fishery of the South Pacific is essentially nonexistent. Trawlmg 

While the oceans have not undenrone an eouivalent of the megamammal the practice of dragging nets and chains across the ocean bottom-is now so wide-

I characterizina the last 50 000 vears on land it would be a mistake to spread that it is estimated that every bit of the world's continental shelves is 

assume that some extinction has not occurred. The exploitation of fisheries stocks dragged at least once every two years. 

h ,J; . · '' , h, ,riC, InC 'nacies but its effects from the larae The risin2: human oooulation is also affecting coastal zones. Two-thirds of the 

scale disappearance of whales and other marine mammals to the reduction of the world's largest cites are located on seacoasts, and the environmental effects of these 

large fish species used for human food, have utterly transformed the biological burgeoning human populations are radically changing the seas. The destruction of 

makeup of the oceans and the way in which energy flows through its communities. seagrass beds and mangrove regions to allow human settlement has had a marked 
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' ·~·" ettec.t on hsh stocks, smce these natJttats are oreedmg grounds tor many Important ' = 
ca• ~ >L>~o 

species. 
The seas are also the final resting places of most anthropogenic pollution. River 1 ne mgesrsmgre- vMc cy pc vv "'" '"""'' uc cue'"' .0. 

systems dump waterborne waste into the sea; winds carry airborne pollution into fields. Most of the ancient forests and the drier grasslands and savannas of the 

the sea; excessive nutrients from nearby cities create dense carpets of algae that ulti- Earth have been, or are in the process of being, converted into farms, and this con-

mately rot in the sea. Such algal blooms take oxygen out of the water and create large verswn wtll be a maJor com:rioucor to new evolUtionary events. nut ~l ldllllt:l~ 

"dead zones." Much of the Gulf of Mexico is now afflicted bv such dead zones. fields predominate, a second major habitat type increasing in size will be deserts. 

Other consequences of nutrient loading in the oceans are an increase in red tides and <J._mte otten, tields turn mto deserts through poor agnculturar practiCes anu reuuc-

an increase in paralytic shellfish poisoning. Synthetic organic chemicals also end up tions in water availability. 

in the sea, as do radioactive materials and heavy metals such as mercury. By the late twentieth century the option of expanding grain production by cul-

All of these factors make the oceans one of the most potent cauldrons for future tivating more land had virtually disappeared. From 1950 to 2000, increases in the 

. .J.- .V •. LII.C~L ,p,,, c\, cL harvest of grain came from the conversion of forest and native grassland into grain 

least amount of species-level extinction and, perhaps paradoxically, the most new producing fields, but this option has been exhausted. The few regions left to exploit 

. 'PL R; "' ' .CL include the cerrado of Brazil, a semiarid rangeland in the east central part of the 
' . 

" " "" • 1. " D . countrv. the area around the Congo River in Africa, and the outer islands of 

they do not recover as long as fishing continues-and as long as there is a large Indonesia. At the same time, vast areas currently used for growing grain will be lost 
' , ,, :, , .L, • '· . , c to }nlm<~n hnu "incr or throu~?:h soil erosion and land de~?:radation. The amount of 

' "S' ' 

oceans and their lack of native habitability by humans will always provide a buffer cropland per person on Earth is expected to decline from 0.23 hectares in 19 50 to 
n 1? · · oono '""to 0.07 L 'hv ?0'0 ThP "ea of cronland in India 

cy 'Y' 
less perturbed than the land. Thus, as new species are formed (beginning, always, for example, will not rise, but it will have an estimated additional 600 million peo-

as tiny isolated populations), there is less chance that human intervention will ple to feed by 2050. By the same time China will need to feed a total of 1.5 billion 

nnmeomtely stop the new speciilion process. ~· oy 

Second, the removal of top carnivores-the species most exploited by The winners in the agricultural environment will be insects, rodents, and pred-
. r. . . ' ' ~ 

humans wtllleave a void that will be tilled by natural selectwn and new specta ., 
tion. Although humans exploit the upper parts of marine food webs, the lower evolutionary change has already occurred since the inception of agriculture nearly 

trophic levels are barely touched. Humans do not exploit, for example, the cope- ten thousand years ago, unremarked by early humans. A taxonomist assessing the 

pods, small worms, and other invertebrates making up the majority of the ocean insect and rodent makeup of the world prior to the start of human agriculture 

biomass. New species will evolve to fill the vacuum created by the drastic reduc- might be surprised at how many species that are common today did not exist then. 

tion in numbers of commercial fish stocks. Koaents are Known to uave some 01 Lue 1asLeSL evmuLionary ra e o 

What will evolve to take the place of the larger fish species? Because fish, sand years is more than sufficient time to create new species, and the ten thousand 

accordinP" to the fossil record, annear capable of evolving: ranidlv, it mav be that the years smce agncUiture began may have seen a vast prohteratwn Of small animals 

new species will be other fish. But if large fish species evolve to replace those living among the crop rows. The same process has surely occurrecr among msects, 

reduced or rendered extinct bv overfishin2". the same trend rna" hannen acrain and perhaps on even a vaster scale than among the rodents. Because animals of this size 

they will become the overexploited. It is more likely that either many small fish are not readily observed or perturbed by human mitigatiOn efforts, the surge ot 

species will evolve, or the positions in the upper parts of the marine food chain will evolution is likely to continue. Armies of new ant, beetle, and rodent species seem a 

be filled by larger invertebrates. probability. 
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1 ne numan l:'opUlation 

,, '' '' "' . 0 ' ~ '"'' 

Earth. There were no cities, no great population centers; humans were rare beasts, 

scattered in nomadic clans or groups, or at best in settlements oflittle lasting con-
. ~L J ~1. ' .L ·"' ' 

, . r 

ally any large American city. By two thousand years ago that number had swelled 

"'' '"' ' e "1' • e ve 

The billion mark was reached in the year 1800, and there were 2 billion people by 

1930, 2.5 billion in 19 50, 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%. \Vhile this rate 

1s somewhat rectucect trom the L 1 '1o growth rate characterizing tile ---r90US, tr 
remains a staggering figure. 

ln 1 l,llJ:c the Umted Natwns published a landmark study calculatmg potential 

human population trends, whtch arnved 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 bevond the carrvin!J' 

capacity of the planet. Officially, the United Nations uses three estimates for the 

ear 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. 

THE NEAR FUTURE 

' ' .. , ' 

Human disease, such as HIV or some other pathogen, may affect these figures; 

wnuue w wa< cuu1.u "''u 1 <euuce cueucu ug- , , eve 

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 lL owion numans is reacnea, it is assumea tnat tne popu aL~Ou .. ~u 

stabilize. 
JVlore than LUU years ago, the l:Sntlsh SCientist l homas lYlalthus d.escnoeu me 

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 mav 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 bv the oceans. The amount of fresh water is 

far less-Dnly a small percentage of the totaL Moreover, about 69% of that fresh 

'""tee i< lockec1 in "'' ' ·<nnw en vee nc "nnifers 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-
.rc_L . cL.P.~L' .L ~L' "· ' 

place, however: it evaporates into the atmosphere or sinks into groundwater stocks. 
' ' ' ,, c •- "" 

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 

counuy au nousenmu uses incmuing cooK.ing, consumption, a w u 5 · 

amount to about 7 to 15 cubic meters of water per year per person. The average per-

son m a developed country uses twice this amount-:-'Yetffiesefigures pare wnen tne 

amount of water needed to feed each person on Eartn IS cillcWatecr:Tt 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 



Some fauna have adapted to a more aquatic though degraded setting, as in this new 

freshwater "tree of life." 

THE 

each year to produce. 

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 

figure would sustain a global population of between 25 and 35 billion people on the 

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. With 

and the New Manna 
Seldom has the world seen a more striking transformation: in little more than 

has shifted from many species to only a few. The 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 

The evolution of parasites is usually in lockstep with the evolution of new host 

once 

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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parasiLeS. vv 11i1e ute same uenu S110Utu 
" ,. 

e u•g ng ") "5 , 
human parasites, the successful evolution of an efficient new human predator is a birth defects, genetic abnormalities, health problems, and death. In humans some 

long-term, and ultimately tuhle, process: as soon as we humans get wino or any ot these compounds are impiic~. 

evolutionary change putting ourselves, and especially our children, in harm's way, A further chemical change is brought about by acidification. The well-known 

we will institute immediate and surely successful eradication efforts. Killing new phenomenon of acid rain is changing the pH of many terrestrial environments, 

parasites, however, is a far more dithcult endeavor, espectally those o± very small causmg btologLCal problems and even local extmct10ns among some organisms. 

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. Ozone Depletion 

In the 1980s, scientists, and soon thereafter the general public, became aware of the 

Toxicity 
I 

loss of ozone from the upper regions of the atmosphere. Much of the thinning of 

The a~Jencies of humankind are ranidlv chamrimr the chemical makeup of the sur-
the ozone layer has been caused by the release of chlorofluorocarbons (CFCs) into 

face of the Earth and its waters and oceans. Most of this chemical change comes 1 
tne atmospnere. r. wng=rrrr ruru= """ 

f, ,[ "' _. _the result ofmunicinal industrial and arnicultur-
ary effects, as ozone screens out ultraviolet radiation, which is poisonous to living 

,, Tl- , I I ;JR nutriPnts metals and 
matter gtven sutticient exposure. lt long-term ozone ···~" 

synthetic and industrial organic pollutants. All of these pollutants pose challenges 
tsms wtll be torced to evolve new structures or physiological pam ways •uc~ NW' 

, F · · '" · · · , cl 'f, · ,;II' ''"'he tc;rr- I 
excess UV radiation. 

gered by reaction and adaptation to new levels of these substances. I 

. '"' . ,, ,( 
All of these accumulating chemical changes will require specific physiological 

explosion of biological activity. J\nthropogenic sources of these substances include 
adaptations in a host of organisms. Although the most obvious ettects or evomt10n 

synthetic fertilizers, sewage, and animal wastes from feedlots. Much of this nutri-
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-
em '"'"'"no way uuu mm. ''- ~vuu "" . , ily apparent. Yet, in the increasingly toxic environments of Earth, they will remain 
Earth Transformed, suggest that nitrate and phosphate levels in English rivers have 

the most common tvoes of future evolution. 
increaseu oe1:ween JV/o anu 'tvv;o in rne ta;;L L.::J yean; atuw:::. 

Metals, the second major class of pollutants, occur naturally in soil and water, but 
Prophecy 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- The factors described above can be used to pick the potential evolutionary "win-

ous to marine organisms, including copper, silver, selenium, zinc, and chromium. ners" of the future: organisms adapted to cities or agricultural fields and capable of 

Since the 1960s, synthetic and mdustnal pollutants also have been manutac living in polluted water or atr. Much tuture evolut10n may be mvtstble, taKmg p1ace 

tured and released into the environment in large quantities. The synthetic organic among already existing animals through changes in behavior and physiology. Can 

compounds currently released into the environment now number in the tens of some vision of our world, even a millennium from now~e tmagmeuTWtth apolo 

thousands, and many are hazardous to both terrestrial and aquatic life at even low gies to H. G. Wells (and to those who require that books about science remam 

concentrations. The most dangerous include chlorinated hydrocarbon insecticides "serious" and dry), here is mine. 

(such as DDT), PCBs, phthalates (which are used in the production of polyvinyl 
The Chronic Argonaut smiled briefly, closing his well-thumbed novel. chloride resins), PAHs, which result from the incomplete burning of fossil fuels, He 

and DBPs, which are disinfectants. All of these compounds mimic naturally occur- pushed the lever forward and sped into the future. At the year 3000 A.D. he 

"" I 
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came o a s~op. _~__~_ls nne macu1newas tOCa eu on a mru.1 grassy detu 1n nor~u­

western Washington State. In the distance the familiar Cascade Mountains 

looked JUSt as they had when he had last seen them, on the t1rst oay ot 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 telt. 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, 

clearlv different in comoosition and architecture but recotJ:nizable neverthe-

less. He was a bit crestfallen. Other than the dramatic changes in vegetation 

and climate he found that the future was not so ver different. 

ture of the races of his own time familiar and present still. But the streets were 
Tn '· ,ri ,ri, •h ,rw- ;11 

present, a maze of buildings now completely covering the once parklike and 
""'h •h _, ,c1, h .ri. h' •h 

library, and found what he was looking for: an encyclopedia for the year 3000. 

The news within was not good. 

"''' uuuwu 'uau oc 'ac u uuuuu. "'" cucac uuucuu uc 

species on the planet was still unknown, but the list of the large animals that 

uau gone eXltnct Since 11IS own L.tme wa::; exptlCIL. 1 unca, wa::; espeClauy uaru 

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 Wlldebeest, dama gazelle, sand gazelle, red-tronted 

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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. L>.<la ~ue JJS con~alneu ~ue g1an panua, CtOUueu teoparu, snow teoparu, 

Asiatic lion, tiger, Asiatic wild ass, Indian rhinoceros, Javanrhinoceros, Suma-

tran rhmoceros, wllC1 camel, .t'ers1an tallow deer, thamm, l~ormosan s1ka, .t'ere 

David's deer, Malayan tapir, tamaraw, wild yak, takin, banteng, Nilgiri tahr, 

markhor, lion-tailed macaque, orangutan, Indus dolphin, and douc langur. In 

1\ustraha the victims included the Parma wallaby, bndled narltail 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 ant~ater, 

giant armadillo, vicuiia, Cuban solenodon, mountain tapir, golden lion 

tamarin, red uakari, and woolly spider monkey. All had been either endan­

tJ:ered 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 bv 15 feet drowninP" 

turn most of the larger forest areas into fields. India, China, and Indonesia 
clri' d rl all h ,,1 h > h ,;h ' ,,1, 

trialized. World temperatures had risen sharply as coal replaced oil as the 
ch. ,C F, <h ,J, . R, F, ·h. <h .riri. ,C <h 

coral reefs. Like the rainforests, they were now restricted to small patches of 

territory amid the huge range they had once dominated. 

>o •co cv '"w" ovvK avuuc cue'"" vc cuo vwu o~cuco. 

Computers, robots, and nanotechnology had radically changed human pro-

. uut u1t:roc wd::; ::;uu dll ocuouuou::; gap uetweeu wectuuy auu 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 behmd that ettort seemed to be dissipatmg. 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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11e waH,eu ~:nroug11 lne CtLy, now so ane1en , aL 1easL tn uuman terms. 1 nere 
no reason to colonize either of these oth~i:e in~:rentl;L~o;tile worlds.,~ were no songbirds. But there were crows by the thousands. 
provea to oe rar more cost- ettecuve to cotomze, ana essennauy terrarorm, lie looked tor new vanetles ot thmgs. but the brrds, the squrrrels, the 
Antarctica than it was to carry out the same endeavor on Mars. Although domesticated dogs and cats-and the people-all looked the same. 
space flight into low Earth orbit and occasional visits to the moon to maintain A thousand years had not yet brought about a new fauna growing from the 
the manned astronomiCal observatones on 1ts tar stde contmued, no !urther ashes of the old. That would require more time. But then again, that was 
expeditions to the far reaches of the solar system could be justified. something that the Time Voyager-and his species-ha~ in almost limitless 

The second disappointment lay in the stars. Even with the great advances supply . .All the time in the world. 
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 soite of a millennium of searchinrr. no si2-
nals from extraterrestrial civilizations had ever been received. SETI the 

search for extraterrestrial intelligence, maintained its lonely vigil through the 
· hut 'n ',.,,;] The <bro cen · •c1 c1' nt ,c1 "'' · 

looked wistfully into a closed sky, and then gradually gave up looking. There 
.. Uh tl .:rl .. lrih a£ . 

