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fantasy.

S0 how on earth can we expect to do any belter with the future of life—with its
millions of species, its myriad ecosysterms—projecting whal’s going (o happen, not
tnis week or next maornth, but hundrecds, thousands, millions of years dawn the road?
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Fageddabou it!
But hold on. One of the key ingredients of the scientific endeavor, after all,
is predictivity: if an idea is true, we reason, there must be certain observable
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consequences—and f we consistently fail <o observe the predicted results, there
must be something wrong with. the idea itself: we must “reject the hypotnesis.”

want to say Tageddabout 17 when we wonder what the futare nolds—especally

“or ourselves, the human beings who have so recertly, so tharoughly changed the

Laboratory experiments  thuugh sometimes done blindly (“let’s see what hap-
pens if we mix these two chemicals!}—are nonetheless usua'ly performed with
some expectazion in mind of what the results will be: [uture vutcomes, i other
words, are predicted.

_ Bul even here we encounter difficulties: creationists are fond of pointing out that

“ace o our glabe? Is there nothing rational we can say, noth:ing about what we've
-earned “rom life’s history that can serve as a basis Zor reading the {uwre  or at
least narrowing dewn the possibilities?

The exciting aiswer is "Yes!”  there’s a whole lot we can say, and with confi-
dence. Life's evolution, though usually portrayed as a string of events that saw the

evolut onary biologists have usually beer relictant 1o predict what will happen iz the
evolutionary future, and claim that this failure to render testable oredicuions ol lile's
future means that evolutiorary biology is therefore not true science. In any event,
none of us will live long enough to see if our predicsions tur out to be correct.

52 5 el et whais neces

eventual emergence of leopards and hippos through a long liﬁcage stretching back
to prirmordial bacteria, can also he read as a series of patterns repeated so often that
we can be sure they will happen again. Specifically, patterns of extinction followed
hy the appearance of new species have deinonstrated without any lingering doubt

that hci—_hing much happohe i e way of evolut {rmnr}r :‘hﬂng(’ 1in €58 ervironmen-

sarily meant by predictivity in science; rather, for an idea to be scientilic, we musi
sty rake oredictions abour what we would expect to observe m the natural
wotld if Uhat idea is true, Thus the grard prediction of evolution would be that, if all
life has descended {“with modiiicalior,” as Darwin himself pus it} from a single

o7, JIVETSI FINE (IO SepETatE HITeages @ OCESS W ator E3gis

be a single pamern of resemblance linking up all life on ewh. More closely related

tal disruption shakes life up.

Life can absorb small local disturbances {like fires ar tidal waves), and replace
its bocal cead with recruits of the same species brought in from undisturbed, neigh-
borirng ecosysterns. But larzer-scale disturbances  like global climate change. or

larger scale perturbations are often sufficiently devastatng that they drive entire

species should ook more Jike each other thar. more Temole Kn—ut there should
be some vestige of cammon inhertance of features that are found in absolutely all
forms of lile. That's in [act what we do see: RNA s present in all life Znrmas; all ver-
tebrare animals have backbores (the very mean‘ng of the group’s name), all mam-
mals have hair.

Species exsinct. SUMSHiIes, as in the Sreat TTHass extiKHons portrayed so vy im—————

the pages of this book, they drive eatire lumilies, orders or even classes of animals,
plants and microbes extinct. And that's when evu.ution kicks in.

Peter Ward, experienced paleontolonist that he is, knows all this. He also sees
that we are in the midst of another major surge of exzinction that is bound Lo trigger

Then, too, we would predict, were evolution “true,” that in the history of life
the simplest furmns would have appeared first, the more complex later. That, too,
we see, haunting our diagrarns of he structure of relationships i the living world,
hut especially in the sequence of li‘e preserved in the [ossil record. Life was rothing
but bacter'a for izs first hilion or so years, and nothing bus singe-celled organisms

an evolutionary rebound {indeed, he thinks it aready hasTl. [Tota.ly agree with lum
that humans are the root cause of this curren: spasm of extinczion—and that, criti-
cally, it is the fate of humanity that wil. determire to a very large degree the future
complexior. and composition of life on earth.

S0 the question becomes: What is our fate? {rthers who have taker: a shot at

for its [irst 2 billion years. Simpler fonms of arumal life preceded the more com-

plex
S0, not only is evolution a legitimately scientific concept, t is also almost cer

tainly true—having had its 7wo grand predictions about what life should look like

[ hoth nowss and in the fassl record’ “eorenborated’” en many times aver that thera s

and reptiles preceded their Ganous derteatives, birds and mamumals.

what “ife’s future evolution will look like have assumed that the current vector of
extinction meaning ourselves—will disappear cornpletely, leaving all other forms
of surviving lile to reclaim he planet. The paleontologist and art’st Dougal Dixon,
ir. his After Man, made this ussumption  and produced a whimsical work of grea:
charm with his imaginary “sand sharks” and ozher beasts of the future.

no residual rational doub: that life as we know it Is the product of evolution.
But if we need not predict the future for us to see the saentilic nature ol the
very idea of evolution, is that all we can da? Whar about those of us who do rot

Alexiz Rockman, whose aften brightly colured canvasses just as ofter project
dark {heres, has in the course o7 his career created & vision of life on eartd totally
informed by the presence of humanity—tin cans and discarded tires Zorming the

X



FOREWCRD

substraze of an exuberant, ongoing Life. Alexis's vision dovetals perfectly with
Peter's nos'on that humanity is going to survive—and that 2]l life's future will revolve

PREFACE

growad our presence. The future is already here, with domestication of barnyard anc-
mals and the heady days of genetic engineering beginning o unfold before our eyes.
A rational supposition —and one very Gifferent from Dixon’s bucolic outlook.

T wonder if past cultural extinctions, where technologically advanced and com-

rlexly organized societies bave disappeared even while their descendarts have per-

sisted, living simpler lives, might not also be a suuree of predicting the future. The
current wave of human planetary disrupsion might cause, not our physical extine
t'on so much asz loss of the “high cultare, "—our knowledge —if we do overrun our
Ma thus’an limits. Loss of topsoil, lack of access to fresh water, loss of fisheries,
—spread-of famine—~warlareand disease —ail the usual specalypric visions all duly
acknawledged in These pages-  may not drive our bodies extinct. but could very well
play hob with our minds, our cultural inemortes, our kroudedge.
It is il exercise tsell that is important: the cavefitl deve:opraent of a view of

the future based on what wc’vc seen happen in the past, and what 5 gnin goni ght

of the asteroid that mped out thE: dinosaurs 65 milion years ago. It s up o all uf us

The ring:ng phor.e was une more intersuption in a day fi-led with them, the day just
another i1 the blur of time we call life. I anticipated the mundane. Bul the tele
phane’s slight electronic hesitation indicated International, and the caller’s precise
Oxbridge accent confirmed England. 11 this day o7 F-mail, no one pays for a phone
call unless there is a pitch or a catch, so | listened with alacrity.

The smooth-spoken man asked for Professor Ward, showing that Luropean
tormality so charming and now so extinct in America, Aler I confirmed that I was
1, ke lannched into the pitch {the catch was ye= to come}. He explained that he was
a plodunbr for he BBC, in charge of a thireen-hour series about evolution, then

=1 ‘ \(‘}H-‘ Lol ] ‘ QQL [l aFalil rl"‘“? l’ll'lf-"’.ll!'ll"ﬁ L\ 'II'P

T answered, uc.mg a \anrd [ am sure has never been uttered b}’ a Brlt He explained

A
k .

to contemplate the eftects of our callechive Ives on the future of life on our planet
Peter and Alex's have combined to develnp a stimulating vade mecum, an invita-
tion to each of us w0 journey along with them as we wrestle with the problem our-
selves. And that, of course, is the rea] point about reading anything.

thattheserieswasabost the fetrre—the future of evolustoniafact Hownd mypseld
listening much more carefully, having nearly finished the maruseript for this bock
at the time. I1e relterated that he was ‘unded to produce thirteer, hours of program-
ming dealing with the animats and plants ol the near w far future, with eack hour
orofiling a future sime slice, starting in the next Jew millennis and ending in the

13

“Ir-off tuture, 7 bithon years HTam Tow, Wien the sun wodld be brightenng 1o the
soint of threatening the existence of all life on Earth, We talked a bi> further, while
I keot exclaiming to myself, “Thirteen hours! What can they possibly put on the
screen for thirteen nours?”

And then it was my turn 2o tal. [ explained the thoughts that make up the sub-

ject ol this book, starting out with the bagic assumptinr that colors all that follows:

for the biclogical life span of the planet, humanily is essennally extincting-proo?,
and, if we manage to develop effective interstelar travel, complefely extinction
proof as lang as the galaxy survives. Therefore, any scenario envisioning the future
ot biot'c evolution must do so in a world dominated by humarity—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 hife forms that would make good television --1s
severely limited. Those that do arise will probably be small in =ize, for hunanity

xi2
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PREFALE

has carved Planet Earth into a great number of tny biological islands with our
cities, farms, roads, acd clear-cuts. Spevies that arlse or evolve on islands usually

ot walling ancen oueTops ard visttng gravesites of the geatogic past T His book
micht be far more extertaining if I took <he road of the BBC, or of a visionary

tend to be smal_. In other words, there will be no new and exotic Targe mainmels,
birds, or reptiles.

From the silence that fol owed T gathered that I had not delivered the message:
that this producer wanted to hear. He rold me quite succinctly <hat lus program
would deal with the Suture of evulution in the absence of humanity— that surely

named Dlouga. [hxon, and poriraved an mferesting Destiary evolving 10 a new
Eden Zcllowing <he fall of humanity. But T do not think that those paths are any-
thing but fanzasy.

This boox is a look back and a look forward mto worlds past and worlds per
haps 0 come. How can this vision hoth backward and forward into tirne be told?

humans would seon go extinet. To be fair, | find this view almost universal among
my acquaintances as well, There seems to be an underlying human belief that
Homa sapiens wi.l soor, join Tirannosaurus vex and the dodo inthe pile of evelution
ary discards—basically a guilt and shame response, [ surmise {“Anything as bad as
gee bumans wall cnro]\r' die off soon! Why we may Elow ourselves up next week! ™)

Simple prose will do same of the joh, but thousanc-words -worth pictures will do it
as well, or pernaps beiler. My pariner and frequentt inspiration in all of this has
been artist Alexis Rockman, my equaly dark twin, Our medhodology was sunple:
each morring, to the del'ght of the stockhelders of Ma Bell, we sooke on the phone,
holding conversations about art, scignce. baskethall, movies., and new visions of

“But what could kill off Tumanity?” | asked. He responded with the familiar
litany: war, disease, asteroid impart, famine, climate change- Besides. he adced as an
afterthought, the future of animals and plants would be so much more interesting
wizhaut humans—by interesting, 1 divined that he meant that it would make better

4l o o e
tT t
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what might come next in the history of life on this planet. Words spoxen would
speciate into words written and pictures paintad, followed by laxes sent across the
comtinent ar the nceans. depending on the apogees of 11fe’s wavels, Sometimes we
sent each other as well; he w0 live with me and help me buy books, and [ to sleep on

}\I“: YY\‘IQL“Y"I}\]{” q"‘rllll"l'\J hl“" .'s-vpr:nqi‘.rp NP\‘.\’ ‘f’nrlli +"11(P oiat 'Fﬂﬁi’] 'H‘In‘l "‘I'\ff’ 'in hi‘l U.."iﬂ-

already decided. The BBC had had a meeting in Bristol, and the decision had been

Tade TerEnity wotd soon go extinct, ard the fumrewonldHewiltd—thetentative
name of the program. Perhaps a plague should be mounted somewhere in Bristol
inscribec as follows: “On this spot in 2399, executives of the British Broadcasting
Company decided the future of the human race— and of ali future evolution.™

I one regard Caius Julian of :he BBC and [ are 1o accord: The futare is wild,

dowless studio where vision becomes visible; 1 colored his paintings and ke shad
ewed-my rroods: = St iR aseientls

1 a naturalist, anc therein lies a harmony often ending 1n cucophony, [or the luture
may not be pretty, ard the past has surely been brutal. So here art and science will
collide as well, as Atexis Rockman takes these precepts and mediates them intn
images. 1t is our collective vision ol a bit of the past and more of the future of evo

and of this [ have no duubt. But, in my aopion, not wi.d i the way <hat the BBG
might think. It is far more likely that the future will be wild in the way that kayax
huilder and former tree house dweller George Diyson thinks—a digital wilderness
of hurnans co-evolving with machines, or a wilderness of genetically altered plants
escaping from agricultural fields to change the world into a landscape of weeds, or

Trtiom His tands were on these Kevs, ancd mome on His broshes.

QOthers have also had an influence: the evolutionary scientisss, of course,
notably Norman Myers, Martin Wells, Robert Paine, and Gordon Orians; my col-
leagues in the extinelion business, including my Permian companions Roger Srmith
and the Karoo paleonalogy ficld crew; James Kitching, Joe Kirschvink, the crew

a wilderness of cloned sheep walking amok among their even more staid and nor-
mally brec brethren.

There was silence on hoth ends of the ling, and [ realized that 1 had been day-
dreaming. Finally, it was time for the real pitch: would I consider flling the post of
wcientific acvisor far the series? Byt we both knew “hat was a nonstarter now, for

from the Faurdation for the Future, and especially Sir Crispin Tickell; Dr. David
Commings, Neal Stephenson, George Dysom, our agent BSam Fleischmann, and
our editor John Mickel. Thanxs to Holly Fodder for books, and to our families for
patience.

Here goes—

my view is that while the fusure will indeed be wild. many of its evolutionary prod-
ucts will be tame—further domesticated vassals of humanity. T'he reasnning
behind this cunclusion, out.ined in the ensuing chapters, comes from my liletime

Xy
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NTRODUGITTON

THE CHRONIC
ARGONAUTS
N

Nothing m biology makes senss exceptn ine ght of evalaton.
- THEODCEIUS DOBZHANSRY

ambricge lies wel gast and north of London, nestled in a fat lundscape

softered by time. The spacious farms surrounding this ancient college ey

are furrowed in white and brown, for the plows gutter into the white chalk

making up this part of the British Isles. The chalk comes from a different time; 1t 1s

a legacy ol a long ago tropical sea [illed with the Cretaceous bestiary of a saurian

world, an era when dinosaurs ruled and seermingly had zll the time in the world to

revel in their heremony. Tnthe oceans the dominant creatures were many-tentacled

ammnnites, relations of the modern-day actopus and squid. Now they and their
world are but memeries in chalk, to be disinserred each plowing seasan.

Slender lanes lead from the center of Cambridge and 15 splendid University to

both rustic working farms and more gentee. estates, many of sare age. One such

manor house zits amid hedges and spacious gardens going wild; around back a
-arge pond long ago glven over to eutrophication reflects back the gray skies and
slanting rain, while ancient trees allord some slight protection from the English
wearner for more zealous players on the croguet vitch. The 1vy-coverec house,

stone—cold<nthe grand Frglish-tradition —countsitsageincentunes—A huge

kitchen is its warmth. but the book-lined study 1s its heart. Like many old English
The farm. houses, it 1s a hodpepodge of roums and uneven [loors, the resulis of successive
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THE CHRONIC ARGONALTS

i [

TWITErs addiTig O [TeIe andt 2Iere, Tarrow T arcid 113 WalTens, Dulldng @ watl or
tearing one down, marking the centuries with their successive versions of home

L A
1 [)I()\\.’IEU LI](C I CFIET d.[ll..l T u::r.u l.-lJ.\:,]. TdITY ook —Ormeot TITY LJJ.LLLL-:uLuJ.g‘ TS

coverles concerned H. G Wells's first book of fiction, published in the final years

unproveraent. Deepin the house s center a great clock ficks, marking time’s umdi-
rectional progress, while deeper still the ghost of H. (G. Wolls just ragh:t reside.
The current owners are people of the University. Martin Wells is a professor of
zoology; lus wife Joyee Is a financial officer. Martin has had an influential seien-
tific career, one now far nearer its end than its beginning; he started out investigat-

ot T nineleenTh ConitTy. AL Thas tiEw. Welts was srrotnded by the sameermd=of~
century hvsteria thar deluged my vwn wotld as the twentieth century (and second
millennium} came to a cose. and surely then {as now) 4] eyes gazed forward
taward the uncertain future. Those of H. G. cerfainly did. His first novel remalns
among his beet konown, a rather brief story about a man who huilds a machine hat

ing octopuses n Naples as part of his gradunte studies and coutinued for vears after
that, probing the consciousness ol these arcane kraakens, puzzling over their eve-
sight and superb refllexes, wonderng how their large brains worked. T.ater he
moved on to explore the Drains and physiclogy of other cepha’opeds, including the
most ancient of all, the chambered nautilus.

can trave. through lime. Given he cholce of voyaging either forward or backward
in time, he (like Wells) is ‘nterested only in the future. His motive is simple: to see
the future of humanity. The name of this novel was The Chronic Argonauts. [t was
later renarned The Time Machine, and literary history was mnade.

[Hallywood and armies of pulp science fiction writers have made this story (and

[t was on an expedilion o study Neautitus thal T first met hisn, We lived to-
geiber on an 1solated island in the Great Barrier Reef, and sailed the antipodean
seas in the sun-drenched tropics to probe the most ancient of living things. 1
rerreriber thinking then that Martim was slumming a bit in his nautilus studies,

His first love remalined ihe octopuses, shese cpeatures thal served as vaodals for

“his penre) now instantly recognizable to us. The wonderful 1960 George Pal
movie of the same name s stil_ staple fare to those surfing across the television
bandwidih late at night. But the movie plot departs significantly from the novel il
was based upon, and ihe novel, now not so widely read, holds 4 number of sur-
prises. The %ern_an unnamed Time Traveler. jourgeys eight hundred and <wo

Martians in the most celebrated book by his arandfather, ‘thE‘ F‘ngliqh writer and

thausand vears into <He future from the site of presenl-day London, and finds won-
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Luscan Md"lld.nh Did H. G. ever talk to his grandson Martin ahour these cetopus
like invaders? Bomehow, in all of our long days and nights wosethicr, | never asked
kim; perhaps he fold me, but time has erased thie memory. Perhaps cephalopod
precccupation rans in the Wells family, an odd recessive gene.

r“]D" ‘.'l"\n" hr\rrnr Hnmsxntt hn'\f} |"';'|Qt\gp"]—+hp_}’ ]'\H"t" 1]“{']?‘1’@( e P\!O]l]TiOT‘I 'l‘h{’}f
Fave become smaller in stature, and more fertining: the men have no facial har,
their mouths and cars have been reduced in size, their ching are small and pointed,
their eves “large and mild.” And it is not just the people that have undergone what

might be called “future evolution.” The Time Traveler finds hiznsell in an ecologl-
£ AR

H—G s omdomner, noof Cambridee, and it never vieied the manor
house now serving as the ancestral homse. But if anything spiritual of 11, G still
exists anywhere, it must be iz this house. His memorabilia, “he numnercus first edi-
tions, even the remain’ng royalties frum the great man's publishing empire make
their way here, This was not H. G.'s house during his lifetime, but it is now.

l_d]. le._“.l.d \"l..,l:r LllLlL'L[lL J TTHTT _J £ Ellg]dlld i]f l}ud\ \Ul ATy (—11\' yﬂ-.\lv(.l LJCL_}'\I' Ty LT
portrays a world where the very plants have changed. Farly in the book, Wells's
protagonist describes this fulure world in the following fashion:

My general impression of the world T saw over their head was of a tangled

[ first came to this place on a cold March day now many years ago and stayed
for a week, plaving croquet with Martin, drinking his elder [lower wine, and plot-
ting new research un our Lavurile creatures. Tlere ke critiqued and corrected the
draft of iy first book, a scientific treatise on the nautilus. We talked endlessly
amid the playing and drinking, and when late at night [ shivered under the piles of

waste of beaulilul bushies and Jowers a ]rmg nPE]Pﬂ'P(I vet weedless parden, |
saw a number of tall spikes of strange while flowers, measuring a foot across
the spread of their waxen petals. They prew scattered, as if wild, wnoag the
variegated shrubs.

But *he parden is not so weedless, it turns out, for 1 is the former food crops that

covers in my unheated room and listened to the ticking ol Cocks, 1t was of 11 G.
that T thought, imagining his life, and wondering where his inspiration welled
from.

have escaped from the gardens and fields of Wells's sime to become the weeds of
the [uture. The 1ime Traveler also finds that the Juman inhabitants. the Eloi, aie
vepetarians. 3ome of the [ruits that they eat are of new varieties. Fven the flowers
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are different—and most animals are now gone. Clearly a vast extinction has
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Wells has populated this
world, including rhododendrons, apple trees, ucacias, ree ferns, and evergreen

future world with some old standbys Lumilizay in our

trees, as wellt as the new types of tru’ts arxl vegetables,
The Time Traveler hus seemningly landed in a Garden of Fden. The wel. knowrn

humanity will create a preat mass extinction on Earth, Third, the surviving future

0 IS Y '.. STHCIES T L 4l (1T ll s
humanity itself 1s virtually extinction-praoof, though 1t will evolve. Wells was, of
cuurse, a centirmed evolutionist. He passed his college years at the Norma’ School
of Science in London, where he took classes on evolulion [rom Thomas 11, 1Tuxley
himselZ. The Tine Machine is a science fiction novel, one of The firs: ever, but above

plotqricky Teftres ~ mat fiTsT Impression, nowever, fot Wells fias populaled s
luture world with a second human species— the Morlocks, a Lroglodyte race small
n size, of apelike posture, with “strange lurge gravish-red eyes™ and white flasen
hair. Wells Is quite clzar about the #Finiry of this group of sreatures:

nmr]nn"}', the truth dawned enme: that Mar £ I M |

All i s an early and prescient attempt te chart the Tufure of evolufion. A century
later it is difficul: not to concur with its predictions.

The Future of Evolution

What is the future of evolution? So ambiguous a question invites varied responses.

batblan-had notremeined erespeetes;
hut had differentiated into two dislinet animals: that my graceil children of
the Upper World were nol the sole descendants of our generation, but that
thix Bleached, obscene, nocturnal Thing, which had {Jasked belore me, was
also hetr to all the apes.

Az in The Time Machine, it might be interpreted 1o terms of cutcomes: what will
animals, plants, and other organisms be like at some tiine in the [ulure, perhaps a
thusand years from now, perhaps a theusand mill’on years from now? The only
certainty is *hat “wey will be different. Fven ‘n the near furare, the mix of species

and their r‘iqtr:h'lfinnql relative oumbers_and rp]"lf{nne'ﬁipq witil cne another wall

The Time Machine was first published in bock form in 1895, and later reprinted

wnnumerable limnes. Yet prior to jts :blicat! el ' se
Nutivnal Review, and that version contained several pages of text oreitted “rorm all
subsequent bank editions. In these pages Wells amplifies his prediction about the
fate of animals: by 800,000 years [rom now, humanity will have kilied off almost all
of the world's animals, “spating only a few of the more ornamental.” Wells is

message in this novel written in the late 1890s: the plants, animals, and humans of

the future will evolve from their state in the present, but many o the extant species

of our world will not have a future: they will be driven te extinction by human'ty.
Late in the book, there is a final, terihle prediction. The Tire Traveler voy-

have changed, and by the far fuiure the accumulaed changes may be breath-

L - N . . - . S AT

created the astonishing diversity of species on Farth in the past and into *he present
will continue creating new species and varizties, resulting in a g.obal biotic invento-
ry of specier different from that of today. How different, and m what ways, i= open
o infonned speculation, and is one of the subjects of his buok, This particular
ST eI e Bt st

1970 hook After Man.

Abead of Ris time (if sl well after H. (. Wells), Divon echoed Wells in fore-
casting an imminent mass extinction, prophesying that humanity would eliminate
enough of the current biota on Earth 1o open the faucets of evolutionary change.

ages Ny mitions of vears 'nto the futare. | he sun has turned orange, Plant and
azuraal life is sparse; he finds giant imsects lo be the deminant inhabitants of the
Earth. ‘The human race still exists, but has “devolved” ‘nto small creatures that
look like rabbils or kangaroos. It is a dark and depressing chapter in a book already
dark and hopeless in tone. The future of humanity i nol extinction, i is evolu-

But here Dixon parted company with the Wels vision. for Dixon posited his new
“auna evolving in a world where humanity itself has gone extine:. Dixon predictad
that most of Larik's pust extinction bestiary would evolve from the surviving
meck, such as small birds, amphkibians, rodenls, and rabbils. Dixon's central
assumption ‘s that humanity will biotically impoverish the planet and then have

tlon—~Dbut :f 18 not a very “progressive” evolution, at least as many of us would Fke
to define human progress. We de not end up as wiser, more beautiful, more refined
creatures. (Quite the contrary.

1. G. Wells made a number of unambigusus predistions in The Time Machine.
First, the baok clearly implies shot evelution will continue in the future. Second,

“he good grace to go extinct, opening *he way for the evnlution of many new

specles. H's imagined new bicta depends on this central fact—that humans have

guneextingt, yet e the Earth in sufficiently good repair 1o allow wholesale evolu-
tion of new forms. The creatures figured show ewolutionary convergence: they
re . : . M . + . sent-day Nx

A
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“1as thws Fgured animals resemmbiing the many endangered lurge herbivores, czrmi-
vores, and scavengers in the varied biomes represented on the planet today. While

1 1 1 4 il " ot
tadTever evolvedt o sroare tormatoy or—any of the mumerous—other gerretieally

altered plants and even animals now quite common in zgricultural fields and scien-

orea: fun, this new fauna {like that portrayed in far less detail in The Time Machine)
is a completely untestable vision residing In the realm of fantasy.

The pathway of Douga’ Dixon —of iragining a subsequent faune and flora—
is one way of angwering the query ahout the future of evolution on Taith. Yet there
is annther wav that the questivn might be interpreted. Perhaps it relates not lo out-

Tific laboratorics, JUSt a5 physiciels are LTinging WnatUEal elements imts exiStence
1n the natiral world through technological processes, so tuu has our species ‘nvent-
ed new ways of hringing forth varieties of plants and animals that would never have
graced the planet but for the hand of man. And, Tike pluronium, the new genes cre-
aced and spliced inlo existing urguniseis to create new varieties of life will have a

come, but o the evolutionary process iself. [2 might mean, "What is in store for the
varied mechanisms that have resulted in the various species of the past and pres-
enl?” Might the “rules” governing those processes be chunged in the near tuture
or might they have been changed already in the not so distant past?