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 

Ho' ., 5' ~y, 

Humans lived on a Rare Earth. 

uc <m <UC uu<mmy, • . ucun "'"""''· uc '''""' u» way uuwu 

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, lJungeness crabs, rocK crabs, box crabs, oysters, mussels, nutter 
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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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. 

The Recovery Fauna 

CHARLES DARWIN, On the Origin of Species 

itting high atop a hill with an unbroken view to the west, Seattle's Har­
bocview Hospital enjoys a commanding vista of the vast city sprawling 

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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c .~ ,, -~ th 
tnrougn tnese doors usually do so onq as a Last resor . n..na tney ao not come 

alone. The transients, drug addicts, gunshot victims, and uninsured who development of agriculture). That many of these animals are taking the functional 

make up a large percentage or HarborvleW s patients ott en bnng witll11lem place ot extinetOI" ''~' · , c • . 

exotic new strains of microbes, organisms that are assuredly only recently sheep, horses, and other familiar domesticated animals now covering the world's 

evolved. grasslands rapidly replaced the many species of extinct or endangered large wild 

Beginning in the middle part of the twentieth century, scientists and doctors grazers.· ihe stimulus to tnat evomtionary cnangeover nas, Uf course, .u 

waged a campaign of eradication against bacterial illnesses, using the then newly hand of humanity. 

developed antibiotic drugs. The result was a mass extinction of bacteria a con Characteristics of Domestication 
centrated interval of death resulting in the loss of uncountable individual 

microbes, and for all intents and purposes, the extinction of whole species. Although most animal species can be "tamed," or to some extent habituated to the 

Smallpox, rabies, typhoid, rubella, cholera: the ancient microbial scourges of presence of humans if raised by them from a young age, domestication goes far 

• ,,-1 · ut. The bacteria causinu these ancient nlauues were faced bevond this simple behavior modification. Domesticating a species requires not 

with two alternatives: evolve or die. Most died. But a few evolved forms resistant only a concerted effort over extended periods of time, but certain pre-ex1stmg tea-

'"' ~. ""' •••. th th 
, clc" rlr> oO hoHD tures of the snecies in ouestion. In the past this effort was made only for reasons 

,L ,\. .ri ~: .. : ~. •h .1~ .h .1. ~ such as enhanced food vield, transportation, or protection from predators. 

but for the influence of humanity. These are surely but the beginning of a host of Domesticated animals are the evolutionary results of human -induced "unnatural 
, 

'C ' 

And so too with the biosphere, except that the "antibiotic" is us. As a result of Very few large mammals have been domesticated. Biologist Jared Diamond of 
., . ·, ' .c . .. T TI'T A "h v-1 +h .-...+ th<> 1 SO mPriPR of terrestrial noncarnivorous mammals 

many currently living species will die. So::Ue, however, will survive and thrive: larger than about 30 kilograms, only 14 have been domesticated. All but one of 

becoming the rootstock of a new biota. Some have already done so, for one of the these originated in the Eurasian region; the only New World exception to this rule 

precepts or tnis nooK is----urarsignhicam. 
. . . ~ •.. ~.. .:u. . . . ' 

'oc me ,, <auna TIIaT'TUI" 

all seem to show ~~pid growth to maturity, an ability to breed in lows any mass extinction are already with us, and dominating terrestrial habitats, ilar characteristics: 

m the torm ot domesticated plams ana amma1s. tvo1ut1on opviously continues, 
,u _L '. ~; ' 

"c a,, ·~ 

but much of it is now "directed" for human purposes, or occurs as a by-product of tion, and a social structure and hierarchy that permits domestication. All of these 

human activities. characteristics were further selected for by a brutal form of "natural selection": 

those individuals that showed the favored characters were allowed to breed; those 

Charles Darwin began his On the Origin of Species with a chapter on domestica- that did not were killed. 
-" 

tion. Before introducing any other data or argument, he pointed to the many vari lnterestmgly, neurmoglSL .terry .ueacon uas no 

eties of domesticated animals and plants as one of the clearest proofs of the exis domesticated animals appear to have undergone a loss of intelligence compared 

tence of omanic evolution in this case, the evolution of new types of animals and with their wOO ancestors. ·1 his observatlon makes one woilcler wnemtr numans, 

plants bred to serve as food or as companions to humanity. compared with their ancestors, have also been "domest1catOO, ana unuergone a 

As with most of his conclusions Darwin was ri!!ht about this noint. But we can similar reduction in intelligence. 

take it one step further. Domesticated animals and plants are the dominant mem- The first domesticated species may well have been the dog. All modern aog 

bers of what can be called the "recovery fauna" accruing, directly or indirectly, species seem to be derived from the Asiatic wolf Although the first anatomically 

;n' 
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can 

logical speciation has not occurred, behavioral differences make such inter­
breeding rare; thus the modern 

pronounced variation in coat color. 
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 hunting (hounds) or tending flocks (sheepdogs). 

later than those of dogs. Sheep and goats came first; the earliest evidence for their 

derived from an entirely extinct species of wild cowlike creatures. Domesticated 

horse was developed from wild horses in Eastern Europe. (The ancestor of the 

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 

house cats, guinea pigs, rabbits, white rats, hamsters, and various birds. All are the 

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 
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uomesncateCI L-rop L>pecies 
type of genetic engineering appeared--one that alters the genomes themselves. 

'"""· . ' .,1 ,, ,, '"· of th nf 
1 nis new way or im:roaucing noverr-y is ·-r · ~ 1ne · L 1eg~uu~ 

and the end of the Age ofMegamanunals is just that-coincidence- -a strong argu- Earth, and will surely have unintended consequences. It may be that the transgeruc 
ment also can be made for cause and effect. The extinction of many of the larger revolution v.till bring novelty into the biotic world in ways almost unimaginable-

cL "'' ·"cH .. C.·" . "'" "" and not allot them desirable. lt appears, tor example, to be on me verge or creating 
mate change (affecting plant and small animal resources also used for food) may 

"superweeds . .. . ' . ' 
Modern genetic technology allows the transter ot genetiC matenal trom one 

While cereals such as wild wheat and barley were harvested as much as 12,000 species to another. This new genetic information is permanently integrated into the 
years ago, it seems that the first domestication of plants took place about 10,000 genome of the second species, conferring new traits upon it. For all intents and pur-
years ago, at the time when the last mammoths, mastodons, and many other larger poses, a new type of organism is let loose into the biosphere each time this is done. 
animal species were dying out in North America and had just disappeared in The onranism thus transformed is called a transgenic plant, animal, or microbe. 
_t.urope ana Asia. 1 nis was me time WITenToocr=gatnering peoples oegan tO couect These transgenic creatures have not arisen through the natural processes of evolu-
the seeds of wild plants and replant them in the ground. The domestication process tion but thev are amono- the most nortentous developments for the future of evolu-
appears to have mvolved the natural hybndtzatlon ot several wtld spectes, tollowed 

tion on this nlanet. 
by selection by humans tor desired charactensttcs. · 1 'hus ·· domeshcatlon ot plants, Transgenic organisms are possible because of the existence of certain genes 
like that of animals, involved the genetic modification of the wild species through a ,),], nf "' · " fncm nne · tn ''" The first disrnverv of 
very rough form of natural selection: those plants with usable traits were kept; jumping genes was made by American geneticist Barbara McClintock in the 
those without were killed. Since the trend in plant modification has been toward an 1G4n, , ' ·"·. '' . nf . • (, n1 "nc ., <ho< 
increase in the size of the edible or usable parts, most plant species have lost the certai~ genes, such as those res;onsible for seed color, were capable of moving 
ability to disperse widely, and protective mechanisms such as thorns have general- from one chromosome to another. The significance of this discovery was largely 
lv been lost as welL ... -"·' -" ~. . 

The number of domesticated plant species is relatively quite smalL There are 
researchers examining the ways in which cert~in bacteria devel,o~ resistance ~o 

more than: two hundred thousand snecies of ano-iosnerms or flowerino- nlants. vet 
. u•< '<<M, , "'' . oc . 

only ten of these provide the vast majority of human food. Among these ten are bacteria do not actually "jump"; instead, they produce cop1es of themselves, whtch 
grasses and cereals such as wheat, rice, and maize, which are all characterized by are inserted at other points either on chromosomes or in genetic code-carrying 
seeds rich in starch and protein. Cereals are planted on 70% of the world's cropland 

organelles called plasmids. 
and produce about SO% of the calories consumed by humanity. Other plants in the 

The discovery of these jumping genes, technically called transposons, 
... J .. ri. ' '" . '"""'" unleasned a torrent or research m tne l'J<:SUs ana mw tne 1'1'1vS. 1.ne~e pe~unar ' ' , . 

wide, about three thousand species of plants are used as human food, but only strings of DNA have the ability to repeatedly cut and paste themselves mto dtffer-

ent parts of an organism's genetic code. What made them tamous and may even 

tually make them infamous is that the transposons of one orgarusm canOe usecr-

Th .. ~ '·R . . R, ·• " "' • to paste new genetic information into the DNA of entirely unrelated organisms . 

Much of the research using transposons was conducted on fruit flies. The 
The genetic engineering our ancestors used to introduce new characters into their fruit fly Drosophila is one of the stalwarts of experimental genetics, since it breeds 
agricultural crops and domestic animals was crude but effective: save the favored 

JUO 
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'-'~ "' ' ~'" ,. . · e• . . ·. •y . <u< auu 
Alan Spradhng of the Carnegte Institute discovered a transposon m Drosophila 

..~_ .ue geneciC e ~"': 

sophisticated. Genetic engineers can move genes from virtually any biological 

llldl cuu1u ut: u::;t:u Lu incorpora-.:e new genetic inrormation into tnese tHes. 1 ney source Into crop speoes. uenes nave oeen aaaeu 10 1 uup::; .uuu1 vt~a.u-

succeeded in changing the genetic code of the transposon and re-inserting it into isms as diverse as chickens, hamsters, fireflies, and fish, as well as from a slew of 

the fly. With this operation, they had succeeded in creating a fly with a new genet- plant and microbial species. The new transgenic plants are genuinely novel organ-

tc coae tnat could oe passed on to a succeedtng generation. 1 hey had created a isms, some ot them contammg the genetic codes ot plants, amma1s, ana mtcroues 

transgenic species-one entirely new to the world, a species with a genetic code in a single species. 
created not by nature, but by science. The addition of new genes to various plant speoes has ytelded spectacular atvt-

These early experiments altered very little in the new fly. The majority of its dends in terms of crop yield. But this new technology also poses substantial risks and 

genetic code was the same as that of the unaltered species. But certain characters, clearly will affect the future of evolution on this planet. The creation of new plant 

such as color or eye type, could be changed. Further work showed that certain fruit types could affect the biosphere in various ways. The most important of these is the 

fly transposons were not only useful in changing the genetic code in fruit flies but nossibilitv that newlv inserted genes will jump to other, nonengineered species (such 

could be placed into entirely unrelated species. A method had been developed that as weeds) or move out of the agricultural fields altogether into wild native plant pop-
allowed true genetic engineering of insects. nb1inm Tt i>: this notential intermixing of new !Ienes with those of already estab-

The !Ioals of rrenetic alteration of insects are laudable. Tmf>c.t>: crf';:Jtf' h;:Jvnr ir F,~ ¥1 nLnt •riPr.:; hPwmcl the houndaries envisioned or designed bv a!Iricultural 

human society in two ways: they serve as vectors of diseases (e.g., malaria, yellow scientists that could have the most interesting-and potentially biosphere-altering- -
fever. and wme tvne' ,.c. . . ann thev' '], . of offo TTu1, ifne"t"it' .L . "neciesescaoeintothe 

human crops. Genetic engineering is attempting to mitigate both of these prob- wild, weeds adaptively superior to native plants could be created. Since most of the 
lem< t~ nit eft~· "' ~ J, oL . f, ~; r~ ' to ne't'. 

spreading mosquitoes, geneticists have so far been able to change eye color, but and grov.rth rate, increase their fitness relative to the original species, there is great 

they have yet to alter the structures involved in spreading disease-causing potential for transgenics to become, or to help produce, new weedy species. 
. ~'- ~~ . . . . . . . r, . 

• • y ' ''<' WOCC<O u<e•< o•c ocmo>a>cu uy s• . .~r 

with viruses that act liketransposons. The virus, once in the body of the insect host, established in the wild. First and simplest, the transgemc crop Itself can escape 

. "Y <uu. •~c><o,oucu~ocu< aueau 

frUit fly and the scre\V\Vorm, have been successfully targeted using transgenic or 
anu uecome a weeu. ,Je<...uuu, un:: .)J::' - y 

which can be incorporated into a wild relative of the original transgenic host. The 

other genetic techniques (e.g., producing sterile members of a species that spread incorporation of the new genes into the wild plant creates a new transgenic weed. 
among the viable members of the population). Weeds have many definitions, which are often colored by human values. In 

While transgenic techniques are just coming into use in controlling insect agriculture, they are plants that occur in the wrong place at the wrong time (some 

pests, sucn too1s are aueaay useo w1ae1y m crop plants. l.lenehc engmeenng has 
' 

plants are weeds m certam situatiOns ana ravorea crops m mners -tawn grass, .~.or 

succeeded in adding new genes to the DNA of various crops, whereas conventional example). A more human-specific definition of a weed is any plant that is objec-

breedmg only adds variants to an already existing genetic complex. So, while tionable to or interferes with the activities or welfare ot humans. Nevertheless, 

domestication has enhanced the valued characteristics of many plant species, I weedy species have a number of characteristics: 
transgenic research has added entirely new characteristics, such as greater tolerance 

of heat and drought, greater resistance to insect predation and disease, and greater Their seeds germmate m many environments 

yield. Their seeds remain viable for long periods of time 
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1 ney grow rap1a1y uy >c ay '"' . 0 . 

Their pollen is usually carried by nonspecialized pollinators or by the wind 
Weeds that have developed resistance to herbicides because of escaped or trans-

They produce large numbers of seeds 
terrea transgenes are aueacty appearing in somepansor 

They produce seeds under a wide range of environmental circumstances 
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 

·1 hey usually show vtgorous vegetatiVe reproductiOn or regeneration trom domg so, ot course. Une ot the great tears ot those producmg transgemc crops IS 

fragments that farmers will simply take the seeds from the first crop and use them ever after, 

They often compete either by choking out other plants or by producing and will not need to buy new seeds ±rom the corporatiOn that produced tnem m the 

toxic chemicals deleterious to other plants first place. Like the software industry, which fears the copying of its products 

From this list, we can see that the characters of weeds are also highly desirable 
above all else, the major biotechnology companies dealing in transgenic crops have 

in crop plants. One goal of transgenic technology, therefore, has been to confer 
been searching for some way to stem the illegal use of their products after the first 

cnaracteristics or weeas on crop species. 
ourchase. The solution is something known as the "terminator gene." 