The aacand intarprpl'llinn ol 1his ql].‘*qﬁm‘. seemas. ar first 1lati3]'l'[1\’ 1'i(‘]i{‘ulnu5,

very long half-life; sorne may exisl unul Lle 1s ultunaltely snuffed out by an expand-
ing sun some hillions of years in the future, 3o what is the future of evolution? Some
ol 1t is being decided in biotechnelogy labs at this moment.

Humans have profuundiy eltered the biotic makeup of the Farth. We have done
i* in ways both subtle and Blunt. We have set fire to entire continends, resulting in the

The pracesses that introduce novelty and evolutionary change—natural selection,
inutation, sexual selection—will continue to modily the gene pools of species, nera-
sionally resulting in the formation of new species, yust as they have since lite first
appeared on the planet at least 3.8 bi.lion years agn. But it may be that while process

= - st = Hnel :
man Myers of Oxford University. One o the most vocal and prominent conserva-

. . I - o 1 - 4+ + e
—onislE oF the tate TwemtEt T century; Meyers betieves that-hramramity s changed

presence of fire-reststant plants in landscapes where such species existed only n
small numbers prior to the aerival or evolution of brand-hearing hurans. We have
wiped ou: entire species and cecimated countiess more, either to suit our needs for
food or security or simply as an accidental by product of our changing the Jandscape

Fory s I—r‘_l . - ’ Lo hegsres ¢ b 5 - ,‘f. f'lSElEC‘
tion by favoring some species that could never otherwise survive in a cruel Darwin-

the ruies of speciation itself. That controversial view will also be explored in the
pages that follow.

Whether or ne* we have somehow changed fundamensal aspects of how or
where new species arise, it is an unambiguous fact that very curly un, our species

janworld over others of -__nfin*':l]'\]y areater fitrness We have created new s f
organisias, first with animal and plant ushandry and later with sophisticated
man:palation and splicing of the genetic codes of various organisms of interest fo us.
The presence of humanity beran a radical revision of the diversity of life on Harth

both in the number of species present and in their abundance relative to one another.

learned to manipilate the forces of evolut:on ta suit ifs own purposes, crealing varl
eties of an‘mals and plants *hat would nzver have appeared on Earth in the absence

of our will. Large-scale bioengineering was under way weli belore the invention ol

written language. We call this process domestication, bul it was nothing less than
efficient and ruthless bioengineering of food stocks—and the elumination of species

11 1b LAT81S ju-‘)L [IILK_ILL.U. 1LuL11JL15 ;I.]. B]t.n“ .1;1 lg ]dl_)( ¥ dJl-\)I ;C.‘\ t}_ld‘l- hrt\u'c ill-’tjtut(.d th;-‘)
biosic charge, or even the primitive farmers that caused the evolution of the now
Zamiliar domesticated an‘mals beginning 10,000 years age. Hunters have also signif-
icantly participated in creating evelutionary change that will echo through time [ur
shousands o 1ens of thousands of years still to come. We have not only created new

posing a threat ‘o those lood stucss. Onze the new breeds of domestic animals and
plants became necessary for our species’ survival. wholesale offorts toward the
eradication of the predators of these new and stupkl animais were undertaken. A
carnivore caling bumans was tolerable, because the losses were negiigible, but a
carnlvats 93['-]155 the new Human food sources was not, because fhE losses SDI":‘.B.d [§4]

ways of producng annnals and planis through bruta: unnatural selecfon, but we
have manipulated the most patent force of evolutivnary change  the phenomenen
of mass extinction. Huwnani<y kas created a new mass extinction—which T will shuw
10 be nuw lurgely over-—tha® is different front any that has ever affected the planet.

A gentral thesis of this buok is that the mes: consequential aspects of the new

the entire group.
Our raodern efforts at biological engineering are but an extension of our earlier
eftorts al “domestication.” TIntil the end of the twentieth venlury the natural world

mass extincsion of species so direly predicted to be awalting us in the wings of the
near “uture have, in fact, already occurred, at least among those crealures that con
tribuze most importantly to the makeup of the terrestrial biosphere. One of the tenets
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a potent source of new species once the forces that brought it on have ebbed. Accord-
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Myers. wihn brings up ar intriguing and disturbing poiat: What if the processes

ing toThis theory, el mination o. 4 rrajority of Species {CRaracterIstic ol the diresl
tniass extinction events} opens up opportunities for new evalutionary varieties Lo fill
the rolls of the missing. The end result is that novaity reappears on the planet. Many
evalutionists have theorized that over the nexl several centuries humanity will direct-
ly or indirectly ereate just such 2 situation, In contras® to this position, | argue that, at

andd places that have restocked the hiodvversity cuphoard i the pasf can no longer
uperate because of the way that humankind has teshaped the surface of this planet?
In the past the tropics have repeatedly reseeded the Earth with species. Bur it is
these same tropical terions, and especially the tropical rainforests, that are being
moast radically a*fected by burgeoning human populations. Thus Myers believes

least fur the mosl important tervestial aniznals, this has already happened.

The elimination of large mammals during he last 50,000 years has profoundly
affected the evolutionary mix of the planet, und should crease the opportunity for a
new evolutionary tauna te arise—much like new plant srowth following a forest
fize, but in this case composed of entirely new types of species. Just such recoveries

that there will not be much of a rew recovery fauna for many millions of years into
the fulure—il ever.

Yet there is a third alternative. What f we are already in the midst of the new
Age? What if the dominant organisms of the new evolutionary recovery fauna have
abready evolved? In the pages below 1 will <rv to show that a newly evolved recovery

followed the two greatest mass extinctions of the past: the Perimo-Triass'c extine-
tion 250 million years ago, which ended the Palewzoic Era of life and ushered in the
Mesozoir, ard the Cretaceous-Tertlary extinction 65 million years age. which
ended the Mesozolc and created the conditions leading to <42 Cenczoic Era.

The firar of these mass exr’netions caused a changesver “rom atemestrial wozld

[wana 1s indeed alteady among us, compused of new ypes of mammals and birds
unknown on Earth even 15,000 years ago: cows, sheep, pigs, dogs, cats, chickens,
pioenns, harnyard ducks and seese, and flufy Easter bunnies, among others: the
faniliar domesticated animals that serve as our companions and food sources. This

15 ot e way thatl there weill '|'_“m- nocturther extinetions i the centuries to come as

dominared by mammal-like reptiles to one dominated by dinesaurs, while the

oot

humanity continues ‘o enlarge its numbers and its hold on the Ear:n. Bus the subs-

serond r'\p:—*nar‘] the WAy for the .L\g of Mamreals with the l“l_,‘_ct‘_ axtifetierrol
the dinosaurs. These and other catastrophic mass ext’nctions in the Farth's past
were invariably followed by periods when the Earth was ‘nhabited by a relatively
low nurnber of species, known as recovery faunas. These depauperate recovery fau-

nas were in turn succeeded by a newly evelved group of durminamt crganisms, often

el
-
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sequentspecieslosseswil Havevery further evolutioaury-stecton
and will oocur mainly arnong terrestrial species of little evolationary Importance
species tha: will probably not be replaced as long as human:ty exists.

My “inat proposition is that of all large anmals {and certainly among large

mammeals) on Earih, save for the bacteria inkiabiting the deep microbial hiosphere

sedot-Sachts - T T y EXTIRCTION.

So too with the extinction of the Ice Age mesamarmmals, which T see as simply

the Lpening {yet mos: consequential} act of a mass extinction continuing inte the
presens day. This “modern” mass exzinction has been profiled in a slew of recent
oooks and articles, such as Ekelich and Ehrlich’s Extinetion, my own The End of

of the FartT's Upper 500y CTUST, OUT SPecies 15 the st CRUTICHONT, ; T

very Jow probahility 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 5211l a high
probability that serne few of our resourceful species will emerge from some bomb
shelter and return to our raobity breeding ways. This is ne® to say that our species

Fuolution, Niles Eldredge’s The Miners Canary, Leakey and Tew'n's The Sixth
Lxtinction, and Davic Quamimen’s The Song of the Nodo. [f the past isa key 1o 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 vet to be evolved.

will B happy, hut exist we will—and as Iong as that happens, there will not be a
new agz of anything except a contirued Age of Humanity.

Even in such a world there will be [uture evoletion, and there will be new vari-
eties of animals and plants. The cuwrrent use of plants and animals with aliered
genomes—transgenics  ensures that the future will look different from the pres-

Or maybe not. There are some doomsavers who suppose that there will not be
good news after the bad news, or at “east any time soon after the bad news. Accord-
ing to this school of thought, there will indeed be a new ager an Ape of Weeds, or

ent, especially if one appreciates the beauty of ragweed, or can appreciate pesticide-
tesistanl horsellies. The future may be one of runaway giant pumpkin vines and
other escaped, allered agriculiural crops. 1L will certainly be interesting.
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major Inass extinctons that have already occurred, but while most treatments of
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Todiversity will Tall T end- PAleozZ0IC [evels Pecause Ol continued extnction an

the functional removal of trad:tional barriers 2o migration,

TITESY SXUTECHOMN ToCUS Off CAUReS. that 15 Televanl 1o LHE argUTIEnts in This BooKk—IT
harcly matters whether an extinclion was brough® about by climate change, meze-
at impact, ur human activity. All achieve the same effect—our story.

Eight propositions to be defended, then:

5. All mrass extinctions have been Tl lowed by a recovery inferval, char-
acterized by a new fauna composed of animals that have either survived
the extinstion or evolved trom such survivors.

In :his case, that recovery fauna is already largely ‘n place, and consists mainly

nf do ch‘r\a‘:&d amals :Hr}d p]an‘i’c_ as \‘vr.\” PR ;‘P{I} v p;"(‘i;‘t: ."1{_\2]"‘1{‘ of |i‘?ir\g

1. Past mass extinctions have been instigators of biolugical innovation and the
eventual augmentation of diversity. 'U'bey Lave opened up ecelogical niches
and fostered the creativn of evolulionary novelty.

2. Most arall past mass exiinelions have been multi-causal, and have

tod tor i ey M
tea+ thets €

amid high populations of humans.
6. There will be new species yet to evalve.

Many of these new species will be the resull of jumping genes, as DNA ‘rom
organisms created under laboratory conditions by biotechniology firms escapes into

Yeardata EFTHE R
3. The Earth entered a new mass extinetion event during the waning of the
last lee Age—a mass extinction that continues into the present.

It 15 likely to continue well into the future. But its most consequential phase—

“he wild. Others will be mainly small species adapted to hiving in the new world of
spreading cilies and farmzs, The new animal and plant species will thus evelve in the
niches and corners of a world dominated by Hlemo sapiens. The rules of speciation
have changed: few large animals will evolve as long as humanity exists in large num-
bers, and as long as our planet remains dividend mto inmumerable small islands.

the aestruction of Targe martinals and birds—Is already Onished, and 1= happened
{at least oy human standards of Uine; a very long time ago. T- resulted in the extine-

7. Oue species, Homo sapiens, can lnok foreword to hoth evelution and

tion of the domumant terrestrial organisms, the larre megamammals that populated
most of the land surface until the last phases of the lte Age and into the present,
This new mass extinction now preys upon the small, <he endemic, and the wild
species such as salmon and cod that are harvested as human food. But mos'y it
preys un animals and plants Livine on biotic islands—either real islands surrounded

lomg-termrsirvival-Of albthe antmalspecieson Earthrwe may-bethe Teast
susceptible to extinction: humanity 's funcionally extinction-proof.
Yet we are also malieakle by the evolutionary forces of natural selection, and we
1y be seeing rapid evolution within our species at the present time, as evidensed
by an increase in “he incidence of potentially herttable behavioral disorders (atten

by water or the artificially produced habitat islands that our Righways and crop-
lands are creating. What we witness now is a highly sigaificant yeu almost invisible
diraini:tion of the smaller species on Barth, for the larger animals are already gone.

4. The modern mass extinction Is different [rom any other in the Earth's

tion deficit hyperactivity disorder, Tourette's syndrome, clinical depressiont. There
will also bz what night be calied “unnatural selecton™ as some sepments of human-
iiy acquite the use of neural connections to sophisticated memory storage devices.
The future evolut:on of humanity will entail integrat’on with machines—or perhaps
we are but the midwives of the next globa ntell:gence: machine intelligence.

torg tistory:

To date, 't has atfected mainly large lund animals, island birds, and rare trop-
ical species, although data emerging in recent decades sugpest that its highest ex.
tinction rates may be shifting to trapical plant communities and pechaps tropical
marine ¢oral reefs. Tt is certainly causing the depletion of wild food stocks of land

&, There will never be a new dominant fauna on Earth other <han humanity
and its domesticated vassals unti: we go extinct  and if we succeed in
reaching the stars, that may never happen.

Praphecy is peri.ous business. But there are some clues, meinly from zhe fossil

and marine animals. The reduction of fishery stocks is causing a wholesale elimina-
tion of major pupu.alions Lhat may net kill oft entire species {due to fish farming),
but will leave the planet biotically impoverished nevertheless. Glabal terrestrial

tecurd, dbout how the [UTure of evolLlion Inay proceed. | Nese Clues and Thert
inplications are the subgecl of this book.