;spuce~ 
I The first terminator gene was produced by the large American biotechnology 

traits such as seed germination ability, seed dormancy, or tolerance of either biotic 
firm Monsanto and was enoineered to nrotect Monsanto's oatent ri~Ihts on several 

or abwtlc tactors such as pests, drought, heat, or disease, creating a more persistent 
tvnP!': nf transoenic crons. It is a oenetic modification that nrevents seeds from ger-

or resistant speCies m the process. ::,uch new trmts may enhance the new crops abil-
ruinating after the season in which they were sold. In the works are genes that will 

ity to invade other habitats. Genes affecting seedling growth rates, root growth I ollc , f, • ol, "" onrl nn• ·C. • ooorlo- -o h;, l;l<ethe seedless water 
rates, and drought tolerance are currently bemg developed. 

melon, but more efficient. 
Jane Rissler and Margaret Mellon of the Union of Concerned Scientists have Th fa . 'h -h ,;11 . ., . 

studied the ecological risks of transgenic crops in thorough detail. One of their 
of crop plants. If the terminator gene in a tomato plant jumped to other varieties of 

most important concerns relates to the transformation of nonweedy crop species I 

into weeds through Q:enetic engineering. They note that a widely held notion is 
tomatoes, there a is real potential of plants never producing the crop they were 

that changing a non weed into a weed involves the conversion of many genes, not 

iust the t~o or three currentlv used in trans~Ienic croos. Chan~Iin~I corn from a -
crop to a weed, for example, would involve a number of genetic changes, since 

l ~~"v" "~- uturc: 

corn is one of the most human-dependent (and thus intolerant) plant species on Our species has learned how to circumvent the normal rules of evolutionary 

Earth. Other crops, however, already possess many weedy traits, and thus one to change: we have learned how to build new species. Have we also achieved the abil-

three new traits could indeed create a new weedy species. Examples include alfal- I ity to alter those rules? Norman Myers of Oxford asks this question in his pre-

Co ,,1 ,t> ,(, , > ,,J 1, · • •· ' onrl <cient ,,1 "' 
,1 . 19gg naner ''TheBiodiversitv Crisis and the Future ofEvo 

sunflowers. lution." Myers makes a subtle but important point: humans pose " pronounced 

' ' -" n ~• 
_, ,, . ' ' . c ; . -•• .,J .,;, . i ti 

0~ 
,, 

' '·, I ·" "'"· ' ' . _ _, 
' ' ,]. 

.,, 
,1' 

b h c y . l d' h . f '"'. l ]' . .-p'th' h ' ut t e entire ecosystem, me u mgt e smte o amma s tvmg w1 m t at ecosys- ing happily on flocks of the world's species. Is he being alarmist in this case? 
.. ~. _, r_ ,_. " . .. " _, 

'"'"· r ""'"I''"""" uaugewu> vp y '"' 
escape and transference of new genes into already existing weeds, making them I lution crisis. He bases his conclusion on two perceptions: first, that we have 

"superweeds." The transfer of disease resistance or pest resistance to established entered a new phase of mass extinction, and second, that the normal recovery 

112 
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penoa rrom mass extmct10n wtu not pertam to tms one; m ract, tne recovery ww 

be considerably delayed. 
Myers cites three aspects of this particular mass extmctlon that will affect tts 

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-

~1 ,,1 ,, ',, ·"" "' ',, 

reorganization and evolutionary response. 

There is currently a higher biodiversity on the planet than at any time in the 

geologic past, so that if SO% 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. 

-'· 
how its recovery proceeds. In past times the tropical regions of the world have 

·' .,L <. D ~L U~L 
''0. 

diversi~;' of species on the planet, they have long served as "evolut~~nary power-

'¥ '¥ ·n 'r 

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. 

1nnovanon m evoJUnon ts tne appearance or evotunonary noveny, ana rne rropi· 

cal regions seem to be home to more innovation than other regions. Yet the trop-

lCs are now the s1tes ot the highest densities ot 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. 

With the reduction of wild habitat, and especially free rangeland, virtually every-

where on Earth, there may be no wav for larg:e mammals and other vertebrates to 

produce new species. Therefore, a consequence of human population growth and 

habitat disturbance mav be not onlv the extinction oflanre mammals reotiles, 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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lmpllcattons tor Conservation !'Ianners 

' ·" -< ··'' 

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-
' "' : ' : c: ; ' ' ' ' ,, '.u 

'" spreading human landscapes. As long as humanity rules, it is doubtful that hun-
. ' '·, . ,. ·:: 'u 

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 

, or snowcrgrem:rr ~ _.~ 

processes at risk? This is an entirely new way oflooking at the world-not in 

terms ot losing species, but in terms ot losing pathways ot speciation. r e1-

haps the motto should be save speciatiOn rather then save speCles. 

Of prime importance is the question ofbiodisparity-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 
,,_ ,, ,_, . : ' ' -,, .. :..: ·" 

"" species? For example, should two elephant species be maintained, or should 
' ' ' ' ' ,. ' 

'"V vv 
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 imnortance of endemic taxa as compared with 

evolutionarv fronts such as oriaination centers and radiation lineaO"es? 

Myers thinks it far more appropriate to safeguard the potential for origina-
. nn <>nrl · · ..., tl-,-:~n -:~n" individual snecies. Let endemic taxa rro. 

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 

J 1 J 
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" nownere e1se are among tne most 1mportant places to save. nut 1v1yers s pomt 1s u ur resuns sugges ,, 
that endemic centers exist because they have not produced large numbers of sue- ery from small extinctions as well as large ones. Thus, to day's anthropogenic 

cessful species. Endemic centers are often hvmg museums of ane1ent spee1es that extmcbons are hkeiytOliavelongTasfingeiTeCfs, wn:e!Jfer o:Fl'ITIT uH::y an;; 

do not have much potential for future evolution. 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 

The Weeds of Humanity biodiversity recover from today s extmchons. 

1 he vast human enterpnse has created a new recovery tauna, and w1U contmue to lt appears that our return to a new bwta w111 take a long tlme atter u1e mass 

provide opportunities for new types of species that possess weedy qualities and extinction is finished. And what might that new fauna and flora look like? Some 

have the ability to exploit the new anthropogenic world. Chief among these will be predictions can be made-and such predictions are the subject of the next chapter. 

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-

ingto 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 willl this recoverv biota mav dominate 

any new age of organisms on Earth. 
A eenee nfhnw Inn" the 'f"'"' m'v loet woe e<tim,ten in' nietmh-

ing paper published in the prestigious journal Nature in the spring of 2000. The 

authors, James Kirchner and Ann Weil, posed a question: how quickly does bio-
·-" _" _c, _; = . ' ·"' .c u 

very low biodiversity? The answer, it turned out, wa~~far longer than anyone had 

' . ._, . -
(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 

LnaL IL occurreu wueLuer Lue exLincLion was smau or 1arge. V' e pa1eOnL010gisLS 
had assumed that the time to recovery would somehow correlate with the mag-

mtude ot the extmctwn -that atter a small extmctton, the bwsphere would 

recover qmckly, and that 1t was only after the greatest o± the mass extmctwns 
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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across much of Austmlia 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 1936. 

ANew Age? 

audience of one. 

here is an often-articulated notion that if there is any consolation in the 

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-

birds-will 
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, sucn as gmnt msects ~DlOmecnantcauy tmposslDte), or sometnmg arounu uus tnuerenL uaw, tor Luere IS 

totally new? Unless some altogether new class of vertebrates suddenly appears inflammable, inert gas helium and thus avoiding instant death from lightning. 

(highly unlikely)' on! y the birds have yet to hold the honorific or rUling Tile Pfan- Hut then, hte 1s never per±ect, and the Leps sfiiiCI""o weir, especia:rry in areas wiu1 

et. Perhaps the best bet is indeed an Age of Birds. In such a world mammals would little lightning. 

still be present, even if they are no longer the evolutionary dominants. Now the dominant animals of the world, the Zeps float above the ground like 

In discussions about the impending biodiversity crisis, this new fauna argu great overgrown jellyfish, snagging with thetr draggmg tentacles the tew spectes or 

mentis sometimes used as a rationalization, even a justification. The Age ofMam- deer (and other herbivorous vertebrates) still extant and stuffing them into a 

mals and the Age (or even existence) of Humanity would never have occurred Jabba-the-Hutt-sized mouth. Because the Zeps evolved froiD amphibians and are 

but for the extinction of the dinosaurs, and in like fashion or so the argument still cold-blooded, they have a very low metabolic rate, and thus need to feed only 

goes-the modern extinction will yield some new age of organisms, perhaps with sparingly. Their design is so successful that they quickly diverge into many differ-

some new form of global intelligence. ent types. Soon herbivorous forms are common, floating above the forests, eating 
\AI]; 'nh t];' r.1nti n"r" hi t<> be like? Whu not somethinn- entirel" the tons of trees while others evolve into zen-eatinP" Zens. Still others become like 

new? Can we imagine an entirely new type of animal that could replace the current whales, sieving insects out of the skies; in so doing they soon drive many bird 

"' · · '"' 1- l ov .1. ;,u" , " Th<> urr.rld chancres as more and more Zens nrowl the air, 
,M. ,,_ 

" "'"" -~ n -'- oh '" fi11ina the skies with their numbers their 

a body plan vastly different from those of the preceding dominants. Such a new shadows dominating the landscape. It is the Age of Zeppelinoids. 

"' .. L L " L 
A ' l, '" · · · · • tl,'' Co\-1, F""'"';""' 1 the n"t 

'OC "t ' 

such a breakthrough-the conquest of the lower atmosphere by floating organisms has produced vast numbers of new species following some new morphological 
,>, ,;L . ;, . .L , . ,I, , 

After the extinction of most mammals (and humanity), Zeppelinoids evolve habitat. Th:·first flying organisms, the first swimming organisms, the first floating 

(let's say from some species of toad, whose large gullet can swell outward and organisms, all followed these breakthroughs with huge numbers of new species 
' ,. ' - < 

oecome a targe gasoag). 1 ne great nreaKtnrougn comes w~ qmcKry auru cue U' uy cy~ , ap og- "" 
biological· mechanism inducing electrolysis of hydrogen from water. Gradually design or changing styles to allow variations on the original theme. 

the toad evolves a way to store thts llght gas m tts gullet, thus producmg a gas bag. nut is tne runaamental assumption' ;m>' d 

Sooner or later small toads are floating off into the sky for short hops (but longer extinction followed by the emergence of a new class of evolutionary dominants-at 

hops than their ancestors were used to). More refinement and a set of wings give a all likely? No. For just as humanity has changed the "rules" of evolution that have 

modicum of directionality. Legs become tentacles, trailing down from the now operated on this planet for hundreds of millions of years, so too has the usual 

thoroughly flight-adapted creatures, which can no longer be called toads: they sequence of events following mass extinction been modified. 

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 .. 11111<=1> ~ 

predatory birds. Because their gasbag is not size-limiting, they soon become large. Picking the evolutionary winners of the future-those species that will evolve to 

Eventuallv thev are the lar>test animals ever to have evolved on Earth so lan:re that take the dace of the "losers" (those going extinct) is something like trying to pick 

terrestrial and avian predators no longer threaten them, reaching dimensions winners in the stock market, or forecasting the weather. There are some data avail-

greater than the blue whale. Their only threat comes from lighting strikes, which able to help us make educated guesses, yet the system is so large, and subject to 

result in spectacular, fatal explosions visible for miles. The Zeps can never get such a plethora of stochastic and chaotic effects, that prediction of specifics is 
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\Vhatever happens to life on Earth, one thing is certain: evolution will not stop. Here 

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 

of an 

time, while those of other groups die out more rapidly. 

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 

122 

1979 book Macroevolution explored these themes in detail. Paleontologists know 

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 
Examples include trilobites, ammonites, and 

A useful way of quantifying evolutionary rates is by arriving at an 
doubling time, the average amount of time for a particular higher taxon to double 
the number of species within it. Manunals, for instance, show a doubling time of 
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In general, 
more taxa in an 

in the 
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 

The title of champion supertaxon in the world today belongs to the family Col-

unfolds, we may find ourselves in a world filled with many new species of snakes. 

food sources of snakes. This is proba-

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" 

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; 

continue to enlarge in size over the millennia, and even tens of millennia, rodents 

opportunities, and this too will provoke further evolution of new snake species. 
Birds and insects are also potential winners. The many species of birds doing 

well now in urban and agricultural environments could become the rootstock of 

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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sifying into new species-the dominant species of the new recovery fauna. 
The mentioned above are all familiar. What about totally new types of 

The Cambrian and the of Novelty 

The history of life, like any history, has occurred as a vector of time. And as in any 

passes through the sequence from future to present to past. In the 

Reptiles, or Mammals even approximately similar to those that have occurred in 

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 

all humans from the planet in an instant, it is doubtful if things would return to 

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 

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. 

One future cladogramfor the pig (bottom to top): pig, genetically engineered, rhino 

pig, aquatic pig, pygmy, giraffelike, garbage-eating. 
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onto the scene in the oceans, they did so with a figurative bang in a relatively sud-
den event Over 

animal phyla (the large categories of animal life characterized by unique body 

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-

million years or less, our planet went from a place devoid of animals 

The rates of evolutionary innovation and new species formation during the 

new species and body plans of complete novelty. That all of the animal phyla would 

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-

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 

Yet there remains a puzzling mystery: why is it that no new phyla evolved after 

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 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 Cambnan tlVeiy qUICklY aunng ute uarnurian. nUL Lue vurgt "Y '5 

and the Early Triassic were dramatically different: although both produced a myr- that not only were the body plans found on Earth today around in the Cambrian, 

iad of new species, the Cambrian event resulted in the formation of many new body but so too were ofuer body plans that are now extmct. Une 6f1Jle cefill'a1 messages 

plans; the Triassic event resulted only in the formation of new species that followed of Stephen Jay Gould's book Wonderful Life is that the Cambrian was not only a 

alreadv well established bodv nlans. time of great origination, but also a time of great extinction. Gould (and others as 

Two hypotheses have been proposed to explain this difference. The first sup well) asserts that there were far more phyla present m the Cambnan than there are 

~h · ~~rnl1 · nnvelbr comes onlv when ecolo2"ical oooortunitiesare trulv today. How many? Some paleontologists have speculated that there may have been 

large. During the Cambrian, for instance, there were many habitats and resources as many as a hundred different phyla in the Cambrian, compared with the thirty-

that were not occupied or exploited by marine invertebrate animals, and the great five still living today. In observing this pattern, says Gould, "we may acknowledge 

evolutionary burst of new body plans was a response to these opportunities. This a central and surprising fact of life's history-marked decrease in disparity fol-

situation was not duplicated after the Permo-Triassic mass extinction. Even lowed by an outstanding increase in diversity within the few surviving designs." 

. . . ·" "" . . ' This view so forcefullv and beautifullv described in Gould's Wonderful 
· ~s· U d oc h' · h 'ff · -,· · a! f . a! . h . me es. n er t IS scenano, t ere was su tcient surv1v o amm s wit vanous Life-is vigorously disputed in the 1997 book The Crucible of Creation by British 

·c. · · <; , Ccn w Mcni, ,I so about the Buraess Shale and the Cam 
"Y ;_ D {' ·M, ~ 11. Pnn11crh :1 central and S"mnathetic 

uc 'dUUU UcC" •y •y· 

The second possibility is that new phyla did not appear after the Permo- figure in Gould's book, which portrays him as one of the architects of our new 
.r .L ' R, h "' · · tc GnnH 

1 nass1c exunc Ion oecause 1:ne 5 c numc' v1 cu.:: 

since the early Cambrian to inhibit w,holesale innovation. Under this scenario, evo- He disputes Gould's assertion that disparity has been decreasing since the Cambri-

lutlonary opportun1t1es were avai aUie, uUL evOlllLion was una01e o creaLe rauicauy · · ' ' · <h • r' '"· · rk 
' '5 

new designs from the available DNA. This is a sobering hypothesis, and one not another of Gould's ideas, the metaphor of "re-running the tape." Conway Morris 

easily discredited, for we have no way of comparing the DNA we find in living ani- argues that convergent evolution (in which distinct lineages evolve similarly in 

mals with the DNA Trom llieTong extmct torms now preserved oilly as roCK response~ -~ ., 

(movies sUch as jurassic Park notwithstanding). It could be that genomes gradually plans from quite unrelated evolutionary lineages. He argues that even if the ances-

become encumbered with ever more information as they gather more and more tor ot the vertebrates nau gone excinn uuring or won ane> me 

genes-and in the process became less susceptible to critical mutations that could ly that some other lineage would have then evolved a body plan with a backbone, 

open the box of innovation. since this design is optimal for swimming in water. 