=05
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THE DEEP PAST

A Tale of Two Extinctions

K

Force tuaketh rat:re mors violent ir. the Resurne.
FRANCIS BACON

Karoo Desert, South Africa

n a cloudless Septernber day a paleontologis® pears up for a collecting tiip

in the dry Karoo Desert ul southern Africa. His route will cover » distan ce

ol ubout 3 kilometers, beg’nning at the base of a lazge valley overlooked
TR

Byodighrromtanridge keowm s Lootsberg Pass. The traverse wil take him
through: time as well as space. As he climbs up through: the bed of an ephemera;
creek he will be ascending a stairway made of stacked layers of sedimentary rock,
each siratum representing a slice of lirme, starting with 751 raillon-year-old strata
ard ending in 249-million-vear-old rocks. Somnewhere on this walk he wll pass

TITCUER the remains of a smaular bodiversity calasirophe, the single most calami-
tous mass extinction 1o have ever savaged the Earth, an even: so severe that it has
foreed geologists Lo subdivide Lire around it. He begins his iraverse in Permian
rocks, representing the last time interval of wha® is eroned the Paleozoic Era, so
namec because of its archaic assemblage of fossils. He will end up in <he I Tiassic

The mass dying out of the late Permian Period was the greatest of all extinctions.
Although some animals, like this burrownng Lystresaurus, may have tried to escape
thetr fate, eventually Y19% of alf the animals on Earth disappeared. This scene will

yepeat itself at the end of the world.

period, the first unil of the Mesozuic Ere, or “tiare of riddie life.” The division
between these two groups of strals was caused By mass extinction. The various
tools of his trade are attazhed Lo or slung on the hooks, holsters, Delts, and ves* he
wears; water and food are doled out and stored in the backpack that completes his
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Burden. /% broad- Srimmied hat Topg it att oif, amd e fqugisar mrsett—=tHattowee
n Alrica, a geologist in costume. With no more ceremony than locking the vehicie

U Inssaptaris (The mouem-uay frikgo 1% a descendant, and gives Us a serse of what
this plant may have looked Iked. Giiant horsetails in stands ke bamboo mght have

doors, he sets out o a basin fens ot kilometers across.

His firs: impression is ol heat, first Zelt against his rapidly drying skin, then
glimpsed as faintly perceived shimmers in the clear air. Gireat vultures ride these
thermals. bu® otherwise the vista is exanimate. Only o thin risbon of road brings
order (o (he wide vallev floor, and a sense tha: the living share this place with the

Tmed the nverbanks. [erns, mosses, and prim-five plants KDOWA a8 .ycopous Were
a:50 common. There might have been savanna like regions as well (but without
grass, a much later ianovation), Paleohotunist Bruce Tiftany envisions the Karoo
vegetation as "gallery forests,” isolated stands and thickets composed of seed [erns,
with coniZer trees ‘n areas of moisture, surrounded by regions of true ferns, The

tossil dead. The air is so clear that great distances lie visihle, as if the landscape s
part o another, larger planet, where the very horizon recedes imnpossibly far, or
perhaps thie world of dreams is flat. Green fights a losing battle among the low,
dispirited shrubs and thorny serub, fading to relentless brown, « thousand skades
of brown: a color elsewhere 50 1nunosonous yet here so diversified,

ferns may have formed extensive communities, almost like grassiands. All of thig
richness fringed the watercourses; ‘n more uplund regions, away from water, there
may have been little vegetation. All in al, it was an ideal place for land L:fe.

At first only squat, belly-dragging amphibians lived in these river valleys. But
as eons passed, more advanced Jand dwellers arrived or evolvec: the fully rerres-

From his vantage point at the base of the valley, the world seems to have encoun-
tered & graat “est, and hzen found wanting. A test of life failed; failed in the present,

falled immeasurably more so in the guarter-nillion-year-old past, for Loots
berg Pass is a fossil graveyard, « headstone to Planet Farth’s preatest extinction.
Thee

= hundrad million Yeurs ago inatimelong before dinnsanre marimals or

trial repriles, smail at first Hut rapidly enlarging until a great diversity of spectacu-
lar znd hulking hehemoths waddled and shuffled about the landscape. Several
stucks lived in this ancient African splendor. Mast cormmen were four-legped crea-
tures called :herapsids, or “mammal-like reptiles.” But other reptilian legions

°1"3""I‘.'°’! L@ro AS N _l’ auch Ak the ahcestars f\‘l“I‘ﬁli""" |"?’|"\:"."\'4|‘].‘>t‘., Ill'f"n’u‘lsl ’Tr‘l"‘ LRy

Lrirds had Sirst evolved, the southern part of what we pow call Africa was gripped in
scape suitable “or life emergec., First low mosses, then higher furms of life colo-
nized the rapidly warming regivn, eventually creating a lush world of wide river
valizys far from the sea. Into this region animals found the'r way. and thrived. They

lell theirremzains in the ancient tiver sediments, remains that only now are eroding

froo in Uhic isolated sedimentary TOCK Jarks and SUTrops tenweatr Lootsterg Hass,

tually, the dinosaurs. Seme were hunters, far more were hunted. Al have left a

strotrsfossthrecord et Aeeto Carec-tiretirare poacked e DIHEE-
The therapside are virtually unknown to s in any sort of culitural context;
theirs is the true lost woirld, When in Edwardian tmes 8ir Arthur Conan Doyle
wrote his scientific adventure story The Lost World, be recreated an environment
kriown at that time only to acadernics: the world of the Mesozoic Era, kavwn to us

The geolog's: mukes his way to low outcrops of sreenish sedimentary rock
carved into the grass and scrubland making vp the wide valley floor. The sedirmen-
tary rock becs in this or any other exposure are windows to the deep past, for it 1s
within such strata that information abeut anclent environments, as well as ancien:

a5 The Ape of Linicsaurs. He created a place Iost in the world berause of peographic
1solation, bus he was really painting a picture of scientific isolation, for even n the
early twentieth century the great Age of Dincsaurs was still a lost world, so licle
did science (and the public) know abous it. The Age of Dinosaurs is clearly no
longer so _ost. Every schaelchild knows the dinosaurs’ tongue-twisting names,

inhabitants, 1s entombed. Because of their textures and bed fonn, these parlicular
sedimentary rocks could have formed only in rivers. The rocks also bear fossils,
remalns of ancient plants and animals,

The river valleyz of 250 million years ago would have looked much like any river
valley today, with meandering streams and swamps. But the rich planl hife would

therr food prelerences, and even their colar schemes. Nothing so well known to
Hollywood and popular culture can be considered lost. [nstead, the true lost world
is that of the mammal-like reptiles—a time and place that disappeared frum the
Earth a quarter billion years ago.

probably seem exotic and pecular Lo us if we could sormehow be transported back to
this ancient time. While the warld today 1s Jominated by flowering plants, the fos-
sils in these greenish river deposits are from species far :nore ancient: mosses, ferns,
club mosses, ancient borsetails, and mnst commonly, seed ferns of a type called

Paleontolopists now have a fairly accurate census of the large vertebrate genera
living in the Karoo Basin just prior w0 the great exlinction. There were two amphibian
genera tand thus at least twe, but probably more, species), six types of caplorhinids
(anceslors of lurtles), twe cosuchians (ancestors of dinosaurs, erocodiles, and birds),
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nine mammmal-Jike repbles known as dicynodonts (wluch shared a cormmen ancestor
with mammals), three biarmosuchians {a primitive group of reptiles}, nine gor-

gonopsians (all [arge. fearsome predators), ten therocephalians (another group of
now -extinct repliles), and hiree cvnudents  doglike predators that are on the direc:
line of all living marmmals. All tokl, Zoriy-live separule genera of verlebrate crea-
tures zre known from this last million years of the Peririan Period.

This census demonstrates that life was diverse in the Age before Dinosaurs. To

pul this number in context, there were fewer large vertebrate genera in the Permian
Period than, say, on the plains of modern-day Alrica ur i the rainforests of the
present day. But there were more large anirrals back then than are found today in
the grassy regions of North Arerica, or Australia, or Europe, or Asia. This ancient

world was divers: in some cases maore diverse than our own i1 the catesory of

large, four-leoged lard life.

Until she highest reaches of Permian-aged rocks, there appears to be no
dizninution of either the numbers or diversity of the Permian fauna as one
approaches the beendary marking the mass extinction. The mast common fossil 15

Dn.l.,)'uudun, Traond __‘,Iwu_ uf T.hla higl"lr_nt _P(.lulanu i § Ly bt hmITy other ‘t)upl.,x, e
Tound as well. As in any environment of today, the herbivorous forms far outnum-
A 12 . ] I 1 33 -_ i - ! -
About halfway up the gully fronting the [oorsherg Pass region, the rocks begin
‘o change color [rom greenish to red. The green and olive strata firs: show faint
patches of purple, and as successive slrald are passed on & juurney up through the
great stratal cohunn making up this region, more and more of these red to purplish

blotches are found within the rocks. Another change cccurs as well the Tossils
becemne more rare and far less diverse. Forty feet above the first appearance of red-
dish straza, only three types of fossils can be found, and two of these were not pres

ent in the greenish strata below. Dicynoden is still present. but 1t ¢ now the only
member of the impressive diversity of Permian fauna that was so commonly found

i the strata below. The two new fossil <ypes that appear are a siaall but vicious-
looking predator called Moscharhinus and a cunious dicynudont genus called Lystro-
savrus. Elsewhere in the Karoo, a few other tvpes are known from this interval as
well, including a small lizardiike form, some amphibians, creatures looking some-
thing like a dog, and 4 smalt reptile that tyrns sut o be the ancestor of the dinosaurs.

The T. rex of its time, the gorgon was the largest of the Paleozoic predators.
The drawings here rapresent four possible renditions of what this animal might have

looked like.

Dicynodon, Moschorhinus, and Lystrosgurus are Zound 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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sedurerntary phenomenon occure: one last time, green beds appear. The most dis-
tinctive of these beds are lound in the Lootwsberg gully — and, it turns cut, every-

where elee in the Karoo at this same stratigraphic Interval so far examined. These
last green beds are very thinly laminated, showing the finest-scale bedding planes
and sedimentary structures. They have no burrows, no evidence of plant mate-
rial—and no fossils of verlebrate animals. They are completely barren, with an
ageregate thickness of only 10 feet. They are the signposts of global catastroplie.

The strata immediately above anc below these thin, green laminated beds show
no bedding planes and are red in colar. The lack of distinct bedd:ng in the underly-
ing and overlying strata cornes [rom a process known as bioturbation, caused by the
act‘on of burrowing organisms such as insecls, worms, and crustaceans, which dis

Fapt the arieinagl hpd.4iﬂ5r, making it rrrm‘hm”y indistirctAlocet all ‘;.-‘r']imr-‘nl:lry
g R

beds are thinly laminated when they are first deposited. But in most environments
in cur tirwe {and probably in mes: of the Permian time as well}, the action of hur-
rowing animals disripts this fine-scale bedding. As vears and then centuries pass,
the fine-scale differences in sediment coraposition producing the visible bedding

1 1 1 1 11 : 4TI i .
Fl]_dl]j.,f) AT QIELT U‘\_;'Lu, lelllpl‘CLL lllgtbLt_Ll, IIU.[Ier\".[II/.(’.(I. T ll_.bultu]_)—"_ [L.IL.ID. T TITdS=

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

hce of tine bedding plence Hial alerls (e geologist To The fact that something
extranrdinary has happened, for the presence of such beds tndicates shat organisms
were not present. [+ tells of a world existing in the absence or near absence of ani-
unals, And that is race indeed.

The sun rises higher in (he clear sky; the geologist is halfway through his trek.

The heat of the day bares its fangs; sweat emerges on his skin only e dry instantly in
the hot wind. He feels like an inverted diver; he drinks “rom the large waler bottles
he carries. filling himself with water .ike some Lost fish emerging onte land in a div-
ing su’t that purnps waler, rather thanair, inte his body. The vegetation arnunc him
15 all scrubby, low, and brown; an occasional carniverous [y buzzes about his face,

in‘rigued by this moving, sweaty heat source. More water, salted nuts, an orange, an
apple, and he shrugs on the heavy pack once more and continues upward.

The rocks are very different now. All of the finer rocks are brick red in color. Tt
's like the surface of Mars -perhaps in maore ways than vne. The geologist comes <o

o 3 i 2 onif the crsurfaces of

skese thick bads. They show features indicating that they were deposited by braid-
ed streams, lhe acastomusing channels that water follows as it first leaves the
mounsains, or on any other steep slope. There s nu evidience 02 the more meandering

Tnhevitors of the post- Permign world, the dinasanrs would guickly deminate in speetvs
and individuals,
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stone Now itisa scenic park on the horder Setween Spa'nand Urance, a coastal bit

trek, but have disappeared from the Triassic strata. He wonders, imagines the
scene, Perkaps the land suddenly tilted upward, creating a slope where none was
before: mountain building coutd du ikt Buat there is no other evidence tha* the
-ong-aga region ul Lootsberg Pass was affected v rapid mountain hullding.

of the Basque country. On a very hot day a geologist prepares 1o hike this bit of

boundary sites, a place where *he greal catastrophe ending the Age of Iinosaurs is
preserved in dramatic fashion. To get there, he has (o walk a pathway only the
twentieth century could have built, a pathway containing clues not only Lo the past.
but tr: the future—the future of evolution—as well.