One of the central-and currently controversial-aspects of the Cambrian Simon Conway Morris's point is that convergent evolution will dominate evo-

Exolosion concerns diversitv and disparity. Diversity is usually understood as a lutionary processes. He even makes what might be the first academic reference to 

measure of the number of species present. Disparity is a measure of the number of Dougal Dixon's book After Man, a semi w.tums1cal prediction ot how ammaJ.s 

h ,rJ, -.,], •me or desi"'n forms amonP" those snecies. The controversv centers might look in the far future at a time when humankind has mysteriously gone 

'" ' cffo. ·1~ found at the Burcress Shale localities in west extinct. Conway Morris notes that the animals conjectured by Dixon all seem to 

ern Canada, where not only early animals with hard parts, but also early forms resemble animals living on Earth today, even though they are portrayed as evolving 

'" rl< from auite novel sources: 

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 In the book he [Dixon] supposes that of all the mammals only a handful of 

that most or all of the various animal phyla (the major body plans) originated rela- types, mostly rats and rabbits, survived to repopulate the globe. After Man is 

132 



FUTURE EVOLUTION AFTER THE RECOVERY 

an exercise rich in imagination in its depiction of the riot of species that quick rne ngnr or rne grap : u~ere is a ~L .Lb'"- · 

lv radiate to refill the vacant ecological niches left after a time of devastation. would be expected if the sizes were randomly distributed. However, this trend does 

All the animals, of course, are hypothetical. Certainly they look strange, not occur on smarr contments such asi\ustratia, on large istalli!S suCifaS 

sometimes almost alien. When we look more closely at their peculiarities, car, or on smaller islands. On smaller landmasses it turns out that the distribution 

ho-wever thev turn out to be little more than skin deeo. In this ima2:inarv bes of mammalian sizes is relatively symmetrical. Moreover, the smaller the landmass, 

tiary the basic types of mammal, those that trot across the grasslands, burrow the smaller the size of its largest mammals, and the larger the s1ze ot 1ts sma11est 

· ''"' ;J ''"" ,;" · 'wim in the oceans all re emeroe. 
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 

It is thus the physics of environments that decides which shapes are adaptive 
extraordinary thing happens: large species evolve into dwarfs, and small species 

and which are not, which shapes can allow flight or running ability or the ability to 
develop gigantism. But these are relative processes: an elephant evolving down to 

chase down and kill prey. And this assumption points to a central conclusion: no 
half size (the size of a horse) is still a large mammal (if a small elephant), whereas a 
mouse that doubles in size mav be lame for a mouse, but it is still a very small 

evolutionary novelty. Expectations o± exe1tmg and bizarre new lite forms Tile mammal. Can these observations be used to predict the future body sizes of newly 
types seen in any science fiction B movie-are pipe dreams. The animals and • lor nv other tvne of animals which nresumablv are affected in 
plants arising in the future of evolution will in all probability look much like those ;J. ' of the present except for being far less diverse. They can. Earlier we saw that global trade and travel are effectively recreating a 

, '- · · ,), c\, · · otCho hmo •'- .. d ,uch 

Expectations of Body Size large, single continents of the past. However, we have also seen that barbed wire, 

Large an1mals are much more chansmahc tnan smau ones. 1 L is no coinciaence 1:naT 
.L 'L -'' '" .h • ,,, ,]], 

the majority of the animals listed as endangered and in need of help by the World ' 
This trend is shaping the fauna according to the rules of island biogeography. 

Wildlife Fund are large mammals. Lately it has become fashionable to sneer at Thus, we see the world being transformed, in an evolutionary sense, into an envi-

their popularity. Yet it is unfair to single out this hard-workmg group for cnhciSm, ,,-row wmony, ac cg< 

for the haid fact remains that the large mammals-the last of the megamammals- enlarging of small ones, with extinction occurring among the largest and smallest. 

are indeed endangered. Assuming that this group will show some of the highest lhe Age ot lYlegamammo>S i, wm auu ""'Y um, -s" 

extinction rates of the modern fauna, we might expect that future evolution will mammals now consigned to parks and zoos, As long as humanity survives at large 

produce many new species oflarge-bodied animals. population numbers, it will not return. 

Can we expect any new large animals? Recent scientific studies of the size dis- What might this new world look like? Let us invoke H. G. Wells's vehicle again 

tributions of mammals and their history of evolution suggest that large species for a fanciful, if dyspeptic, flight: 

might not appear after all. Mammalogists have long noted an interesting aspect of 
,....,he Time Machine came to a stop. Ten million years had passed in the · · · · · ~~ · ::1re over 4 700 snecies of mammals on Earth 

. .1. .1 ,, ' . .1 • . '" m llest ( e.rr. the tiniest .1 blink of an eye. The Time Voyager stepped from his machine and sur 

shrews, such as the genus Microsorex) have an adult weight of about 2. 5 grams, veyed his surroundings. He was on the edge of a giant flat plain. Small fires 
A ,/, ,1, ,_L 0 \ ',h oh 1hv108 dotted the broad expanse, sending thin blue columns of smoke into the cloudy 

grams-a difference of twenty orders of magnitude. And there are all size (weight) and humid sky. The sun was setting, looking no different from the sun of his 

classes in between. Yet if the size distribution of mammals for each major continent own time. Not for the first time, he wondered whether the machine had some-

on Earth is graphed, it is immediately apparent that each distribution is skewed to how malfunctioned. 

~ 
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Walking away trom the ·11me Nlachme, he took better stock ot hts sur 

roundings. He seemed to be in a gigantic garbage dump 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 
swirline around him in the hot wind. At first he thoueht 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. 
H "' , C', e ,C ' ,1 

curious small mammals began to emerge. Clearly, many of the species he 
•L' "' ,;,L •L U ,L' "" 

,C ,, ,CL' , - L 

that many distinct species were present, some with long tapered heads, others 
' ' ' ' ' ' ' ' ',., .,, •s• 

teeth, still others with huge batlike eyes. Some had fur in a variety of camou-

uage paLLerns, Wulle vLu< w uy 
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 usmg their tmposslDiyillngWnguesto 
probe into the piled refuse, while others broke open some of the many scat-
tered bones to root out the marrow. Whtle he watched, on~ oi 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 
oiled o-arbaP"e looking for small nrev housed within. 

WatchinP" this menap-erie of the small, he tried to comnile a list of snecies 

new to him, losing count after tallying more than forty. It was not that every-
. '::~liPn f~rthP"e rre::~tures were surelv descended from the mammals 
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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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ot a ptg, and seemed mcteed to oe some son or oizarre swine. Dut tui J::l:~, · 
that is what it was, seemed well adapted for pushing through the piled garbage 
in search of food. It had a small trunk msteacfOf a nose, WlliCllaiTowed 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, lookmg 
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-

rl, -fr "n tural" settincr not realizincr how natural e:arbage 

dumps were in this world. He began striding through the garbage, heading for 
"" ' ,C ,c_ C, U - L 'ednm ond o CaconhonOUS IaU· 

crows, but bigger than those from his own time, and with brilliant plumage. 
n. · · "c, . L ' " '•L ,C ' ' ' 

Swe~:ing, he put his hand to the back of his head, and found it covered with 
,, .r.L.L .v.c ·" H, 

"V . 

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 towara tne center or rne garoage,~ 
crows, more than a dozen strong, attacked viciously. They let him run inter-
ror back toward the trees, and as he got closer, ne saw wny: more- Lctu ct uuu­
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. 



The most ubiquitous mammalian resource of the future: the human body. 

HUMANS 

-PHILIP KITCHER, The Lives to Come 

about the future evolution of our 

world and its new environments affect our own 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 

we produce a new species, or are we now evolutionarily sterile? Might the future 

builders of the next dominant intelligence on Earth-the machines? 

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 evolut10nary tacn rormatlon or a new numan spectes occurrea wnen a smau group Ol 

changes often take place when a new species first appears. If this is the case, then hominids somehow became separated from a larger population for many genera-

future morphological evolution in Homo sapiens may be minimal. On the other hand, tions. Then, followmg rapid morphologiCal tranSformat10ns~omo saptens, once 

we may show radical change in our behavior and perhaps our physiology. Perhaps- evolved, showed little or no further evolutionary change. 

and this is the biggest perhaps-a new species of human will evolve in the not so dis- Although major structural changes in H. sapiens may now be over, many 

tant (or distant) future. But such an evolutionary change would almost surely smaller evolutionary changes will undoubtedly take place. Prominent among these 

reauire some sort of 2:eo2:raohic isolation of a oooulation of humans and as lon2: as might be a homogenization of the current human races. The same forces resulting 

humans are restricted to the surface of the Earth, such an event seems unlikely. in the homogenization of the Earth's biota are at work on us: oUr former geograph-

Since the time of Darwin, it has been accepted that the forces that produce ic isolation has been broached by the ease of transportation and the dismantling of 

new species are usually brought to bear when small populations of an already social barriers that once kept the very minor genetic differences of the various 

existing species get separated from the larger population and can no longer inter- human racial groups intact. The most obvious change that may come about would 
l- '" 'cl- ' C', , CL ' ,C ' ' cL ' ' cL oF ol, R, ra id transnortation and rrlobal communication have 

integrity and identity of any species, thus gets cut off. Of course, genetic isolation destroyed most barriers to human movement and even isolationist human culture, 
- "- ' ' ' ' ' oh A "' ,A ' '" Ch Cho ho~' dh't 

• s· ~s· -~ 
' '' ,,L ·" ,c,v , I cv 

ov '' you have a recipe for making a new species-given enough time, and continued is one of the most heritable of human genetic features, and it may be that humanity 
' L ' L ' L ,L' -~ C ' cL ~- __ ;_ ,C cL 1,1- eO 

New species have formed many times in the course of human evolution. skinned races get lighter and the melanin-free skins become darker. The humanity 
' ' ' ' c 

1. utuougu Lnere are many gaps m cue recoru ~anu utsagreemen s among Lne spectaJ· 
' ' "5' "5" 

ists, with much work left to do), we can sketch a rough outline of human evolution. chocolate brown. 

The human family, called the Hominidae, seems to begin about 4 million years ago In stature, each race of our species seems to be getting larger, yet this is surely 

wtth the appearance of a small proto-human called Australopifflecus 4farensts:-since not a genetic reature: witn improvea nutrition we-arerimpry 

then, our family has had as many as nine species, although there is ongoing debate potentials carried by our genes. 

about this number. About 3 million years ago two new species, A. africanus and A. .I::Sut m many ways, natural selectlon as we know it may not opera e on our 

aethiopithecus, appeared, while another, A. boisei, first appeared about 2.5 million species at all. It is being thwarted on many fronts by our technology, our medicines, 

years ago. (These three species are sometimes identified as Paranthropus instead of and our rapidly changing behavior and moral values. Babies no longer die in large 

Australopithecus.) But the most important descendant of A afarensis is the first numbers in most parts of the globe, and babies with the gravest types of genetic 

member of our genus, Homo, a species named Homo habilis ("handy man") for its I damage, which were once certainly fatal in pre-reproductive stages, are now kept 

use of tools, an ability that is about 2.5 million years old. This creature gave rise to alive. Predators, too, no longer affect the rules of survival. Tools, clothes, technolo-

Homo erectus about 1. 5 million vears aao and H. erectus aave rise to our snecies, gy, medicine: all have increased our fitness for survival, but at the same time have 

H. nni n~ either directlv about 200 000 to 100 000 vears arro or throuah an thwarted the verv mechanisms that brought about our creation through natural 

evolutionary intermediate known as Homo heidelburgensis. Our species has been 
I 

selection. 
f, +e >ho oo eolloA As an examnle of new human sneciation let's look for a moment at what it 

NeanderthaL (Some researchers consider the Neanderthals to be a separate species, would take to create a new species with a much larger brain-say, a brain size of 

Homo neanderthalis, but this is still highly disputed.) 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. What conditions of natural selectiOn on 
Earth today would engender such a change, and would such a new creature even 

belong to our species? 

>llLeuigence anu rne .utou --.u•v" 

If Homo saniens saviens (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 

There are several definitions of intelligence: what you use when you don't 
. · _u • c· . CO 

. . r. 
"'5 

tion. Although these statements certainly typify aspects of brain function that we 
. . . ... . . . . ' 

recugmze as . ,.5 .,., 

that intelligence is composed of an enormous array of components. Some of us have 
great matn SKllls; mos~ uo no c. 1 ran1uin v. l\Ooseve.u, ":!S' ·ub ·-

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.") 1i1s Enghsh contemporary and ~econd 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 despamng 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 tvoe of intelligence. As any practitioner of "intelligence testing" can readily 

assert, the commonly used tests, such as the long reigning IQtests, measure some 
small nortion of a P"reat s stem of brain oraanization and function looselv termed 

In the end, the definition of intelligence is probably irrelevant. Par in spite of 

· '· · c ·" · · '> •> "" '"" , '""' ;,neriP, i' doomed to an ever 
decreasing average intelligence because less intelligent people are having more chil­
dren, there is very little chance ofl Q (or any other measure of average intelligence) 
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inition, is ;;~duced by hundreds or even thousands of individu~l genes, and is thus 

-wry . cu cnau,c. H " 

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 ana tnar or tneir orrspring is u. U'i'/o. .~ utt:au~ .~~ wa.L L wu 1--

IQs of 140 will probably conceive a child with an IQ of 100 as will two parents 

wrth !Qs ot ,u. 
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 midcfening m 1ts 
incomnleteness, and applying a present day understanding of learning to the study 
of earhr 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 
rl;ff"'r"'nt. and the bv-nroducts of those differences are the marvelous characters of 
humanity. The toddler can speak in sentences, reason, remember, and move about 
· ·" ··the inf,nt c'n c1u nunc uf these thinos. 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 
-, . .· ~ -~ ;, ~· TI 

most we can know of the brain of Homo erectu.s is its size and a bit about its shape, 
· · c · · • ·n _' c · · · . ; "" · .~ 

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 William Calvin at the University of Washington. Deacon 

ts a neuroanatomlsc wno nas scuaieu e va 10 ll):; 

intelligence. He has concluded that the emergence of human intelligence came 
Wout not through some mystenous new neurologlCal or morphOfogicarinvemion 
within the brains of the earliest mOOern human speCtes, but througillhe aevewp­
ment of already-present circuits and cells. In other words, our species used "off-
the shelf equipment" that was then wired m novel ways through the processes ot 

evolution. 
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Latvm, a neurontoiOgtst, nas put !orward stmuar arguments anout now inreui- ' .L 
resun: 01 an mcreas1ng1y comptex "Y• ccy 

gence came about through evolution. Calvin sees intelligence as the evolution of the genes that caused these behaviors-a case of unnatural selection. 