Hesrarchos his Tonp enoty, and vars and H. (. Wells come 16 mind. Long
ago there was water on WMars, and rivers. But all of the rivers on Mars were braided,
leaving behind the same types of deposits, he is sure, thal ave found in these lowest
"I'riassic strata in the Karoo. The reesor the rivers on Mars were hraided is that
there was nothing to stabilize their banks, no deep roots ro hold them in check, fur

Hie starts his ek alonr & busy st coastahroad-tredwrith—~*smacks™—and
open-air cafes, then strides onto a wide sandy beach covered with naked humans. A
ione, fu'ile sign proclaims Nudism Interdit! (Nudism Forbidden). It is July, a hot
moring, and already throngs from nearhy Spain are jostling with the Germnan
tourists for the hest bits of listoral territory as they lather their naked bodies with

evolution there, if it produced Life at all, probably never gut beyond bacteria, And
the carnection clicks, He has a vision of a long-ago Earth, where rivers were
always braided  until plant lite evalved and introduced a new type of tiver, the
meandering river so familiar to us all in our world, and familiar too in the Permian

period. Then, 230 million vears aga, a huge mass extinction made this portion of

sunscreen amid piles of discarded clothing. Every age and Iorm of humanity
spreads itself out to try in the sun, and the geologist is an odd sight as he walks
through the sard, at times stepping over and by the prone naked bodles, festooned
as he is with the haramers, compasses, waler boitles, packs, and other regalia of hia
trade. It is an add sighr 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
Permian trees and bushes that had greened thaol ancient world and kept its rivers

Odder still, he s walking o work, while the rest of humanity is here to frolic in the
waves, playine the odd game of Spanish paddleball, The ride ol 2rumanity wazhed

flowing in the sinuous and meandering channels so recoenizable and familiar to
those of us who live in a tree-filled age. Tt his him: this ancient extinclion killed off
the Perrnian trees, perhaps mast of the Permian plants. And in so duing it changed
the way the rivers flowed.

nurnerous fossils, mostly of the pig-sized Lystrosanrus. But he sees other “ossils as
well, one that will give tise to the mammuals, and anather that will be the seed stock
of an entirely different group: the dinosaurs, those heirs to the Paleozoic world
whose own world also ended abruptly in global catastiophe and mass extineion, in

onto this shore is obliviuus to another flood of flotsam floating in from Spain with
the tide: the flatillas of garbage caressing their legs and ankles in the warm Bay of
Biscay as they unconsciously celebrate their doriniun over a thoroughly <amned
world. Not a single one of them worries about being eaten by some predator that
3 1om t 4 Fhatis! aken place: iy Mass
extinctions do the predators disappear.
At the end of the beach a preat 1ocky headland exposes pinstripes of strata, the
Upper Cretaceots sedimentary beds he has come to sample. But the rocks nise pra-
cpitously and verticaily up ‘rom the sea, lsaving no path for the beachcomber to

y 1 n | IR - :
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Hendaye, France

Lony age, Spain whirled in its continental drifting, made 2 hard nght turn. and ran

133.. 5, ¢ LR i 13 T 2C w17 I3 T ‘ 1
down the coastline. A well-wom path beckons wpward near the end of the heach.
and he fo'lows it amid the sweet smetl of beach and salt air. The neatly groomed
track winds through bracken. then brings him next past a large fenced enclosure

filled with children. As he passes closer, he sees that in contrast fo the Zrolic and

info Trance with a fectonic lunge. Rocks crumbled, and the Pyrenges Decarme e
zipper uniting these two great blocks. An ancient seaflour was raised ‘n the process.

Today a part of that ancient ocean is exposed for all to see, but like Gomarrah
and Sodow, thal deep-sea bottom and its trove of skeletons has been turmed to

21}

play normally associated with the young, 1hese Chidren are 15tiess, siow-moving,
or moiionless. Some are wheeled by white-coated altendants. He realizes that this
large outdoor Teserve is for autistic and retarded children, all helpiess and heart-
wrenching in their plight. He walks s.owly by, staring, but thev take absolutely nu
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notice of him France has put ire mest pitiable next to the seain sn exguisite set

ting -these children that m ancther age would die &:a,l",y. but here wil. live and in

is 10 Jonger at work for these, or any other, humans.
He ponders this experiment in future evolution as he finally passes by the mani-
cured lawn, thsel” sorne new evolutionary joke of grass bred for ‘ooks, ard the path
heginz to rise. Now a ditferent dkadult on his senses occurs: the cocl, sweet salt afr is
hokmg Thizsoa,

€ Patll aow Tans
next 1o the municipality of Henc.ave 3 sewage treatment plant, its huge ouldoor pools
of cess slowly rofating in giant concrete cisterrs, Unfurtunately, there is no way over
the headland except by this path. Adittoral territory enrze the home of 2 small tribe of
humans is now inhabited by tens of thousands of humans and visited each year by

work ol the Mavis part of the Atlantic\Wall fhp}‘ bt for defense now “nﬂ"‘;*ﬁg byt
large ruins of concrete littering the flat gmunds like yawning caves or the litter of

E: & o BaLE S 7 5 S L

tles him; he expects a fox or dog, but a nzked man s]m&ly stands, wasching him. He
passes by, atd ancther man can be seen in the next smashed bunker. Scon he real-
1zes that the field 1s zlive with half-seen men, all siherzt, many only oartiatly clothed
or, like the first, not wearing clothes at ail. He urderstards suldenly that Lhis park

where the vacationers who come here, ard the 10ca]s who live here, swap mwmb?s
and homogenize the world’s infecticus diseases. 1t is a microcosm of what is hap-
pening to the world’s animals and plants. He wonders, how much of their bhehavior

18 genetic, and will that be a future of evolution?

that meny and more, and their combined fecal autput is now so voluminous that it
can na longer be simply dumped into the sea. So here it 1s "' treated” and then dumped
into the sea, creating a rivtous explosion of algal arowth in the shallow water around
the sewage vutlzl]l pipes, an experiment in ecology that is utter'y changing the inter

tide]l apd subtidal cornmmunities along the cnast as row bountiful shosphates and

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

Giarnt clams Je frazen in the strata. Not the giant clams o7 our age that are now

nitrates 2mid their rich liquid fertilizers putrefy the region.
Firally he is past this burdle as well, and he enters a [airyland. Hish dhove the

seen as birdbaths in backvard gardens, Dut flatter clams, with huge oval shells zs
much as a yvard 1in _eneth. They are ncthine like any clam now alive, vet once these

heach a great pasture unfolds: acres of wanicured grounds, scattered trees, and the
magniticent vistz of the sea. Sitting ebove 1t &ll is a splendid spired castle, now hous-
iny French astronomers by all accounts, zlthnugh no telescope can be glimpsed. [le
is now in the reserve called Ahbadia, a huge park that was once the fertile fields of

the F{‘]jﬂiﬂil‘lg ragtle_and he feels trans I"\DTIW{ l\arl{ to DﬂY‘IIDl centuties with-even

fossils were dominant members of the Mesozow sea bottomn comununity. They are
called incceramids, and they are hallmarks of a time when dinosaurs ruled the land
and ammonites swam the seas. These same ammonizes, with coiled shells like that
of the nautilus, are also found in thc clam rich strata, although they are never so

more distant tune travels just ahead. He shoulders through a herd of sher’p—ani—
mals siupid and bizarre cornpared with their ancestars. Their fecal pellets lie every-
where, and he wenders if they are, after humars, the most comrnon large mammals
on the planet. He panders the process called doumestication and how zll domesticated

species that they heve become. He imagines the world of 8,000 years ago as hwman
ity began to populate it with entirely new types of anbmals and plants ir: the single
greatest eyohutionary experiment skice the arcient mass extinctions.

As he walks across the high meadow ir the sparkling summer sun, the twenti-

0 the hedding. and thu‘; up through time.

Tt 18 a beautiul walk, with high cliffs o white limestone and reddish marl arch-
ing cverhead, the sea slapping the rocks, and gulls wheeling ahout ia nnisy caceph-
ony; no clouds mar the deep olue sky, When he has walked along the coast for

pear. Soon they are rarely seen, and then they are gone altogether. They and their

kind disappear not only from the strata on this seacoast but from all recks dated at.
67 million vears old and less, in which they had beer: commor., Alter a reigr of over
170 million vears, this type of clam suddenly goes extinct. The strata look the same,

«lh century and 1is history cnce again intrudes. Armid the waving grass, grazing
sheep, and linear hedgerows are the srattered remains of huge concrete bunkers,
Jumbled masses of tractured concrete and twisted rebar. The blockhouses were the

but the giani clams are gone.
The geologist continues his walk along the sezcoast, moving relentlessly up
through time as he crosses the tilted strata on the rocky beach. Fossils are stil
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small clams and the rare but beautiful ammonites can be seen on this infrequently

—viited stretch of rast He passes o smatt-bay, and the seemery charges. The
tan to olive imestone he has been passing over is superseded by 2 gigantic wall of
bright pink rock. There is a clear point of contact between the olive rock and this
thicker, pinker limestone, acd he moves into the bay to this contact. It is his goal
this day. A thin clay layer several inches thick marks the boundary between the

olive Uretacenus racks and the pink rocks of the averlymg Tertiary Feriod. This
layer is alsn where the last ammorites can be found, while its counterpart on land is
the siratum with the _ast dingsaur fossils. He amashes out a Zew fragments of this
claystone with his rock hammer and examinegs them with a powerful loupe. The
clay contains a thin, rusty layer, and under magnification he can see that this thin

layer 1s packed with tiny spherules, invisible to the naked eye but clearly visible
even under the low magmification of the loupe. Lk 18 looking at bits and pieces of
Mexico, on an extended European holiday after being blasted into space by the
great asteroid impact that ended the Mesozoic Era 65 million vears ago. In the
warm sun, on this perfect day, he stretches out on the rocks. one hand on the last of

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

n;ng taoeras ardaimagines 1the scene:

The asternid (or comet—who knows!} 1e perhaps 10 kilometers in diameter,
andd it enters the Harth's atmosphere traveling at a rate of about 25,000 miles

a1 hour, Yet even el such great speed 1t can be visually followed as it traces 1ts

. i b mterth
oathrcow welrthestmosphere b sHy-sroashingtetothe .
Farth’s crust. Tt is so large that it takes & second for its body to crumble into
the Earth. Upon impact, 1ts energy 1s converted into heat, creating a non-
nuclear explosion at least 10,000 times as strung as the blast that would result
from mankind'’s tolal nuclear arsenal detonating simultanecus.y. The asteroid

Tiif= The equaforial Tegion in the shallow Sea thehl Covering the YUCAtan, Creat-
ing e crater es Jarge as the state of New Hampshire. Thousands of tons of rock
[rom ground zero, as well as the entire mass of the asteroid itself, are blasted
upward, creating a bar of white hight extending up from the Earth-into space.
Some of this debris gees into Earth orbit, while the heavier material reenters

the cimpsphere after a suborbital flight 2nd streaks back to Farth as a harrage

ol reeteors, Scon the skies over the entire Lacth begin to glows dull brick red

from ihese flashing small meteors. Millions ol them (all back tc Barth as blaz- The Age of Dinosawrs ended when an asteroid crashed into the Earth at
ing fireballs, and in the precess they ieaite the rich, verdant Late Cretaceous Chicxudub on Mexico's Yucatan Peninsula.
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impact. A giant Dreball also expands upward and laterally from the impact

sife, carrying wiih it additionzs! Tock mater al, which obsrrres the skyas {ime

dust is transported globally by stratospheric winds. This enormous quantity
of rack and dust begins sifting back te Earth over a period ol days to weeks.
Great dust plumes and billowing smoke Trom burning forests also rise into the
atmosphere, soor creating an Earth covering pal of darkness.

The irrpact creates great heat, both on land and in the simospliere. 'Ihe shock heat-
ing of the atmosphere is sufficient to cause atmospheric oxygen and nitrogen to
combine into gaseous nitrous oxide; this gas then changes to nitric acid when com-
bined with rair. The most prodigious and concentrated acic rain in the history of

the Earth negins to fall on land and sea, end contitues until the upper 300 feet of
tae world’s oceans zre sufficiently acid to dissolve calcareous shell material, The
impact alsc creates shock waves spreading outward through the rock from the hele
the asteroid puniches in the Earth's crust; the Earth is rung like a bell, and earth-

. ; o oe 11dal waves spread outward from

the impact site, eventually washing ashore along the continental shorelines of
Meorth-Arner: ot aad pnrhapc Fnr-r"pg:_ and Africa zs \mf'”r lpaving a trail of destruc-

tior. in thelr wake and & :nonstrous sirand.ine of beached and blosted dinosaur car-
casses skewered on uprooted trees. The surviving scavengers of the warld are in
paradise. 't he smetl of decay 1s everywhere,

For several months following this fearsorme day, no sunlight reaches the Earth’s

. L - L. ) . .
srface 7itter the T tTal TiSe TIT TETIpeT e fromrthe blast 1ta\,lf‘, +re ERSTInY dark +

ness taat settles in causes temperatures to drop precipitously over much of the

Earth, creating a profound winter in a previous.y tropical world. I'he tropical trees
znd shrubs begin to die; the creatures that iive in them or Zeed on them begin to die;
the carntvores that depenc on these smaller herbivores as food begin to die. The

“iddle e’ of the Mesozole Lia  a Lme beginming Zo0 milioh vears ago—
cames to the end of its nearly 200-million-year reign.