structural thought processes, such as syntax, the nested ern:oecfcling OfiOeas; agen- l'.urther work now suggests than many o! numantry s so ca:rrea- >U" 

das, the ability to make novel plans for the future; logical chains of argument; and orders"-such as ADHD, depression, addiction, and impulsive, compulsive, 

the ability to play games with arbitrary rules. And, last of all, Calvin sees a beauti- oppositional, and cognitive disorders- have a significant genetic component, and 

ful leap in the evolution of human intelligence: at some point, humans, alone unlike intelligence, may be coded on only a few genes. lfthis hypothesis ts correcc ~ana 

among the animal world, began to perform and eventually write music. Calvin has no authoritative study has yet been able to falsify it), it means that the heritability 

presented a most interesting hypothesis about how all of this came about: he thinks (the rate at which such a trait is passed on to the next generatlon) o± such disorders 

that intelligence may be a by-product of a brain that evolved to throw better. So is very high. If selection acts to favor the transmittal of highly heritable traits, they 

many new "connections" and novel pathways were necessary to create the neu- very quickly increase in the overall gene pool of a species. Comings has summa-

roanatomy required for throwing weapons at prey that unforeseen consequences rized this stark view as follows: 

nl< ·" fr <h · ,, ,,, ·" h T, "'· it hec"'-n- e intellirrent. 
Many ddterent studtes have documented an increase inll'lelteqli cy dHU d 

decrease in the age of onset of a wide range of behavioral disorders, includ-

T ,,., 1 s.,],,..;,..n ing depression, suicide, alcohol and drug abuse, amaety, A.LltiLl, conaun 

In his book Children of the Ice Age, paleontologist Steven Stanley has made the i 
disorder, autism, and learning disorders m the second halt ot the twenuetn 

century. All of these disorders have a genetic component. The usual expla-
ooservatlon tnat tne aavenr or memcme nas aisruptea namra1 se1ec ion as it acts on 

i 

nation of these trends has been that they are the result of an increasmgly 
humans. Humans, according to Stanley, have created unnatural selection, for our fast-paced and technologically complex society. I have suggested that the 
spectes now routmely heals or saves many mdtvtduats who would never survwe m I converse is true- -that the increasingly complex society is selecting for the 
the "wild." Furthermore, not only do we save individuals with physical or mental genes causing these behaviors. 
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 onlyTor a Of course, these mhented behaviOral tratts are certaffiry aifeCLeCfl)y emumu-

host of nOnhuman species, but for ourselves as well. ual's environment: many people carry the genes making them susceptible to acidic-

One of the most provocative assertions about how our species is evolving at the tive disease, but under many or even most urcumstances do not succumn to a1co-

present time comes from Dr. David Comings, a physician and geneticist specializ- holism or drug addiction. Yet many others do. Comings took his findings even 

ing in human genetic disorders. In 1996 Comings published The Gene Bomb, a further, and postulates that many victims of ADHD reproduce at an earlier age than 

book as controversial (if far more overlooked) as The Bell Curve. Comings spent those without the syndrome, since very few of these sufferers attend college, and 

two s studvim! Tourette's svndrome and attention deficit hvneractivitv dis many women carriers become pregnant at an earlier age than women either attend 

order (ADHD) among children, and came to the startling conclusion that the inci- ing college or entering skilled positions. The result is that women attending college, 

'H '.L ''"" ,), 1 n and then enterino- careers ultimatelv have fewer children. These women are usually 

c. '" 
_,, ,) 

~· "'" "' ,.; .~1. . ;" 
,f ';"' 

'ntellio-ence than the nonulation mean, and have lower frequencies of 

species is evolving ever greater numbers of behavioral disorders. 
' 

behavioral disorders. Women bearing children earlier-and having more children as 
0 " ,c· .. L .v ,;11 J-. ,;,...,.. ,,.... t~<>ir (J"enes with more efficiencv. While this dif 

with Tourette's syndrome and ADHD: he noticed that the frequencies of these dis- ference will have little or no effect on intelligence, Comings believes that it may be 

orders were high in the children of his patients. Instead of these behaviors being the highly significant in increasing levels of behavioral problems in the population. 
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Comings's theory is controversial tOr two reasons: the aata ana their mterpreta vidual s genetic maKeup wlll oecome commonpmce, anu speci1ic genes ~~ -

tion. First, the increasing frequency of reported cases of depression, ADHD, and sion and other behavioral abnormalities will be detected. The second step will be 

the like may simply be due to an increased awareness that these disorders can be the application of behaviOral drugs usmg newly discoverecrcilemtcaT pamways. Dut 

treated, which encourages people to report them with greater frequencY than they did the third step will be actual changes in people's genes. This can be done in two 

in the nast. Second, even if these disorders are indeed on the rise, they may have only ways: somatically, by changing the genes in a relevant organ only; or by changing 

a small genetic component, and may be due to any number of environmental causes, the entire genome what is known as germ line therapy. Since germ line therapy 

inrlJJc1ino- inr.reasina levels of environmental nollutants such as lead and other heavy involves changes in the genetic code of a person's eggs or sperm, it will not help the 

metals, as well as organic macromolecules, in drinking water. Given these two issues, individual in question, but it will help his or her children. 

it is hard to say whether there is merit to Comings's assertions-but they provide an The major obstacle to the genetic engineering of humans is a property kno\\Tfl 

interesting example of the potential for further evolution in our species, involving as pleiotropy: most genes perform more than one function, and many functions are 

genes that we usually do not think of as being capable of evolution. coded on far more than one gene. All genes involved in behavior are probably 
-L' · Th' · "1' th ase for examnle with the manv oenes involved in 

Human Behavior and Directed Evolution 
human intelligence (in fact, neuroanatomists and behavioral geneticists believe 
ol. .1 • J •. Tn . - 1- . .rl • 'm':lnU hasir brain functions 

.• 1 " Co .;]1 h oL 
,, 0 """ "" """" 

:> hefore 

itv;;
1

~~d does affect things invisible to the morph~logist--such as behavio;. In wholesale tinkering can begin, since very slight changes in gene frequency could 

' "'. _r ~- . .L . ,, . .1 . A . L .c. ' L ,,j 
1aC , ll may ue llldl lHUcH u 

mere 1% differenc~-;~ the genome is all that produces the vast gulf between chim-behaviors, allowing us to deal with the changing set of environmental conditions 

racmg our spectes: nre m ones, nre among crowus, ., ~ 

behaviors affect survival. Why change genes at all, then? In all probability, the pressure will come from 

Because we have directed the evolution of so many animal and plant species, we parents wanting to "improve" their children: to guarantee that their child will be a 

might ask ourselves, why not direct our own. Why watt tor natural selection to ao ooy\(Jr a gin), tau, oeautiruJ, imeuigem, · r giaeu,--sw=· , · , 

the job When we can do it faster and in ways beneficial to ourselves? This is precise- or to ensure that their children won't become addicts, thieves, mean-spirited, 

ly the tack taken by many behavioral genetlctsts who are ~earchmg tor ways to depressed, or hyperactive. 1 he motives are there, ana tney are very ~ru11~- .1w:: 

manipulate human genes. Behavioral genetics is a new branch of science that asks Human Genome Project, now completed, had for much of its motivation (whatev-

what in our genes makes us different from one another (vs. what makes us different er it supporters argue) the desire to find "bad" genes. Once they are found, new 

from other species or what makes us human). Scientists working in this field are Herculean efforts will be required to weed them out. Assuming that it does become 

trving to track down the genetic components of behavior- -not just of problems and practical to change the nature of our genes, how will that affect the future evolution 

disorders, such as those profiled in the previous section, but of everyday behaviors of humanity? Probably a great deal, if the practice continues over millenma. 

choc well be heritable traits: overall disnosition, the oredilection for addiction If natural selection is unlikely to produce a new human species- the event fore 

"'nee s of sexualitu a<H-'ressiveness and comoetitiveness. seenb H. G. Wells in his novel The Time Machine the same end result could cer 

These are traits that we know intuitively to be at least partially heritable. ' tainly be achieved by directed human effort. As easily as we breed new varieties of 

Th "" · ch """ .L ioo """ inr,]n,[,hle. It seems unlike- domesticated animals we have it in our nower to bring a new human race, variety, 

ly that our society will not eventually accede to the idea that DNA samples should or species into this world. Whether we choose to follow such a path is for our 

be given to genetic specialists. When this happens, elaborate screenings of an indi- descendants to decide. 
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c _c 
Just as the push by parents to enhance their children genetically will be soci- 1 ne subtttle or yson s uOO!'. sums up 

etally irresistible, the assault on human aging will be a force of unnatural selection species. But according to Dyson, that global intelligence will not be a product of 

in the future. Much recent research shows that aging is not so much a simple Darwtman evillutton among the tusmg populattons ot Homo sapiens,ou. wiu cu1uoc 

wearing down of body parts as it is a system of programmed decay, much of it about through an ongoing symbiosis with the machines we build: "Everything that 

£~:eneticallv controlled. It is hiP"hlv probable that the next centurv of genetic human beings are doing to make it easier to operate computer networks is at the 

research will unlock numerous genes controlling many aspects of aging, and that same time, but for different reasons, making tt easter ±or computer networKs to 

thP:<:P uPnP:<: mill he rnaninulated. An individual human lastino- between one and operate human beings." 

two centuries is an obtainable goal. Whether or not it should be pursued, in light of In science fiction books and movies, this kind of symbiOsis is portrayed. as a 

human population growth, is another question. machine and a man linked by cables-the contact of wire and neuron as a sl;lared 

Here is a scenario already posited by several scientists (and science fiction writ- pathway of electrons. Would such a linkage enhance intelligence, if it were possible 

ers) that could potentially lead to a new human species, or at least a new variety. at all? Neuroanatomists claim that such linkages are only a matter of time and 

o ,; ·' ' .OL , C ' ' ,rl h·:d· the first benefit of such a linkage will be enhanced memory the 
-p 

intelligence, looks, and longevity. Let's assume that these children are as smart as ability for an individual to immediately access the knowledge of the collective. But 
.C c n • ....1 ....1. • · ? n"son noints out that H. G. Wells pondered 

<y "'" <y ~0 , "5' 
A' ,,],. ' C',JOC,' rl ,1; th onme onct nf cr[obal intellicrence was the 

UHH'< U>, ·'5' ,, ' 
more children-and because they are both smart and live a long time, they accu- only hope of improving the affairs of humanity. Wells prophesied that the whole 

mumle weanu in ways aiueren1 uu~u u<>. :"'~Y yu~~ '"-J.Y 
' --'- h ' ' ' ' Tn n"'' ,'s iew 

these new humans to breed with others of their kind. Just as quickly, they will "Wells acknowledged memory not as an accessory to intelligence, but as the sub-

oecome oenavwrat outcasts. \1\ 1u1 some son 01 presumamy seu-imposea geo 
' ' ' ' ' f, -~" 

graphic or social segregation, genetic drift might occur and, given enough time, All of us who routinely use computers have suffered from some lack of memo-

might allow the differentiation of these forms into a new human species. ry in our systems, be it RAM or space on a hard disk drive, and such nuisances 

invariablyCiefl'aCflfOUl t;UHl<:: Ulllt::l Ldt;l'., Ult:d.l'.. UUl 

ticipated change in activity. It is easy to see how extra memory space- -or extra 

Dyson among the Machines 
memones would cnange 1:ne wor10 ana Tne way we 
increase intelligence? Most thinkers who ponder this subject assure us that it 

Humans are no longer simply tool makers. Now we are machine makers as well, and would, though in ways that may not be perceptible to us, perhaps because an 

not all of the machines we make can be considered tools. In ways perhaps even less enlarged, networked intelligence would operate at time scales different from ours, 

oredictable than our use of 2:enetic manipulation, it may be our manipulation of and thus invisible to us. As Dyson notes, it might also operate in a fashion unlike 

machines--or they of us that creates the most profound evolutionary change in our that of Darwinian evolution: 

l>,lec ' ,), rnholo'""i~., 1 chanue or even behavioral chanu~ ( althou"h that 

'"''' L ~> ',1 he firs"~- en elor.in" of one hac What leads organisms to evolve to higher types? Darwinian evolution, as 

terium by another to produce the symbiotic by-product now known as the eukaryot- Stephen J. Gould, among others, has pointed out, does not "progress" 
' ,11 , 1. ' ,llOC. L cC ,J,; ,J, ' ,f, ' ,f, ,,. toward oTeater complexity, but Darwinian evolution, plus symbiogenesis, 

sis with machines? Numerous writers have discussed the prospect, but in the late does .. .. Darwinian evolution, in one of those paradoxes with which life 

twentieth century, at least, perhaps none so evocatively as George Dyson, particular- abounds, may be a victim of its own success, unable to keep up with non-

ly in his book Darwin among the Machines: The Evolution of Global Intelligence. Darwinian processes that it has spawned. 
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In an earlier chapter, we asked whether the "rules " of speciation have changed mventlon ana routme construct10n o! computers that have the computmg power or 

for humans. The answer is that they have not-humanity may have affected the the human mind will occur early in the twenty-first century, and that machines that 

nature of the playing field and the players, but we cannot change the rules. Yet in outstrip the capabilities of the human brain m some attrillutes Of processmg and logtc 

the merging of man and machine that conclusion may be overturned. The evolution will inexorably appear soon after. In his view, themergingofhuman and machine (or 

of machines and machine intelligence does have directionalitv, toward ever greater at least artificially constructed) brains will be inevitable. But will it ever be heritable? 

complexity and intelligence. Machine intelligence does not go backward as much 
::::.>:it urws .fnn:u::::.n-1· thPn' ::::.rP nn funrtional enuivalents of a blind cave fish or the 

whale, a mammal that returned to the sea. In the computer world, direction is Growing Buildings and Changing Trophic Levels 
progress: better operating systems, more machine interconnections, more memory, 

easier use, more humans connected. Science fiction is so pervasive and voluminous in its output that there are few ideas 

Dyson further argues that information comes in two types: structure and not already in use in some futuristic plot device. Thus, the two ideas I throw out 
. . " - ~ . " " '" .h ,)-, "Y "V "V 

recall are translations between these two types of bits. Thus it is Dyson's fervent potentially realistic strategies that could alleviate both our population problems 
. . . . . ,, ' . ' ' .L L -"· · .L <L ~c:L .• U-

UCUC< 

"- _, . -"- . -' " c ,L ,, 
mcauo u. Hd<ULC UHU' ' 

metals. 'The industrial sm~l~ing and forging of tools and technology made from nature to exercise intelligence over us. We have mapped, tamed, and dismem-

oereu Lue pnysica~ wi1uerness 01 our Lanu. vuL, dL Lllt;:: ;:;duK .iuu:, ' . - L "-" ow ., 
a digital wilderness whose evolution,may embody a collective wisdom greater than components requires massive supplies of energy and water and produces volumes 

our own. Y' 
_,, 

As breathtaking as Dyson's vision is, I differ slightly in predicting the type of ' organic structures and tools, humanity might be better off by "growing" as much 

machines we may merge with. One of the tired old saws in the science fiction pan- technology as possible. On a very small level, researchers have already experiment-

theon is the notion of a silicon-based life form. There IS a stmPfeDut poweffi.if ed wtth thts tdea: a square tomato has been deve:ropecrw sultpaCKaging neeus. 

retort to that possibility. The variety of "organic," or carbon-based, compounds More imaginatively, a living house made of growing wood and other organic struc-

found in life processes can be readily seen by going to any chemical supply store tures mtght be a way to realize sustamabrhty m a techmcal soctety. 

and checking out the store's catalogs. They are book-sized. Silicon-based com- Yet an even more dramatic breakthrough could be realized by manipulating not 

pounds, on the other hand, fill only a good-sized comic book. Silicon, however use- only our machines and technology, but also ourselves. Humans require massive 

ful it may be for the electronics and computer industries, is none too suitable for amounts of food. We, like all animals, are heterotrophs-we must ingest other once 

life. We mav soon find that it is none too suitable for the computers of the future, living matter in order to live. The world could support far more people if we could 

either, or for the machines we may try to merge with. somehow radically re-engineer our food and nutrient needs so as to become 

p,", of; oil ;h i not' Earth's dominant animals-w:ill beAae ofBac- autotrovhs ·omanisms at a lower tronhic leveL Plants and many types of chemoau 

A ~CP A A A rre o> Am~hibians Arre of totronhic bacteria use sunliPht or chemical eneruv to nower their metabolism. If 

Reptiles, Age of Mammals, Age of Humanity-and then a long Age of Artificial biotechnology could help get humanity off its hamburger diet (or even its wheat 
T. c,ll: . cr1· . - L -,h . ~C of •h .. l '" . diet l and mercre with the nlant world a areat deal of stress on the nlanet could be 

spawned in Silicon Valley. Of these many prophets, none seems so bullish concerning alleviated. Solar-powered calculators do remarkably well; perhaps the only hope 

the coming replacement of humanity by thinking machines as Ray Kurzweil. His for an Earth even remotely resembling its past self in terms of habitats and diversi-

vision is starkly writ in The Age of Spiritual Machines. Kurzweil believes that the ty is solar-powered humans. 
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New Human Species!' po.lyp ts connecleu 10 every mner polyp. 1.ue 1unnionat equivatenL o 1 

"" ~c- c. ' 
this system among insects is the behavior of species like ants, known as 

vrrr ca"c cr . 