Following months of darkness, the Earth's skies finally beg’n 1o clear, but the.
mass extinction— the deaths of myriad species- 13 not yet over, The ‘mpact winter
comes to an erd, and glebal termmperatures begin to rise—and rise. The impact has

released erormous volumes of water vapor and carber dioxide into the atmo-
sphere, creating an intense episode of greenhouse waring. Climate pateerns

chanee quickly, unpredictably, and radically : before the Farth's . P ) - : o
change quickly, unp N 1c abl)::l e v 3I":17L1 thlc gl;be forf, l]]"" [;'Cd t | Debyis from the K-T fnvact would huve eraated oamtineni-size fireworks before
tempera 5 elr equilibriem, 'They swing from 1 Tigkl, . -

peratures regain their normal ¢qul ¥ swmg tropical to Irigid. raining ash and darkness em the plane! for vems.
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then back o even mare tropical than betore the impac:, all 1o a matter of a few
years. These temperature swings produce more death, more extinction. The

The last assemolage of vertebrate animals present on Farth immediately prior
to t1e great Permian extinction was entirely made up of four-legged types—

dinosaurs die out, as do most—but nct all—mararmals. Most life in the sea is
exterminated.

The end Cretaceous calastruphe was global, immense. 1t shares many charac-
teristics with the Permian extinctior so vividly exposed and expressed m the
Keran hath affected the Farth an maich that they chaneed the nature of sedimenta-

quadrupeds. All of the dicvnedonts walked on four legs, as do the majority of rep

tiles and mammals living cn Farth today. By the very end of the Permian many
held their leps beneath the body, as all mammals do today. Some of these types of
animals survived, In the Triassic Peniod, soon after the mass extinction, the sur-
vivors and the earliest of the new species to evolve also could be typitied as

ry racks of the time. [n France that change is clear—the latest Cretaceous rocks are
green in color; the K T boundary layer is dark mudstone, and the recovery rocks of
the succeeding Tertiary are the thick pink limestone. Such changes cocur only in
the face of great chemical changes,

+H 1 Iu_ " i e e e T T e [T
this single calamitous event, the impact of a huge astercid with the Earth 65 million
vears agc. But the other victims on this lendaye beach, the graunt clams foused m the
strata heneath this site, were killed off 2 millien years prior to the impact, What
killzd them? Was their passing {and that of many nther creatures at the same time)

the resull o an Larth atcady siucssed? It appears thak the (retaceous- | erflary mass

extinction, like the great Pernien extinction, thal preveded 1, was multi-causal.

quadrupeds. But from that point on things began to change. With the first appear-
ance of dinosaurs in the Triassic Period, a new suite of forms made its appearance:
bipeds. While there were indeed many four legped dinosaurs, the deminant form
of the Mesozeic, exemplified by the zllosaurs, tyrannosaurs. iguancdens, and
duck billed dinosavre neda ron the four-legged dinosanrs {

grant sauropods, stegosaurs, ankylosaurs, and ceratopsians) had hody forms differ-
ent from anvihing found ameng the lale Permian faunas, for nothing in the: late

Permian had the long tatls or giant sizes found among the dinosaurs. The large ani

mal lite on either side of the great Permian extinction 1 quite dissimilar. The bedy

forms of the PaleozoictamdHifedo ot L}.l_l‘et}.)- resernitethoseof thedhoesavranm——
fauna thet followed.

The geologist's reverie 15 broken by 4 great rumbling sound, and he notices, Tor
the first time, the giant culvert snaking down from the cliffs above, a pipe three Zeet
in diameter, ending i the small bay he is standing in. A grezt deluge of brown
water belches [roon the pipe, filing the bay with treated sewage from the olant on
the bluff above. The Cretaceous rocks and the overlying Tertiary strata are quickly

Would dinsraur body lypes ave evolved even if the Permian extinction had
not necurred? This is an unanswerable question, but we do know that the mammal-
like reptile faunas of the late Paleozoic were moving toward the mammalian cond:-
tion. Some investigators even mnterpret them as having been quire mammalizn. In
the absence of dinosaurs, would these same snimals have produced T, wex or Tricer-

covered, cluesto along-aso extincrion fouled with the last meals of the good peeple
of Hendaye.

Lessons from the Past

Mass extinctions are biological events. But they have been transformed into geo-

atops clones, with body shapes mimicking those of the dinosaurs? It seems doubt-
ful, for true mammals have never really explored the bipedal or long-taded body
types, kangaroos and some small rodents being among the few exceptions to this
ride, We zxe left with a powerful ubservation: entirely new types of hody forms may
be the lepacy of a rnass extinction,

logic evidence, and therein lies the problem. Turning fles into stone means the
loss of most biologloal Informativn, and at best we have cnly the slenderest of clues
to the events of that time. Even so, the transivon of creatures during the two mass
extinctions profiled above can teach s a great deal about how mass extinctions car
[auna {and flora) change radically, through the replacement of one suite of species
with another, but 36 too did the nody types of the animals and plants nveoved.
There was nnt onlyv a rarnover, but also what we mighr call a “changeover.”

‘The world in the aftermath of the Permian extinction was desolale, and not
only on land. In the seas the extincticr. was equally devastating. As oz land, the
great dying in the Permian seas radically reset the evolutionary agenda. Perhaps the
mest telling evidence of the extinction's severity is found in the western United

. . .
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walln, sUnny scaways are today the sites of rich commumties of organisms living
above, on, and n their sandy bottoms. Because the continent of North America
was farther south 250 million years ago, the shallow scaways of its western portions
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were in equatorizl latituces, and prior to the great mmass extinctzon they were homes
to rich and diverse coral reefs—among the most diverse habitats on Earth, then as

now. Yet alter the extinction, these same gengraphic mites were virtual Diclogical
deserts, barren of all life save a scattering of rare invertebrates and vertenrates. The
minst comrmon organisms were stromatoliles, leyered algae that had almost disap-
peared trom Farth more than 500 million years ago for a simple reason: with the
rise of herbiverous animals, such layered mats o veretation could not survive the

incessant grazing that resulted. After the extinction, however, stromatolites made a
comeback, sugeesting that most of the seas were without their usual assorbment of
nerbivores. Ihe seas, like the land, remained impoverished for severz! inillion
years. The old order passed away; the world of mammal-like reptiles and trilebites,
qpil(}: archalc tree iy ard gnl'gn‘mpﬁiﬂn pr?(la’mrq crurnbled, to be replaced by a

world of dinosaurs and pines, and ultimately by flowering plants and burrowing
clams and bony fishes in the sea,

Lvevluzlly, the Mesozaic bista rase up for the Permian ashes, and then it tos
was struck down in a second great mass extinction. Acrnss the globe, n every

n ) L. T o . i ] fqrot oo ot prae ae tlha Soe 1o
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Permian extinction. Ammonites and their legions of shelied cephalopad relatives

—diszppeared from the seas, W oo reptaced by oy fshesamdamewtypeofeephate
pod  the curilefish. 1'he reefs of the time cied out, and when reefs sventual.y reap-
peared, they were cornposed ol ‘Tamework-building organisms of entwely different
types. The changeover un land is far better known: the complete extinction of the
dinosaurs allowed the rise of the many types of marmals we see today. And like the

carler Pernman event, the enormous catastrophie ending the Mesozoio was oi-
towed by the rise to dominance of evolutionary dynasties quite different from those
that came before. The esson of these two great mass extinctions seems clear:
extinctinn leads to evalutionary innovation. But 1s this always the case, ard 15 1t
the only, or even the most important, lesson to be learned from such past global

catastrophes?

As it turns out, these two mass cillnctions were discovered by accident. In the
eighteenth and nineteenth centuries it Jecame imperztive 16 devise some way of
determitung the age of rocks on the Farth’s surface. By the estly 28003 European

I ‘agists bad begun to use fossils as a means of subdividing the
Earth's sedimentary slizta into large-scale units of time. [n so doing they made an
unexpected discovery: they found intervals of rock characterized by sweeping Although theiv urn would come, mammals did not take a prominent place in the
chauges in fossil content. Setting our to discover a means of calibrating the age of Mesozoi food chain.
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roces, ey Jdiscovered a means Of ca

they [ound intervals ol biotic catasirophe, which were named mass extinctions.

THE DEET' I'A3T
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of mamzalian diversity sock place on’y after the dinosaurs were swept from the

The two [argest mass extmctions—those examingd above  were so profound
that they were used by John Phillips, an English naturalist, to subdivide the strati-
graphic record—and the bistory of life it contams—into three large blocks of time,
The Palecozoiz Lra, or time of “old life,” extended froon the first appearance of
ske_etonized 1ife 330 million vears age unul 1 was ended by the giganue Permian

SCEnE, W hiE dirosaurs exisled, marals were feld M evo.unomary check. Mars
extinctions ate thus both instigators of and cbstacles to evolution and innovation.
Yet mtich o the research into mass exsinctions sugges:s that their disruptive prop-
erties are [ar more inportant than their beneficial ones.

QOr every plaret, sooner or later, a global catestrophe can be expected that

extinction of 250 million. years ago. The Mesozoic Era, or time of “muddle life,”
began immediately after the Permian extinction and ended with the Cretaceous-
Tertiary extinction 65 millien years ago. The Cenozoic Fra, or time of “new life,”
extends ‘rom that last grest mass extinction to the present day. At the nme of

___ Phillips’s wark, in the middle part of the rineteenth century. the notion that a

could seriously threaten the existence of arnnal Ie or wipe il cut altogether. Earth
is constantly threarened by planetary catastrophe, mainly by the comets and aster-
cids that cross its orbit, but potentially from other hazards o space. Yet it is not
cnly the hazards of outer space that threaten the diversity of life on this planet—
and surely on other planets. There are Earth-borne causes of catastrophe as well as

species could go extiner was stil] quite new, znd his recognition that not only sirgle
species, but a majority of species, zould and did go extinet in shart intervals of time
was radical for 1its day.

Tehn Phillips's 1860 pzper also marked the first serigus attempt at estinating
that. over time, the diversity of life on Farth has been increasing, in spite o7 the mass
how seemed to make ruom for larger numbers of species than were present betore.
Far mere creatures were present in the Mesozoic than in the Paleozoic, and then far
more again in the Cenozeic. But the mass extinctions did more than just change the
smnber ol species on Earth. They also changed the mikeup of the Earth.

extraplanetary catses,

Do Causes Maiter?

ran I mz -

changes in the “zlobal atmospheric inventory"—changes in the components of the
many thirgs: asteroid or comet impact. releases of carbon diexide or other gases
into the oceans and stmosphere during flood basalt extrusion {when great volumes
of lzva flew our onto the Farth's surface}, degassing caused by the exposure of
oceanie sediments rich in arganic material during sea level changes, or chenges in

Wars extitictions are thus ol of e most sighitical ol all evelutionary phe-
nomena. The wholesale destruction of animal and plant species in such lerge num-
bers opens the floodgates of evolutionaty innovation. Far more than initiating the
sunple [ormation of new species a few at a time, the violent cataclvems of mass
extinction reset the evolutionary clock. The two events profiled in thig chapter are

oedll Lil’LuldliULl PALLETIIS. TllL kiﬂlug ngl::ui.‘a d.Li::r_ i.}u Ul.glb L.h.ul‘t__-l'e,h ;11 thc ll.d}\L =32
znd Hehavior of the atmosphere or ia factors, such as temperature and circulation
parterns, that are dictated by properties of the atmosphere. Sudden chimate change
was orobably invnived i the Permian extinction, and the Yucatdn asteroid impact
is the probable cause of the Cretaceous catastrophe. But there may be a Jurther

only the most severe of more than fifteen such episodes during the last 500 nullien
years and, not cnincidentally, the most consequential in bringing about new evolu-
tionary innovation. Lhey literally changed the caurse of life's history on this planet.
Had the Permian extinction hot taken place, there probably would have been no
Ace of Dinosaurs, and mammals might heve deminated the planetl oy 250 nullion

cause of major mass extinction: the ermergence ol o global intelligence.

‘I'he canses listed abave all derive from a single svurce. Yet the history of mass
extinetion on this planet suggests that more that a single czuse is associated with
the events we find in the rock record. Sometimes these multiple everts occur at the
samme time; sometimes they are separated by hundreds of thousands of years. Per-

years 2go, rather than 50 million vears ago. Did this extinction delay the rise of
intelligence by 200 million years? And, in turn, if the dmosaurs had not been sud-
denly killed off following an astercid collision with the Earth 65 million vears ago.

haps one perturbation stresses the planet, making it more susceptible to the next.
DBoth the Permian and end-Cretzcenus calarmities appear to have been brought
about by more than a single cause.
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Butis “cause” really such an important Thing to khow: Liengrations of humans
have been inculcated with the potion that sach crime must be solved, the "who” i

Farvon, virtualty o ew designwith dolanymew—speciesappearwith-mor
phologies or desians seemingly rather poorly adapted to their environment and mfe-

a "whodumt’ revealec. I'or the mass extinctions, we may have 10 be satislied with
understancing the eflect, rather than the cause.

The Anatomy of a Mass Extinction

Tior T3 Those of Species existing priol o the exuncton. Rather quickly, however, a
winnowing process takes place through natural selection, and new, increasing e-fi-
clert suites of species rapidly evolve.

The great mass extinction ending the Permian created a “ong-term deficit m
diversity, but eventually, in the Mesozoic Lra, that deficit was made up. Tn fact,

The Lypical sequence of events 10 a mass extinction begins with the extinction
phasc, when biotic diversity falls rapid_y. Duriag this time, the extinction rate {the
number or percentage of raxa going extinct in any time interval) far exceeds the

“nrigination rate” (the number of new taxa evolving through gpeciation). Aller
some perwod of trne, the extincuon phase ends and is succeeded by a second phase

after every mass extinction that has occurred on Earth over’the past 51 muillion
years, biodiversity has not only returned 1o its former value, but exceeded it. Some-
tirae during the last 100,000 years, biodiversity appears to have been higher than it
has been at any tiree in the past 500 milion years. If there had been twice the num-
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
further extinctions. During this interval the number of species on Farth levels out,
reitner increasing or decreasing. lhe third phase, ralled the rebound plase, is
when taxoncric diversity slowly begiis 1o imerease. The final phase 1s the expan-

S10T pl'ln se and it ic chepe ctorized ]-“Jv a rapud inorease o diversit T due tothe svaly

is o1 Earth now?

. Inleresling as tibs question is, it has not yet been <ested in any way. The [ossil
record, however, does vield some evidence that mass extinctions belong on the
deleterinnis rather than the positive side of the biodiversity ledger. Perhaps the best
such clie comes from the cnmparative history of reef ecosysiems. Reels are the

sion of new species. The latter three phases are grouped together inte what 1s
] fpppn ] ? i

most diverse of all marine habitats; they are the rainforests of the ceean. Decause

EROWi 3 a—1ecavery Hites Yam “whiehrisfollewed ]D_v ) .A)JI._; T rrad-afe S LaLaTI3ts P
tal stahility (uintil the next mass extinction). The rate of the recovery is usually oro
poruonal 1o the wileneity of the extinciion that tnggered 1t: the more intense the
niass extinction, the more rapid the rate of new species formation,

Threae types of taxa are generally found immediztely after the mass extinetion:

Ei

(R L
tiE

thc); COR {:—-an{en-‘— writh hard skeletpns {1'1'\ contrast tos rainforest
which bears very few creatures with any fossilization potential), we have an exce -
lent record of reefs through time. Reef environments have been severely and
adversely affected by all prast mass extinctions, They suffered g higher proportion

of extinetions than any cther marine ecosystem during each of the six major extine

A .

SUTvIvGrs, of Holdover taxa, Progemior axa, the evolUlonary seeds ol the ensuing
recovery; anc disaster faxa, speaes Clat proliferale immediately eller the end of the
:nass extinction. Al three types of taxe are generally forms that can not anly toler-
ate, but thrive in, the harsh ecological conditions following the mass extinction
event. They are generally smmall, simple forms capable of hiving and surviving in a

TI0T1 episodes of the tasr Sttrmttion YEar e, Adftereachrassextrretton reefs dlbc,y

pear from the planet, and usually take tens of million of years to hecome reestab-
lislied, When they do come back, they do so only very gradualy. The impiication is
thet mass extinctions, at least for ree’s, are highly de.eterious and create net deficits
of biodiversity. And whether we are talking about reels, rainforests, or any other

wide variety of environments. We have another term fur such crganisms: weeds,
The recovery interval 13 marked by a rise in diversity, This sudden surpe in evo-
luzion is gererally due to the many vacant niches found within the various ecosys-
tems following the mass extinction. Because so many species are lost in a mass
extinctiorn, it creates new opportunities for speciation. Darwin once likened the spe-

rensystem, the reality 1s that -ar millions of years tolowing a mass extinction the
biadiversity of the planet is impoverished.

So, while there are many who would arsue that since mass extinctions are
sources of inngvation, a modern one would not be such a bad thing, as it would be
the source, W timate.y, of a new age and even greater bindiversity, [ will argue in the

ciation process o a wedge: the modern world has so many species in it that for a new
species to survive and compete, it must act like a wedge, pushing out some other
already entrenched species. But after a mass extinction no wedging is necessary,

following pages that this is simply not the case.
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The Beginning of the Fnd
of the Age of Megamammals
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We are mare dangerous than we seemn and mare peient inour
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_LOREN EISELEY, The Unzepected Utriverss

ar inland from Cape Town in Scuth Africa, the high rocky ramparts of what
is known as the Great Facarpment have dried the air and created @ desert. This
151 G G ny sheep and v towns, The larges helatteris
Ciraal Reinett, the self-styled jewed of the Karco. Graaf Remett is surrounded by high
“kappies” of sedimentary rack, and its outskirts are ringed by shanties and so-called

game reseTves, large vacant tracts of thorn and scrub. The town itseltis indeed like an
emerald on brown dirt; it is a green casts s.uvounded by the dusty parchment of the

P
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water. Graef Reinett itself 1s now z haven for tourists, for it is a virtual museum of
nineleenth century Afrikaans architecture, a melding of Dutch, German, and
Huguenotinfluences arid blooming gardens and staid tree-lined streets, Tree Lined,
that is. in the “Whire” part of town. There are fow trees and lirtle green in the nearby

township to which the region’s blacks are re.egaled.
. _ The argest hotel in town i= the Drosty, a picturesque assortment of stone cot-
This arsinotherium, a distant velative of the vhinocerns, contemplates its tzees lining a cobhled lane and two restaurants serving the best meals in the Karoo.

geological past, The Drosty has been restored Lo the look of its glory years, the late nineteenth

27
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ancient bar 15 wood ard memocry. Old photos line the walis, scenes of the town

tusks piled high in the street in fron: of the newly built hotel.

On my first visit to the bax I came upon this shero znd askec the ebon y wnd
venerable barman where the tusks had come from. There must have been hundreds
of them in the huge pile, and it is clear fror the photo that a brisk trede of some sort

TIE NEAR PAST
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tae rivers and finally arriviog here in the Karoo. [ have come acress their bones

TNany [Ies aTounL. here. 1 he last were Kil_ed off about the Turn of 1€ century.

I still renember that phrase, “killed off.” Not surprisingly, the creat pile of
tusks in the photo at the Drosty Hotel in Giraaf Reinett camie from local elephants,
huntzd ta extinetion by the [ocal Tarmers and townspeople. But what striuck nie was
nol that the local elephents had been killed o, [or extinction is a fact of Iife, bt

WaS OO O arenred themm. /A aucsion, periaps. 1 he old bartender looked At the
photo, as if for the first time. anc professed ignorance; all 7e knew was that there
had never beer. elephauts living around Graaf Reinett i his tribe’s memory.

The Karoo is dry and dusty; it does not seem like elephant country, s I believed
him. But as years went by and T learned more about elephants, I begen to wonder.

that even tne memory of their exastence had been killed off 1 Tess than a century
since the last one cied. They were hunted to extinetion and then forgotien. Where
once the great elephants roamed in great herds, nothing s left of them but 2 fading
shotograph. No leager even a memary, they are vow a part of a van'shing Alrica,
where wilderness bas been transformed into farmland 10 a single generation.

Elephents cen and do e 1o places far drier than the Karon—the Kalahari Desert, for
instance. By Kalzhari stancards, the Karoo is & verdant paradise. Elephants are con-
surumate impericlists, and were once found on five continents, Why not the Karoo?

white and black—f
they had ever heard of elephartsin the region. [ always heard the same story: there

Lach time | returned o the Karoe T asked local veople

Africa is revered for its abundance of “arge mammals. Nowhere else on Ezrrh
can such diversity of large herbiveres and carnivores be found. Yet this animal par
adise 1nstead of being the exceplior-- -was once the rule: all of the world’s temper-
ate and tropical srazing revions were quite recently of Africen flavor. But the ele-

hzd never seen elephants in the Karoo, But never is a taboo word for a paleontolo-
gist dsed to dealim inquired 5 1 :

in il ions of years
the dncr of James Kitchiny, a ret’'red professor.

Kitching 15 a Zellow paleontologist, born in the Karoo, who then went on tn
great fame as one of the world’s most celebrated bone hunters, In the 1960s he
made what might be the most important fossil find of the twentieth century. On a

phants of the Karoo are just one casualty of an extraordinary event that has

this a mass extinction? Are the “orces causing it still under way? Or was 1t tae first
cause in z multi-ceusal evens now entering a new phase?

Although the disepnearance of large animrals poses a tremendous chal:enge to
those studying extinction, one significant lessor we can take “rom the past is that

cold rack-strewn glope i Antarctica be diccavered A emecimannl il 1130
i S oo TR F ELAATAE IS SASIID F AT BT E Y § R 0 T B PR S N R WY

reptile Lysirosaurus. This same creature is perhaps the most cornmon vertebrate
Zossil in the Karoo—so commen, in fact, thar Kitching no longer bothers 1o collect
them, But this particular fossil, the [iest common animal of the Triassic period, had
never heen recovered in Antarcticz, and its discovery there constituted a puwerful

Frerestrctiomr ot T armtrals e o far e llel_sUJ tantwffectomrthestractoreof
ccosystems than does the extinction of smaller ones. The extinction at the end of
he Cretaceous was significant not because so many simal’ ramrmals died out, but
oeceuse the dinosaurs did. [twas the remeval of these very large Land-dwelling ani-
ma.s that reconfigured rerrestrial environments. I similar fashion, the removal of

geotogre provf that- 250-mitticr: FEAPE AR, ATiarctica and Aloca v joined, A fact,
al that time, a7 of today's southern continents were untted in a siagle “superconti-
nent” named Gondwanalend, whose compunents—Africa, Tndia, South America,
and Antarctica—subsequently split apart and drifted acrnss the Earth’s surface like
great stately cruise ships, carrying their animals—and lossils  with them. Kitch-

the mayorily of large mammal species across most ol the world over the Tast 50,000
years 1s &n event whose significence s only now becoming apparent, and one that
should have lasting effects for additional millions of years into the future.

I the late Pletstacens Epoch, at <he end of the lee Age, about 13,000 10 12,000
vears agc, a sighificant proportion of the large mammals in North America wert

mg’s Imd o Lystosaurus in Antarctica constituted one ol the pracfs of what 1s now
regarded as fact: that continents drift.

My real purpese for coming to sec Kitching was to disciss Permian fossils, but
1 soon zsked him aboul the elephants as well. He 1aughed dryly. “Of course there

extinct. Al least thirty -five getiera (and thus at least that many species; disappeared
from North America during this time. 312 of these Lved on elsewhere (such as the
horse, which died out ir North and South Amenica but lived or in the Old World):;
the vast majority, however, died out utterly. I'he lost species represented a wide

18

By




THE NEAR FAST

oy K I HITU s, UIE D acTa ¥ | [RES Y My y = apm

orders. The only unifying characteristic of this rather diverse Jot 1s that most (but

Certainly ot all)were farge alinmls.

‘I'he best-known and most iconic of these lost species were the elephant-like
animals  the probisiceans. They ircluded mastodons and gumphotheres as well as
mammoths, which were closely related to the two types of still-living Old World

elephants, Of these, the inost widely distributed in Nerth Amertca was the Ameri-
can mastodon, which was found from coas: 10 cosst across the unglaciated parts of
the continent. [t was most abundant in the forests and wooclands of the castern
part uf the continent, where it browsed on <rees and shrubs, especially spruce trees.
The eomzhotheres, a brsarre group quite unlike anything now zlive, are cuestion-

ably recorded from deposits in Florida, but otherwise were widely distributed in
South rather than North America. The last group, the elephants, was represented
in North America by the mammoths, comprised of two species, the Colombian
mammaeth and the woolly mammoth.

The nther group of large herbivores iconic of the [ce Agen North America wes

the giant sround sloths and their close relatives, the armadillos. Seven genera consti-

tuting this group went axtinct in North America, leaving behinc enly the common
armadillo of the American Southwest. The largest amimals of this group were
the ground-living sloths, rangirg from the size of a black bear to the size of
a mammotl. An intermediate-sized [orm is commonly found m the tar pits of
present-day T.os Angeles, while the last and best known, the Shasta ground sloth,

Wil T 4 T i3 ¥ Tz r

America glyplodont, a heavily armored creature 10 feet inlength, and an armadillo, 2

member of the genus represented today only by the commen nine-banded armadille.
Both even-toed and odd-toed ungulate animals died out as well. Among the

odd-toed forms, the horse, comprising as many as len separate species, went

extinct, as did two species of tapirs, |L.osses were even freater among the cven- Toed
ungulates. Thirteen genera beloiging to five Zamilies went extinct ia North Arer-
ica zlone in the Pleistocene extinction, meluding two genera of peccaries [wild
pigs), a camel and two llamas, the mountain deer, the elk-moose, three types of
pronghorns, the saiga, the shrub ex, and Harlar’s musk ox.

The arvival of humans in North America was one of the most devastating cvents ever
Lo 0cCuY on the continent,

With so many herbivores going extinet, it 15 no surprise that many carnivores
also died out. These included the American cheetah, a large cat known as the scim-
itar cat, the saber-toothed tiger, the giant short-faced bear, the Florida cave bear,
two types of skunks. and 2 camd.