Speciation requires an isolating mechanism of some sort. The most common is 
eusoctality-:-1\nt~ (~d ot~er eusocWmsects) have evolvecfl.5eilav10rs and 

geographic isolation, whereby a small population gets cut off from the larger gene 
morphology beftttmg a htghly complex system in which the colony itself 

serves as the functional individual, and the various actual ants of the colony 
pool, then uanswnus iT' own se< o, "cuco. "5' 

fully reproduce with the parent population. Most species have done this through 
serve as the various organs of that ''superorganism. ''Will the future 

geograpmc lSOlanon, yet tne very poputaLion siL:e anu 
evolution of our species be toward the ant model? In one of the most 

humanity make this possibility remote-at least on Earth. If, however, human 
original of all science fiction novels, Larry Niven and Jerry Pournelle's 

colonies are set up on distant worlds, and then cut off from common gene flow, new 
The Mote in God's Eye, an intelligent race genetically manipulates itself to 

human species could indeed arise. 
evolve different types of "workers," including morphologically discrete 

Perhaps humans will lose (or voluntarily discard) the technology that allows 
farm workers, engineers, politicians, soldiers, "masters," and even "food." 

the global interchange of our species from contment to contment. H separahonTasts Evolution takes time. Humanity probably has that-as much as a billion years of 
long enough, and if conditions on the separated continents are sufficiently dif- , T · ,;II ol. 

ferent, it is conceivable that a new human species could arise due to geographic 

isolation. 

Scenarios 
.. . r ~c . c . n. 

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 

Macmne) aescrioea as aJflTICti ue in me wunu." ffirr v• 

millions af years yet to play with, what might our species evolve into? Here are four 

scenanos: 

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. 

z. Speciation: Through some type of isolating mechanism, a new human 
· "" ,;,k •I. · 'nbnPt m nn onnt\wnu, wlrlfnll, ino snace 

travel and colonization. 

"T. ('Jymoiosis witn macnines: Tue '"'"' 'C"" 
comes about tnrougntne imegra1ion or UU HUU>OH W.UHo. 

4. Eusociality: Our fascination with ants is that we see our cities and ourselves 
mirrored in them. The animal world is filled with colomal orgamsms. 

Hydrozoans and bryozoans have morphologically distinct polyps that serve 

for food acquisition, defense, reproduction, and colony stabilization. Each 
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It is unlikely that even geological boundaries will apply to humans in the future. 

EXTINCTION 

needed for man's agriculture, industry or medicine, and as shortage 

of supply caused the complex and interlocking social and 

n May 23, 1995, academician Boris Pevnitsky, Deputy Director of the 

ed of an attentive, cosmopolitan group of middle-aged men: some in sleek 

Moscow, others in United States Air Force uniforms. Dr. Pevnitsky's message 

was simple: he proposed that the United States and Russia jointly build the 
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1argesL uyurogen oom.o ever concetveu, a oomo so great m energy yleJU tnat 1ts The :Sky Is Failing! The Sky Is Falling! 
explosion anywhere on Earth would blow away a significant portion of the 

atmosphere. tlut that was Dr. l-'evmtsky s pomt. tie didn't mtend to explode his Despite its scientifically ludicrous depictions, Hollywood has nevertheless served 
"classical super" anywhere near the Earth. He intended to use it to destroy an to educate people about the dangers of Earth-crossing asteroids and comets. The 
asteroid in space. In the back of the room, a small, shriveled man with graying overall message of the late-twentieth-century movies Armageddon and Deen lmnact 
but still fierce eyebrows looked on, surely with some satisfaction. Dr. Edward was grounded in reality. Asteroid impact can be viewed as the most dangerous sin-
Teller, inventor of the H-bomb, must have been pleased to hear that his great gle threat to our species' existence. 
dream-the " peaceful" use of thermonuclear weapons-was at last being dis- The rate of collision of celestial objects with the Earth has been well estab-
cussed by an international assemblage of American, Russian, and Chinese lished, and the destruction wreaked by such impacts is also well understood. Such 
nuclear specialists, astronomers, and geologists, 1 SO strong, in an open forum. events have occurred countless times throughout the history of our planet-and 
All had gathered in the slightly run -down conference center of the Lawrence they will inevitably recur in the future. For example, it was a great planetary col-
Livermore Laboratonr to discuss one t ... nir· tJ-. rlPf> nf th > F, cth f, ]; . ,,J 4 h;ll; tl tC , R. ' 

or asteroid bombardment. ' doing may have made our planet unique as a womb for the gest~~ion a~d diversi-
Tho T , T . t> -~ rh '" . r; :r "'" A 

nth .1oo' n.r; hoi" tl , T J, ' ' > hJ, > Vncl> "'' ' , ' ' ~5' "' 
, ·o , '""'""• evuw 

late April of that year, had roughly the same theme, but was far more theoretical, twn. But of greatest relevance to our species are the future collisions, great and 
, '"" ' tC nf ' ' ' .tl tC ,f, ,, ' ·" ,,_ _.,' 

them. The mega tonnage necessary to deflect or destroy an asteroid was no;~~ert-
, J~y • ..5 CH"-' o...vuHuc.ss spectes Ll a1: nave 

populated this Earth, we have it in our power to defend the planet from these 
L -'> ,c ,L 

I · ~ y I ·~; "Y 1 

every individual, every great and tawdry work of humanity, is endangered by ' Just how likely is it that a comet or asteroid collision might destroy our civiliza-
celestial happenstance. The magnitude of this risk remains a topic of utmost tion? Is it more dangerous to arm ourselves with nuclear weapons larger and more 

; uJ our species, ror many scienris1:s oe1ieve 1:na1: rne greawsr rnrear rae aesuucrive than any yet developed, ostensibly tor planetary detense, than it is sim 
ing us is not some Hot Zone virus from Africa, but the billion or more comets ply to pray? 
ana asteroias mat nave narth-crossmg or potentially nartn-crossmg orbtts. W htle tt ts tmposstble to asstgn a precise number to the chance of an asteroid 
Should Halley's comet, or some other messenger from the heavens of equal size, impact, we do know that significant hits have occurred as recently as 100 years ago. 
hit the Earth, it would bring about the complete destruction of all life on this On June 30, 1908, a relatively small meteor exploded in the lower atmosphere over 
planet. I remote Siberia, releasing the force of a hundred Hiroshima-sized atomic bombs. 

Asteroid impact is not the only threat facing our species, only the single most The blast flattened miles of forest, and SO miles aw~ reindeer herders and their 
dangerous one. Other threats to the viability of the human species exist as well, stock were blown into the air. Had that same explosion happened over a heavily 
including other astronomical disasters (a gamma ray burst, a nearby supernova) as populated area, it would have oroduced one of the Q:reatest enisode f), 
well as Earth borne causes such as thermonuclear war, biological warfare, disease nag:e in recorded historv. The small fraPment that nr Kh "th' ~1. ,,, 
and sudden climate change. While any of these disasters would severely reduce about SO meters across. just two years ago, an asteroid a hundred times as large 
human oooulations, orobablv none bv itself other than the astronomical causes is barelvmissedtheEart\, ,now" ,J, ,r,, ' th Tn~' ,1 

capable of driving all of humanity to extinction. However, several of these effects 
' 

Earth-crossing asteroids of various sizes have been detected, and that seems to be 
acting in tandem could do the job. only a small sampling of the thousands that orbit in the vicinity of Earth, not to 
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mention the estimated btlhon comets hovenng tar out m space. n an ooJeCT 1arger 
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 earthauakes the auestion 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 

.. L · k ' ~'"I "Ide n ears fol 

lowing the impact, and would certainly lead to a great slaughter of humanity. The 
• · ' ' "L '_L eh . ,f, -

-•· ,. L ol •L 
• 5' 

ended the Mesozoic era (and killed off the dinosaurs in the process) some 65 million 

y<rt<> ""'. 

Although the impact of a very large asteroid or comet could completely elimi-
_r 

naLe ute uuman race, a more ll.ll._t;;lY 

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--rewis Oftl1e--umversity or nrizona innis 1 ':1':1"J 

book, CDmet and Asteroid Impact Hazards on a Populated Earth. Lewis not only 
wrote about the dangers of such events, but mcluded with ,hls 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 
soberino results. Assumino a constant nonulation of 5 billion people on the Earth 

::.n ·time the total death toll was 7.5 billion neoole over a million-year time 
span-or 7,500 fatalities per year. But the impacts were not evenly distributed. 
p., · ',.1rl"'rl +"'" "rr,rronces in which the imoactimz bodv 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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SCENARIOS OF HUMAN EXTINCTION 

1\mencan 1VliUWes , re1easing Lne energy 01 u , . • 1-' ~r 

were killed instantly, and the rest died of starvation as sunlight was blocked and 

cropSTai!ed. 
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 penods of tune. One such event m con 
iunction 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 Itselt. 

War and Thermonuclear War 
rl,- 1 'htful that thermonuclear war alone could wine out humanity, one 

scenario for human-induced extinction is a massive thermonuclear exchange, perhaps 
· "-" " ,h ri h rh · ol <1 · · warfare at the same time. While the 

beyond will probably see a variety of smaller wars fought over food, land, and water. 
'" ·-'· "h ''' _,; ""' -nnle".of 

course they escalate into a full-blown nuclear-chemical-biological exchange. 
' · · I. ·" r tf 

efficiency of an~:~huma~ :eaponry has markedly increased since our stone-throw­

ing days. Prior to the twentieth century, war was an exercise between combatant 

arm1es. m mac cemury, noweve1, "'pceau nom auu«' """" 
tions. William Eckhardt, in his "War Related Deaths Since 300 B.C.," has estimat-

ed that the number or war aeatns per l,VVV people in me wca1 wonu -, 

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 extmchon 

would require far more than 45 deaths per thousand. 
The reasons for future conflicts are easy to discern. first, the need to supply ±ood 

to a growing human population has caused a great increase in the need for arable land 
and for water to irrie:ate croos. New hi2:h-vield 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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tnrougn more utan a sing1e counLry 1s a sure means 01 creatmg cont11ct. rrom LVVV to essarily dooming humanity, would certainly reduce agricultural crop yield to a 
2020 the worldwide demand for water is expected to double due to the need to irri- trickle. 
gate new agnculturallands m dry areas, as wel! as the need to provide water for the The concept of nuclear winter gained credence from studies of the terminal Cre-
growing human population and for industrial uses, There will also be renewed taceous asteroid collision and from additional work by Carl Sagan and his colleagues. 
demand in dry countries such as Jordan, Israel, and Syria, where aquifers have been They showed that a full scale nuclear exchange could indeed bring on a "nuclear 
nearly emptied. Not surprisingly, in the late twentieth century, the World Bank winter," which in turn could quite easily lead to the extinction of the human species. 
prophesied that most t\venty first century wars would be fought over water supplies. 

Whatever its cause, war has been a plague on humanity as long as there has catastrophic cumate Change 
been human memory and legend. Prior to the latter half of the twentieth century, Never in the history of life on Earth has there been an organism better adapted for 
however, none of the myriad means of human warfare posed a threat to the species. climate change than the human species. The most serious environmental threat to 
But the unleashing of the atom and of fusion reactions has changed all that. Today, most species is temperature change, but we can deal with that quite easily: if too 
humanitv holds the seeds of its own destr ct' n 'n · h v-l• . . '' . .. ~· . 

' ' 
Following the explosion of the first atomic bomb in 1945, and the first ther-

' 
essary. Dealing with cold is even easier: put on warmer clothes, build a fire, install 

e(, H nl · tl ,] '1Q,n, ' · ~• "' i 

• Tl 1\.l, 0 ] D .. (", ·" c;, I 
'·,, "J '{UU MJ UOU uuou,, ouuo ocou~ <dCU<C 

major nuclear powers (the United States, Russia, Britain, France, and China) pos- I change is usually not a threat to our species' survival. 
.~ , 70 000 "'' ' ,. ' Wn ~~. . L " "' ' 

'--'Lis iv 1....--'llt: ututt: grt:dl scienlitic ~scoveries 01 Lue j_a,,er par, 01 u1e wenne1n 
ished by the latter part of the 1990s to a total of about 35,000 weapons, with about I century has been a new understanding of the rate of climate change in the past. It 

on .r.L · · ..n · " · · 
11au tong oeen assumeo 1nar maJor cnanges In tne Lartn s c11mate were urawn-out 

weapons exist, notably in Israel, India, and Pakistan, it is the two superpowers that ' events spanning great intervals of geologic time. Evidence to the contrary began to 
maintain the majority of the arsenal's numbers. The total is expected to decline fur- emerge when deep cores of ice drilled from the ancient ice sheets covering parts of 
tni:T, LO aoouL u,:~uu duivt: w~::apuns tor lue uniLeu ... .nates ana Kussia comoineo oy Greenland and Antarchca were analyzed tOr their Isotopic content. To everyone's 
2003-roughly the same number present in 1969. surprise, these long records of global climate revealed intervals of extremely rapid 

w nile tne reoucnon ot weapons sysiems nas somewhat d.Immished the over- temperature change. The newly discovered data painted a much more dramatic 
all danger, the truth of the matter is that there are far more nuclear weapons still picture of climate change: they showed that major changes could overtake the 
on line than would be necessary to exterminate humanity from the Earth -one Earth in a decade or less. And the changes would not be limited to the high north or 
instance in which the word '·'overkill" is not hyperbole. Scenarios of nuclear south-their effects would be global. Such rapid changes, if superimposed on the 
exchanges include vast devastation and radiation poisoning, with long-term la_rg_e human oooulation and its present agricultural needs would be a recioe for 
aftereffects due to the lengthy half-lives of the radioactive materials released chaos and at least partial extinction of our species. 
into the environment. In an article published in 1982, Paul Crutzen and John Somewhat -naradr.x·call· ·t rna' 1- th't olAf l >ill ;" 
Birks pointed out a further peril, later dubbed "nuclear winter." Thev SUQ:Q:ested '"" ol' ofCieF, -tf T irl, ,hlio\ >rl' 

that multiple nuclear explosions could blacken the atmosphere with enough soot the Atlantic i\1onthly, William Calvin of the University of Washington outlined a 
and dust to reduce sunli2:ht bv 99% for a period of 3 to 12 months denendinP" on . ,, ;(. ~:~ "''' rl· . . . . . . 

the number, yield, and type of target of the exploding warheads. Such a cloud set up the social chaos that would lead to global war and the loss of significant par-
cover could reduce average global temperatures to well below freezing in the tions of the human population in mere decades. Calvin called this scenario the 
interiors of North America and Asia. Such temperature changes, while not nee- "great climate flip-flop." 
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,, ' .cu "' w1rl 

Calvin argues that catastrophe could come with a sudden cooling of Europe. 
uy causes "'' 

.L,_ P. · ""1. ,.,]. +o"">r its latitude. Whereas most of the 
would experience sudden climate change. Europe would go into a deep freeze, and 

populous parts of North America lie at latitudes between about 30° and 45"N, 
tt seems llkeJy that itSlillman popllla~ion · c cu wa<me-ove> 'Y 

most of the population of Europe is about ten degrees farther north: London and 
necessary to support the suddenly starving millions. It may sound alarmist and 

· . ~i c• o' , n. ' . '"o' ~ ,~ .rl ChOI\l "n,1 
overly dramatic to talk about "suddenly starving millions," but it is important to 

the cities of Scandinavia at 60°N. Yet in spite of its more northerly location, the 
remember that J::urope currently has b:,u mtlhon people ana is mrge1y seu-suu~-

' ' .L " ' T1 ' ,1 ',rl, 
cient in its food production. Almost simultaneously with the global current change, 

''> " ' 

ports twice the human population of North America on a much smaller land-
that ability to be self sustaining would dtsappear. L.;alvm desCnbes this scenano as 

mass. Much of its agricultural success comes from a climate warmer than its lati-
follows: 

tude might otherwise dictate. Europe's warmth comes from the Gulf Stream, a 
tropical water current flowing up the Eastern Seaboard of North America and 

Plummeting crop yields would cause some powerful countries to try to take 

llien vaulting acrosstl1e1Ulantic to pusn masses 01 warm wateragairrs"nm:: Lulu-
over their neighbors or distant lands if only because their armies, unpaid 

pean landmass. It keeps northern Europe about 10° to 20° warmer than it other-
and lacking food, would go marauding, both at home and across the borders. 
Tht> better oraanized countries would attemot to use their armies, before 

wise would be. +h 1 fP11 ::m;o~rt Pntirelu to take over countries with si!lnificant remaining 
The current bringing heat to t:urope 1s not a smg1e waterway, butts composea 

of several segments. One branch of this current carries warm water to the vicinity 
resources, driving out or starving their inhabitants if not using modern 

• co"h ~ <;;lffi; Pnrl· PliminatinQ" COmOetitorS for the 
of Iceland and Norway. Eventually this water cools, and when It does, tt smks 
deeper into the ocean. It then returns to more southerly latitudes, but does so as a 

remaining food. This would be a world-wide problem -and could lead to a 
~• ' l\H,,Irl \H, 

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 >:<reater density. Warmer, fresher water thus 

Calvin makes the point that without its warming current, Europe would have a 

:~~vels o~ the surface and retur~s at depth as cooler, saltier water. Paradoxically, 
' OCCL;~LUW W~ "Y ' •en •r ,rl UL,(", ,rl' 

' 11 1rl "hP "h t down 1f more fresh water were added to it on the sea sur-
tt could feed only one of twenty-three of its inhabitants. 

face. Thus the movement of salt in the current system is integral to maintaining the 
'uac maKe' a 'uouen "'uua• ""' '"" ' ' ' ' · 

steady supply of warm water to the coast of northern Europe. 
"point source" disaster. The Earth is regularly stricken with calamities such as 

The scenario that could lead to a failure of the warm northern Atlantic current 
hurricanes, tornadoes, and catastrophic earthquakes. These disasters cause the loss 

is global warming. If the glacial ice covering Greenland were to melt at a higher rate 
of much human life, and they are usually followed by rescue and recovery efforts 

' · <1, rl. , ' .. q f1, '"'' .<, ' '<C ,rr;ono I with 
that are often global in scale. But such disasters are always of short duration and of 

fresh water. The normal circulation pattern would thus be disrupted, causing the 
limited geographic extent. 1"\Jettner nurncanes nor earwquaKes per uro any signil· 

; w~;cuv; c,; ' rp' ' ~ TC 
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 centunes. Calvm argues that even a 

wa:rJ'IT crrran "" ·r ' 

and Europe would suddenly cool. Thus a strange paradox: global warming would 
meteor strike killing a majority of the human population m a short penod o! time 

ultima e1y cause a suaaen c uJ~ug u1 .L.ulupt:. 
would not be as catastrophic as a longer-term disaster that killed just as many the 

The failure of one single current would, at first glance, not seem to be the stuff 
killing effects of the meteor strike would soon be over, but global cooling would 

of sudden global climate change. Yet the world's oceans are but a single body of 
continue to stretch its deadly effects over decades at a minimum, and more likely 

water, and heat flow is global. The breakdown of any one current system necessar-
over centuries. 

'"? 
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Uisease 1 nis view is atso expresseu uy 

f, •l , I of •l ' l 
MeTe Machine to TTanscendent Mind, and by Bill Joy, the co-founder and chief sci-

communicable diseases, sparked by a spate of movies and best-selling books. What 
entlst ot :Sun Mtcrosystems, mills Cliillmg-zuuo- arttcTe--wny----rnelUfuye voesn ~> 

are the chances that a new disease could bring about the extinction of humanity? 
Need Us. As Moravec says, "In a completely free marketplace, superior robots 

R " oc C, '"' .un -" -"' ,, would surely affect humans. .. Unable to afford the necessities oflife, biological 

common cold? And what if such a disease were used as a w::pon? Biologi~al war-
humans would be squeezed out of extstence. ' Moravec foresees the tuswn or a 

c human being and a robotic body or being to produce a superintelligent hybrid of 

human population if world war erupted. Most disturbing may be the stockpiling of 
some sort (as always, Sci Fi has been there, done that, the'Borg from StaT lTek 

being only the most recent entry into this genre). To Moravec, such a being would 
diseases for which we no longer are vaccinated (e.g., smallpox), and the genetic 

succeed humanity-and cause our extinction sooner or later. 
engineering of new, virulent strains of disease, the subject of countless movie and Why robotics? Part of the promise is a better way of life for the organic mak-
book plots. us. To do awav with the mind-killincr labor that bedevils most of humanity ers 

1 wo ooservat10ns argue agamst the poss1b1llty ot a species encung epidemiC. 
would indeed be a social and intellectual breakthrough. But robotics holds an even 

First, there is no evidence that any single disease has ever killed off any species. 
_fh., ov+onoo;r.n r.f our individual intellects if not our bodies. If we 

::;econd, humamty now has a technology that can combat dtsease wtth mcreasmg 
~ ·,,, o ~,,h·w land bu machine I mean oroan 

etilciency each year. Nevertheless, d1sease remams a potent method ot reducmg ically produced as well as purely inorganic artificial intelligence), we will indeed be 
human population numbers, and when combined with (or resulting from) other >L A. ·,. ,,1· J>, ,,,) ?Aol>;JTTocno' "Tfwe 
human killers in synergy, it could well be a potent force leading to the extinction of are downloaded into our technology, what are the chances that we wiJl thereafter be 
our species, especially if global warming causes tropical diseases to move into pre- ' l, . L , ll ,J , •l ,) . . 

viously temperate regions. 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." 

Death from the Robots Gray Goo 

It is difficult to arrive at any scenario of human extinction (or any scenario of any- Of all threats facing humanity, perhaps none is so dangerous-or so poorly under-

thing, for that matter) that has not already been featured in some Hollywood stood-as that posed by nanotechnology. Nano means "small," and many technol-

movie. So too with our next potential villain, artificially constructed machine in tel- ogists now see the future of technology as the manipulation and assembly of matter 

ligence. In the famous TerminatoT and Terminator 2 movies (and to some extent in at molecular and even atomic size scales. Such molecular-level assemblers could 

The MatTix" welll. the ne.adutme wnolo ;,,n hv -' t mhntdh" "' tcv- 11ttr:rlv transform human societv bv creatin!! extremelv inexoensive products, med 

ing to exterminate the human species, or at least enslave it. Such a scenario seemed 1c1nes, and even energy through the construction of virtually free solar panels. 
c·~"'· n~r. , T,~ lf, ,v ,, ·~c, . I ..c .,.,+ J."h "lrl b created from orcranic rather than 

.. h '-"--'" -"''-"- .. v. ·"'' '"''- n D "' ~·' 
_, 

'" .. u h . ·-. 1. ,,..11, .;'"'n and fewer 
--o ' ' ·r 

other environmental consequences of manufacturing. late that the computer scientists succeed in developing intelligent machines that 
,), " . " -" ' ·,, ;, T' C • ,L ... ' • r, ' ·,L 

HO '5' 

permitted to make all their own decisions . . the fate of the human race would be the extinction of humankind. It is this vision that is most starkly illuminated in Bill 

at the mercy of the machines." Joy's cautionary 2000 essay. Joy views nanotechnology as the most dangerous of 

10" 
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u1e new LflO 01 LecunOIOgies, uuuueu '-ll'\JI'\.1 10r t_:reneLics, 1 anoLeCullOlogy, anu ctvtnzanons see 1:ne1r way 1:nrougn, p1ace 11mr son w 

Robotics. As he notes, "Molecular electronics-the new subfield of nanotech- done, and safely pass through the time of perils. Others, not so lucky or so prudent, 

nology where mdtvtdual molecules are ctrcUlt elements -should mature quickly perish. 
and become enormously lucrative within this decade, causing a large incremental My own view is that we will successfully negotiate the hazards threatening our 

investment in all nanotechnologies. Unfortunately, as with nuclear technology, it is species. We will not kill ourselves off. We will not die off from disease. We will wax 

far easier to create destructive uses for nanotechnology than constructive ones. and wane in numbers as the long roll of time still facmg this planet buttets our 

Nanotechnology has clear military and terrorist uses." species with all manner of climate changes, asteroid impacts, runaway technology, 

Joy sees the military applications of nanotechnology as potentially dangerous and evil robots. We will persevere. But the animals and plantS along for the ride on 

to the existence of our species. Moreover, just as the nonmilitary use of atomic this planet that we have so cockily co-opted will not be so fortunate. 

energy holds undeniable threats to human life from nuclear power plant accidents, Perhaps this view that we are unkillable-at least as a species-is naive. But 

so too does the potential exist for industrial accidents in commercial nanotechnol- even if we are to live as long as an average mammalian species-between 1 and 3 

"1av annlications. Yet while one cannot imacrine anv scenario in which the release of million uears we still have hucre stretches of time left for our snecies is barely a 

radioactivity from an industrial application of nuclear power would threaten the quarter of a million years old. And who says we are average? My bet is that we will 
n,. o; " " "''" ',,h """" '" ;,1 ,ri n'" ,h, """" onri ,r nbnotar" habitabilitu for this alreadu old Earth. 
, F ·,n v1 ', ' n1 f', ,[ 

lik:~~owing pollen, replicate swiftly, and reduce the bio~p~:e to du:; in a 
numuer 01 uays. Llangerous rep ica1ors COU1u easi1y ue ~oo ougu, sma.H, anu 
rapidly spreading to stop-at least if we make no preparation. We have trou- ' 
ble enough controlling fruit flies. 

Amorig 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 replica tors 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 thin~ · clear: we cannot afford certain kinds of accidents with 

replicating assemblers. 

' 
l'lO r-nar 

Although the litanv of dan!!ers facing our soecies seems dauntin»:. 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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Suroivors at the twilight of the planet. 

' 

our glasses. 

-II. G. \VELL'l, The Time Machine 

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 

wrong, veteran of a thousand trans-Pacific voyages? It's 4 A.M. according to my 

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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arnve m New Caledoma, my eventual destmatwn. ls 1t past, present, or tuture hundred-mile-long 1sland. lt was outs1de ot that reet mat 1 naa maae me semina 

here? Once again, H. G. Wells seems palpably present. On such afightthere seems discoveries that launched my scientific career. It was also in this same place that in 

no possible ending; all that came before is but memory, all to come is speculation. my thirty-fifth year one of my closesiTnen:crs woU1CICiie m my armSTcillowmg a dwe 

Reality is the cramped seat, the tiny window, the suspension above a dark Earth together along this reef, our blood mingling as I vainly tried to breathe life back 

assumed to be below, and the baleful moon in its sprinkling of stars. I will never be into his ruptured young body. Following that horrific extinction I had no desire to 

closer to these stars, I muse. A book, quiet reflection, attempts at fitful sleep. The see this fatal shore again, but time eventually did its healing. It was to this same 

opposite of time. nlace that I finallv returned, to the same stretch of reef where he had died, the blue 

And then, somehow, against all expectation, the flight does end, and time sea finally purged of his red blood so long staining my memories of this place. 

resumes, this voyage becomes memory, ending in a place where time, at least as Twenty-five years seemed to have flashed by in an instant, and at the same 

counted by evolution, is suspended as welL 

I 

time had crawled by so slowly. Old friends I had not seen for a decade and a half or 

I had first come to New Caledonia in 19 7 5, crossing the widest ocean for the more, friends who greeted me so warmly and with such emotion that I wondered 
{; f' ,oil"], <I. o J. ~ nf nl ,,J J:fc T l ,c] .~ nf .~1. ·•' .1..c11 ,1 m mberedsofondln amanlno 

evolution arrested, the chambered nautilus, the antithesis to this book-not the 
I 

longer was? A huge block of time as measured by the life of a man, yet invisibly 
r. nf .nl ·"·" n ' 1 r • . T '.c1 _, .1. ~ ,,_, · .c1 i ,,, ,, ·"''"r. "'"''""Yet as! 

,, 
'"· n 

.. 1 11 X " 1 ' 1 ' ; Tf. .~ 
' '0 ' '0 •e 

18 and an underwater instructor at 19. Being young (and thus immortal), I had no on this island than not· I found that a quarter century of human development had 
' ' ' ' ,, ' ' ''11 1. c<l 

"5 .. , "' creatures of air. Thus, for three months in my twenty-fifth year of existence, I lived buildings roads factories the vastly increased human population so evident 
' ' ' ' • ' '1 ' 

o lh' Vl "" 'V1 vy, il CO 1 1. , everywnere, uut tue JK ; l-' - s• "'5 

splitting off during the Age of Dinosaurs to be carried by continental drift to its beaches so pristine in my memory. I found myself yearning for the clear warm 

present tropical resting place, east of the Great Barrier Reef in Australia. New water of the reef, so far from shore, to see once again the ancient nautilus rising up 

~__.;alectoma became 1ts own laboratory at evolution, eschewmg mammals, mstead. from l!S deep daytune keejiTO Sieai'flWy prowffife~ "" cnm 

evolving a unique fauna of birds and insects and flora derived from ancient Gond- I of darkness. 
wanaland, a !lora datmg back to the time ol the mammal ·like reptlles ol 250 m1ll1on In this I was not disappomted. 
years ago. Cut off from the rest of the world, New Caledonia became a museum of Within a day of our arrival we were at sea, in a French oceanographic vessel 

the ancient, with fully half of its plants found nowhere else on Earth, and many of chartered by the television crew that was behind the entire adventure. We anchored 

great antiquity. Evolution seems to have taken a long vacation here. In the first 
' 

outside the barrier reef, 12 miles from shore, and started the chores necessary to 

month of the new millennium, in my fiftieth year of existence, I returned to this find Nautilus. 
ancient place, place of ancients. I The television company needed to get film of this ancient living fossil, and lett 

Trooical exuberant, ~Ii!:mntic as islands IIO, with hi~Ih mountains and dark rock I nothincr to chance. We set deenwater crab traps late one afternoon, a sure way to 

riooed from deeo within the Earth's mantle and thrust unward in the cataclvsmic catch Nautilus then snent the nicrht waitinu. At first light in the morning we 

breakup of Gondwanaland, New Caledonia looks like no other place on Earth. It is winched the heavy traps up from their resting site 1 ,200 feet below. Seven nautilus 

rnvemi withfnce't' nf 'nine '"'1 ntlwnelir, nf the 'cEra and on\v .~ ·o I tal deenwater eels and crabs were found in the traps, and 

where humans have imported their plants and animals does it seem like the rest of we were ready to use these as stand-ins if, after all, we were unable to see wild ani-

the world. Coral reefs stretch out far from land, and one of the world's wonders, a mals in the night. With animals in the bank, there was nothing to do but wait for 

Great Barrier Reef as impressive as that of nearby Australia, surrounds the three- 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 secunty ot the depths, and with this last vtston !-terre Laboute and I headed back 

over the drop-off. I spent the day snorkeling in this ancient ecosystem-a habitat toward our boat in a sea now convulsing in the rising wind. 

now so threatened in many parts of the globe. But my memory of that dive now turns not on this nautilus, but on time. Here 

The livid tropical sun ran its course, and the deep, rich colors of the reef creat- we were encountering an animal not much different from the nautiloid cephalopods 

ed bv the sun's equatorial light faded as the afternoon waned. Once ag:ain I felt the of 500 million years ago, a time when animals- -any animals-were new things on 

disorientation of a twilight running its course too quickly, the transition from day this planet. In the nautilus it is not time, but evolution, that is suspended. And so, 

to nioht so raoidlv accomolished in this reoinn of the olnhe In the in that dark sea I swam with iov at seein>" this old friend but with confusion at 

gloaming I donned old familiar gear, the museum pieces of equipment I had dived the unexpected strength of the feelings that this encounter w~s producing in me, 

in so long ago in this place, well maintained and still as efficient as it had been a and with the realization of how time had affected me as well: I could not dive as 

quarter century earlier. But it was not just my diving gear that seemed out of place. well, I was not as comfortable in the water, I had aged. There was a very good 

I was an anachronism among the younger divers with us on this expedition, young chance that a further twenty- five years would find me dead or, at seventy-five, cer-
. ~' .. c. ' ·~· . ' .. ·-r "' · .• r ~' ~<~r." · · _, ~' 

us 

equipment. time travelers. 
' ~<~ . ~·· 

._,_ 
' ... ' ' ' . ' ' ~C 

us • Vt "Y "": ' ' ~· ~ . ' ., "5 ~, 

"' ·« ' '. ., '""""" uu uu"m 
.oy "" "Y 

underwater lights, and began searching for Nautilus, by now presumably newly camera, my face white and rubbery, nose running, a picture of a mechanically 

ctSC>::uu>::u lrom i~s muCH ueeper uctylime uaunLS. _1_ was uiving wiu1 an 01u trienu anu 
· h' d k d ""; . u" uy 

fellow old man, Pierre Laboute, with whom I had seen my first wild nautilus pttc mg ec an smt ed at my companions, sad for those who had to stay on the 

a1mosL exacuy Lwenty-uve years oewre. we orougnt wttn us two or tne nautuus in~ Jur 10ng uive, LllOSe umL nau misseu a greaT privilege. 1 ney as _eu wual 

that we had caught earlier to be sure that the television company financing this we had seen, and I could only answer, wonders. 

elaborate and expensive expedition would get the footage they needed. But they Coral reefs, with their diverse inhabitants, rich plankton, huge fish in great 

proved unnecessary, and I surreptitiously released them back into their dark home, schools; mdeed, these are woOOers sfilfllere m tliis warm New -----cafedoman 

for near the ·end of the dive we saw not a trapped nautilus, but one that had come up ocean. On the nearby land great flights of fruit bats swarm among the endemic 

to us from its retreat a thousand feet below to prowl these shuttered reef shallows in tree spenes m the lush ramforests and dry forests, legacies of bygone geologic 

this dark tropical night, And so again two divers met in the dark, one a new species, ages. Along the shores, spreading mangrove swamps guard a treasure trove of 

the other one of the hoariest survivors of our planet's long history. spectes. 

Once speared by our lights, the nautilus swam in long arcs, and we followed it Wonders, indeed. 

for some time two humans and a living fossil engaged in a slow-motion chase Will those wonders continue? 

across the coral reef landscape in the dead of night. The white shell and magenta All that has gone before in this book has given us a peek into the future, but that 
strines fthis na d s s ar d hrill' +h hii· pnotj "' ' "" .11 neek has been timid and so far limited to the near future as measured in thousands 
l'al, nlH rlrnh th t} "1 . ;,1, if th -.1 'h or at most a naltrv few millions of "ears. But here at the end let us tr" a lon~Yer 

used for a creature with a very small brain. All afternoon the wind had been rising, view. If the nautilus and its ilk can last 500 million years, persisting through trials 

.ri lth . th . ' ' 0 h ,.,, '" <h ',, '~'' . "· ··" 
nf . ' ' odnn' lrl (. ,.1 ol. ,\ ,]' ,], 

swam through, but the nautilus simply motored through this swell, and we in our reversal of the Earth's magnetic fields, nearby supernova explosions, gamma ray 

turn as welL Too quickly my air ran low, and my moments as a fish were over. bursts, fluctuations in the intensity of the Earth's magnetic field, and surely much 

When last seen, the nautilus was swimming in a seaward direction, back toward the more still unknown to us, why not us? Why can't our species weather 500 million 
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more years? Ur a btlhon years, tor tnat matter. uure1y we can nuage aswe tne mangrove swamps, ana meadows. The oceans are in the process of evaporating 
really large comets that head our way every million years or so. away, and huge salt flats now stretch for untold miles along their shores. There is 

To conclude this book, let us go forward in time until we reach that tar-o±tland no longer animal life in the sea, save for crustaceans adapted to the very high salt 
first seen by H. G. Wells. Let us go 500 million years into the future, the length of content. The fish are gone, as are most mollusks and other animals without effi-
time that the nautilus has already existed, to a time closer to the end of the Earth cient kidney systems, such as echinoderms, brachiopods cnidarians tunicat"""- -;'!11 
than its beginning, and speculate about how the end of evolution-and of animal the groups that were never good at dealing with changes in the saltiness of the sea, 
life on this planet may come about. or at moving into fresh water. There is still land life..~ "1. 

the shores, but they are low, squat, heavily armored creatures·, and their armor is 
By 500 million years from now the Earth, as a planet of life, will have aged con- not for protection from predation, but for protection from the ever-present heat, 

siderably. Today, in this dawn of the Age of Humanity, we are already on a planet salt, and drying. 

whose "habitability" has gone from middle to old age, a planet nearer the end of its Inland from the sea there is a different vision. Lichen, a few squat low plants. 
u, '" •"- c · · r. '" . f,. c ,1, >h · of. · .;11 h . nth "' 'h . 0 ], of >h ·"· 

"' creating a rearguard action against the eventuality of our planet's death, a slow the rest of the world is a desert, a place of heat and dying. 
L .L' ·" ,c_ CC ' ~L <L p, ' 1 ' l'(, , h;J Th , h' ,,1, ' ,c · · 

'o 
r ''· u. "' 

·.~. '""'~"' '."'" 
betw~en those two times will be a time when life on this Earth will have to adapt to 

··~· .... ,, ,,, ~wy 1s enumg. 
There are still lizards, and snakes, and scorpions and cockroaches. ,, <L >h L.L A -

that the types of animals and plants might finally prove to be exotic compared with All of humanity, or what is left of it, now lives underground in the cooler 
our present-uay utow .. ""~ • • .1.c is as i.~. a_" .~.ease pare o~ ' ' ........ vveus s VISIOn uas come true. In 

The big problem, of course, will be the sun. Like all stars, it contains a finite a sense, humans have become his Morlocks, a troglodyte species. There is too much 
amount of fuel, and as the tank empties, the temperature will increase. The amount radiation from the growing sun for humans to last long on the surface of the planet. 
ot hydrogen bemg converted to hellum wtu aecrease, ana neavier maTeriat wiu uumanny, oy necesstty, nas nau to go underground, becoming the new ants of the 
begin to accumulate. The sun will expand in size, and the Earth, the once equable planet. But physically, humans have not changed much. They know the end is near. 
Earth, will face the prospect ot becommg the next Venus m our solar system: a 1 nere IS no way ott, no path to other, younger worlds. Space turned out to be too 
desert without water, a place a searing heat, a burned cinder. That will be our fate. vast, the other planets in the solar system too inimical, the stars too far. Their Plan-
What will precede it? et Earth is old and dying. They do not mourn the many animals the Earth once had. 

Between 500 and 1,000 million years from now there will still be clinging sur- It is hard to remember things that happened 500 million years ago. 
vivors of the Cambrian Explosion of 500 million years ago, the last twigs of the Once there was a future to evolution, 
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 onlv in the cooler oolar latitudes that we can see the 
ends of animal life on Earth. Plant life is still present, but the amount of carbon 
,1; ;,1, ' dh ~ h::~" "hrunk to b11t a trace of its level durin>r 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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The farm. 



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. 



/ 

The T. rex of its time, the gorgon was the largest of the Paleozoic predators. 
The drawings here represent four possible renditions of what this animal might have 
looked like. 



Inheritors of the post-Permian world, the dinosaurs would quickly dominate in species 
and individuals. 



The Age of Dinosaurs ended when an asteroid crashed into the Earth at 

Chicxulub on Mexico's Yucatan Peninsula. 



Debris from the K-T impact would have created continent-size fireworks before 
rainin,g ash and darkness on the planet for years. 



Although their tum would come, mammals did not take a prominent place in the 

Mesozoic food chain. 



This arsinotherium, a distant relative of the rhinoceros, contemplates its 

geological past. 



The arrival of humans in North America was one of the most devastating events ever 

to occur on the continent. 



A few of the localfaunafrom Los Angeles, circa 18,000 B.C., courtesy of the La Brea 
tar pits. 



The Norway rat, one of the few mammals as successful as humans, steps off the boat 

in Polynesia, circa 1767. 



One hundred years ago the vast Amazon rainforest was a virtually pristine ecosystem. 

Today there is almost no portion of it that has not been touched by humans. 



Even a completely degraded environment can be successfully exploited by certain 
species- but others are sure to perish. 



Deforestation and fragmentation are the future and bane of post-industrial 

ecosystems. 



58 

.. · 
11 45 .. 

•n 
62 

rration 20. Tahotian rail 32. EuroDisnfy 45. Thylacinc 55 . Kamchatkan bear 
·ingia 21. Rhea 33. llig game hunting 46. Feral rabbits 56. ~hostosoma 
rail 22. Rio de Janeiro 34. The Sahara 47. Human migration brings dinl'[o 57. I lunting woolly mammoth 
and ~lat~ 23. l'ap~r 35. Ongm of modern human to. \ ustralia 58 . Stephen I 'land wren 

24. Haitian 'Oienndon 36. Quagga 48. Giant land 'nail 59. I Iuman mograuon from 
25. l'opmg plo•cr 37. R<-.earch whalmg 49. ('-C}·Ion elephant '\'lamto the l'acofic 

:e 26. Alaskan pipchnc 38. Eurasian starlmg so. Snow leopard 60. I I uman mograllon to 
:xl rail 27. House •parrow 39. Owich 51. Tradiuonal Chinese medicine '-'cw Zealand 
land banded rail 28. Feral pogcon 40. \Vaha obox (bear R•ll bladder, tiger pa\\, 61. Urown tree ~nakc 
wood rail 29. Caoman huntmg 42. Rmakes1a M rin(SJ and rhmoccros hom ) 62. Ocean borne A•rbage 
J rail 30. 'orth &a ool industry 43. Human migration to 52. Eurasian boson 63 . Stellar's seaco"' 
til 31. (;orilla \ladagascar 53. Cretan deer 64. Sandwoch tern 

44 l)rvln ~:uvl t lnrln t YPP S4. Ti{Jcr 



II H 45 

12 15 n 

I. I era! pig 10 . ! Iuman migration 20. Tahutan rat! 32. turoDt<ne)' 45. Thylaci 

2. 'orway rats through Beringia 21. Rhea 33. Rtc game humang 46. feral ra 

.1. European exploration 11. Barred~>. tng raJ I 22. Rto de janc~ro 34. The 'iahara 47 . Human 

of remote occanu: 12. \ukland Island >late· 23. Tap1r 35. Ongm of modern human to.'\ usu 

·~lands brc,1Stcd rail 24. Hatt tan solenodon 36 . Quagga 48. Giant12 

4. ( :oconut palm IJ. I .aysan rat! 25 . Piping plov.r 37. Research whal in~ 49. Ceylon 

5. Hawauan honcycn.ocpcr 14. Ponape crakc 26. \laskan ptpclme 38. Eurastan starling so. Snow lc 

and mosqUitO 15. 'iamoan ~~o·ood rat! 27. Hou.c sparro" 39. Osuid1 51. Tradllt( 

(J. ( :Oiifonua condor 16. Chatham l<land banded rot! 28. Feral ptgcon 40. \\'alta ibtx ibearga 

7. La,tcr !<land 17. Lurd If owe 11.ood rail 29. Cat man huntmg 42. Brookesia pt')-ritrtst and rh1r 

8. \lcxtcan gnzzly bear 18. \\ akc bland rat! 30. '\orth Sea otl mdustry 43. Human m1~ration to 52. EuraMa 

9. 'Utllt ,\m c.I ICd 19. llawatian rail 31. {;onlla ~ ladagascJr 53. Cretanc 
4.1 ,..,_._ """ ...... _ ··~ <;.:1 """''" 



Climate is one of the most difficult things to predict. But one thing is certain: man's 

effects on it have been enormous and the future will be problematic. 



Some fauna have adapted surprisingly well to inhospitable urban landscapes, and will 

continue to do so but they will be fewer and fewer. 



Some fauna have adapted to a more aquatic though degraded setting, as in this new 
freshwater "tree of life." 



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. 



Foremost among the survivors of the next millennium will be those species that 

humans have had a hand in developing: domesticated plants and animals. 



A poster child for extinction: the thylacine, a prehistoric dog like 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 1936. 
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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 fo~sils. 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
arily- what is it about such organisms that bestows the equivalent of near­
immortality? 

A useful way of quantifying evolutionary rates is by arnving at an estimate of 
doubling time, the average amount of time for a particular higher taxon to double 
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Whatever happens to life on Earth, one thing is certain: evolution will not stop. I Jere 
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 
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A possible future cladogram, or evolutionary family tree, for the dandelion 

(bottom to top): original dandelion, cactus/ike, aquatic, arboreal, carnivorous, 
epyphite. 



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

millipede, pygmy giant, flying, three swimming types. 



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

honeyeating, wading, ratite crow. 



One future cladogram for the pig (bottom to top) : pig, genetically engineered, rhino 

pig, aquatic pig, pygmy, giraffelike, garbage-eating. 



The Cambrian Era saw an astonishing explosion of diverse new body plans. 



The most ubiquitous mammalian resource of the future: the human body. 



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



SurvivoTs at the twilight of the planet. 