THERNEARPAST

=TS T T b 1 1 4 h PR P 41, - . pa
IMally, SO SINANET AT TOOTICT O CHE TS, T T T g e ST o

rodents and the giant beaver. But these were exceptinns—most of the arumals tha

died out were large N S1ze.

"I'be animal extinct’on in North America coincided with a drastic change in
plant community makeup. Vast regions of the Northern [emisphere went from
being made up primarily of highly nutritianal willow, aspen, and bireh brees to {ar
“ess nutrizious spruce and alder groves. Lven in those areas dominated by spruce

priar to the extinction, a diverse assemblage o more nutritious plants was stul
availaole. But as the number of nutritious plants began to decrease due to
climate change, herbivorous mammals seould have incressingly foraged or
the remaining more nutritious plart types. thus exacernating their demise. The
reduction of their food supplies may, in tuen, have led to reductions in size for

many mammal species. As the Pleistocene ended, the more oper, highe:-diversity
spruce [oresis and nourishing grass assembhlages were repidly replaced by denser
farests of lower diversity and lower nutritional walue. Tn the ezstern parts of North
America the spruce stands changed o large, slow growing hardwoods such as
uak _bickory and sonrrhern nire, while in the Pacific Northwest great forests of

Douglas fis began o cover the landacape. These forest types have a far lower car
scivnr lar

- . 1, te - o~ .
Fyine capuciby = mammale than the [ elstocere s, egesatlon that p‘r{-‘:‘r-‘r]r’(‘l

them.
Iz was not just North America that suffered such severe losses. Until recenly,
MNorth and South America were isolated from each other, and hence their faunas

underwent quite separate evalutinrary histories. Many large and pecaliue mam-
: N

mmats evotvedim Soutts ,;'é_\l[n_'j..-u_.d, IulL.lu._}'.llg thererorots; armediio-ltke !:1.\"[-'
todants as well as the glant sloths (both ot which later migrated and became
common in North America), giant pigs, llamas, huge rodents, and some strange
marsupials. When the lsthmus of Panama formed some 2.5 milion years ago, free
interchange beiween the two continents began.

As 17 North America, a mass extinclion ol large mammals oecarted 10 South
Amarica soon zfter the end of the Ice Age. Forly-six penera went extirct In South
America setween 15,000 and 10,000 vears ago. In terms of the percentage of fauna
affected, the mass extinction ‘n South America was even more devastating than
that in North America.

A few of the local fauna from Los Angeles. crea 18,000 0.C., courtesy of the La Brea
tar piis.

17 Australia the losses were ever. greater. Since the Age of [ Ynosaurs the Aus-
traliar continent had beer an izolated landmass. Thus its mammals were cut off
from the mainstream of the Cerazoic Fra and followed their own evolullonary
path, resulting in a great variely ol marsupials, many of them large. During he last
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SO, U0 yewrs however, Torly Live species ol marsuplals belonging lo thirleen geners
were killed off. Orly four of the original forty-nine large species (greater than 20

take aluce when new, more highty evalved or adapted creatures suddenly
arrive In new environments. Such was not the case in the lee Age

pourds in weight) presen? on the continent 100,000 vears ago survived. (7 course,
no new atrivals from other continents bolstered the dizappearing Australian fauna.
Lurge replles ulso disuppeared, including a giant monitor liza-d, a giant land tor-
toise, and a glant snake, as well as several species of large [ightless birds. The lare-
er creatures that did survive were those capable of speed, or with nocturnal habits,

extinctions, for in ne case can the arrival of some new fauna be linked to
extinctions among Lhe lorms already living i the oiven region.

This various evidence has sungested to many that humanity orovoked the
Pleistocene mass extinction. Others argue just as vigorously that the cause of the

"T'he wave of extinctions affecting the faunas of Australia, North America, and
Suuth America coincides both with the lirst appearznce ol humanity in all three
regions and with sunstantial climate chenge. Reliable evidence now shows ther
humars reached Australiz between 35,000 and 50,000 vears ago. Most of the larpe
Australian mammals were extinet v aboit 30 000 o 20,000 vezrs aon

resamamh e tictiorwas the Thanges Ir vegetation that occuered durirg the
intense climate changes accompenying the end of the Plaistacene glaciation. In
[act, most dhiscussion about this extinesion deals exclusively with this argument
over humans versus climate as its catise,

For the sake of cur arguments, however, the cause is irrelevart, o ane doubts

A different pattern emerges in the areas where humankird has had a long his
tory, such as Afxica, Asia, and Europe. [n Africa, modest mammalian extinct.ons
accurred 2.5 milion vears ago, but later losses, compared with those of other
regiong, were Tar less severe. The mammals of northern Africa, in particular, were

togthba

that whatever 1ts cause, the Ice Age mass extinction resclted in a major rearganiza-
tion of lerrestrial ecosysterns o every continent save Africa. But today Africa i3
making up for lost time, losing its megamammals as :he Jarge herds of game
hecome restricted to game parks and reserves, where they became easy prey to
poaching within their newly restricted habitats.

bl ]
£
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Africe. few exunctions occtrred, but in southern Africa, significant climate

The end olthe Tee Age megafauna is not a clearly defined hine, like those drawn
in the sand at the Permo- Triassic and Cretazeous-Tertiary boundaries. But then

chargesooourt TG ; K saguweretorcclentwith theestior=
tion of six species of larce mammals. In Europe and Asta there were also fewer
extinctions than in the Americas or Australia; the major victims were the glant

mammaoths, mastodans, and waoolly rhinos.

we are looking at it from the present, and, gealogically speakirg, it is just & moment
away. At this distance, intervals of time lasting 10,000 years or less are insignificant

and probably beyond the resolution of our technology—when viewed from tens to

hundseds of tmlions of years away. The end of the Age of Megamammals looks

o . - 3 11
—ThePleistorene extinction tamn thos bz summarized as tottows:

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

¢ Larpe mammals survived best in Africa. The loss of large mammalian

T — |

America, 79%: in Australia, 86%; but in Africa, only 14% died out.

2 The extinctions were sudder. in zach major group, but occuzred at
diferent times on different contiterts, Powerlul carbon dating techniques

allow very high time resolution. These techniques have shown that sorne

proiracled from our current vantage poirt, but ir will lagk increasingly sudden as it
disappears into the past—one of the odd aspects of Uime. But there may be more to
the story. The megamammals sull lell on Earth now make up the bulk of endan-
gered species, and many large mammalian species are now at risk. 1f the first phase
of the modern mass extinesion wes the loss of megamammals, its current phase

turned into fields, cities, and toxic waste dunps,

As we race [orward into the new millennium, powered by an Internet-fueled
economy, biologists strain to ook forward in time, watching for the suspected new
biologicel onslaught to begin. In my view, it has already happened. Tt is visible in the

species of large mammals may have gone completely extinct in periods of
300 years or less—ananosecond in evolutionary time.

= The extinctions were not the resu’ts of invasions by new groups of arimals
{other than Homao sapiens). L has long been thought that many extinctions

TEaTView Ti-Tor, a rcadkill already UIned Ieto gealog.c itter—Dbones not yet even
petrified  theend of the Age of Megamamrmals.
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N

I have seen no grander sight than the fire upon a country which has

never before been burnt,
SAMUELBLTLER

<ford is the odd twin of Cambridge. the slightly less Hlustrious sitling, 2

Bitola neer-do-well compared with s 8. 1ghtly more seor frae et te T
Linmensely ilustrious certainly, old, rich, and smart. Buz not Cambridge.

A geologist will note other differences imunediately. While T “AMDIICIEE 5It5 Upon
the chalk of the Cretacecus, Oxtord lies in the opposite direction from London,
toward older rocks. Its buildings are made of yellow and tan Jurassic sandstone,
limestone. and oolite (a delectable geologic term used w0 describe a particular grainy
limestonel. And lor reasons unknown, it has bred or attracted a batch of evolution

ists g tite different from the Cambridge mix. Richard Dawkins ard Robert May zre
these. Bu® 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 fucure of evo.usion iself, in the upcoming years. Myers has been the most vocal
prephet crying that the end of hindiversity— -zt least s we know it— -1z migh.

Has the Farth indeed entered & new mass extinction event, or 1s such an event
neatly overr 1he first of these two contentions was radical ever. as late as the 1981{}s,
but in the earliest part of the twenty-first century it seems acceptec as fact. [ lhe
second, that the most consecuential phase af this extinction, at least for large ani-

The Nomway virt, one of the few mammals as successful as humans, steps off the boat
n Polynesta, ciyca 1767,

1 : H : W H - ¥ . oy
s e over s st oew sclentifeterrtorys Mumerous articles and a anccession of

books have a’l reated this subject in detail. Yet Myers was there first  even argu-
ing that the loss ol zhe Pleistocene megamammals is cannected 1o the modern-day
hiodiversity crisis. According to this hypothesis, the extinction of so many large
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animals [Many malnmals and birds} over whe past o000t years was oty the
beginning of a larger wave of extinction continuing inte the presert and for some

upknown period into the tuture as well,

Myers believes that a new phase of this mass extinetion  a broadscale reduc-
tion in biodiversitvy—has been urnder wey since sbout 1950, wher 2 ma’or increase
in human encrazchmen® into wildlife environments begar. At that time approxi-
mately 1.7 billior. people Lved in the sa-cal’ed developing countries, located in

large ‘ropical and semitropical regions characterized by vast forests and other
undisturbed habitats for wildlife. The human population of these regions was
approaching 5 billion people by the turn of the millennivim, Myers maintaing that
the forces praducing deforestation, desertification, s0l erosion and loss, nefficient
agricuture, poor lard use, inadegquate technology, and above all, grinding poverty
are deiving habitzt destruction and, ultimately, extinctions ol species, ana that
these forces are most pronounced in developing equatorial countries. ITe estimates
that 50% of the world’s species will go extimct over the next several centuries at
rnost, While this estimate may sound drastiz, it is in ling with those of other biodi-

(‘Jgeit}‘ Lpert meludine B0 \Wilson’s 1992 cslimate that 205 of 2l qpp."ipq wri]
ga extinct before 2020 and another 30% or more therea®er; Peler Raven's 1990 ca)

LT - i b .. - N A b el TR

an:l Anne Ehrlich's 1592 estimate that 50% of all species will be extinct by 2050.
All of (he slorementioned szers teke the position that the majority of the mod-

err mass extinction is soon ta ocour (but has not vet happened}. But how acourate is

this view? Where are the figures on current extinction raies to support this claim?

Measuring Species Diversity

Determining rases of species loss seems straightforward: tabulate the number of
species living at a given peziod of time, ard compare that aumber o the number

. Sy g .
—lvingarorher time imervats: Yet there are TTRTous ProoterTs with s seemmimgly

sinple methodeology. Lo arrive at extinction numbers, we need an accurate census
of *he living. Such a global census of biodiversity at the species level 1s still lacking.

No one disputes that the activit’es of humankind have caused extinctions inthe
recent and not so recent pas:. The phrase “dead as a dodo” is not pure whimsy. Bu:

there 15 currently great debate about the extent of anthropogenic extinchiors, and
ever mote about the prospects for such extinetions in the future. UNitimately, the
entire issue devolves into numbers. But the numbers we need are very difficult <o

One hundred years ago the vast Amazon ramforast was a virtually pristine ecosystem.
Today there is almest no portion of 1t that has not been touched by humans.
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nbtain: How many species are there on Earth? How macy have there heen et vari-
ous times in the past? I low many species have gone exiinct ir: the Just millennium,

Teaning thal (axononsts . ST _
thus have barely begun their work in (he 250 years or a0 since Linnaeus set out the

the _ust century. or even the lzst decade or year? And, mos: inportar:t ol all, how
mary will be gone in the next century, or milennium, or million years? None of
these numbers 's directly obtzinable; all have to be reached. it at all, by abstraction,
irference, deductior, or just plain guesswork. Tn contrast o the estimates ahove,
same scientists wonder whether the Joss of species will approach even 10% of cur-

task of descriling every species. LITher, Mare cadtions souls Posit much [ower
rumbers, between 5 and 15 million species. Yet even with this lower number it is
clear thas the work of describing the Earth's binta hzs along way to ga.

The zccuracy of species coums varies from group to group. Far some groups,
such as birds and large vertebrates, our census is nearly complele; there will e very

rent wozld diversity, and sugges: that such a small loss would hardly be noticed.
Why is there any consroversy zt all about how many species are presenily on
Farth? In this day and age. when modern science can detect planets among stars
light years away and can deduce the age o7 the uriverse from the movement and
a\:uv“}, afeubatomd P:r'v\]p«: what could be Q‘m'l"JlPr thzn counting up the nuznber

lew new discoveries of new speries. Yet for the majority of Invertebrale groups, and
for the ‘egiorns ol one celed orgasisms such as protozoans. bacteria, ard other
microbes, there are surely millions of lorms vet undescribed.

It is clear that scienzists will never succeed in describing every species (how-
ever wonderful that would he). Nevertheless, there is a pressing need 1o establish a

of species on Carth and then, over a twenty- year time periad, for instanice, observing
how many are going extinet? Such an endeavor would require a large army of biolo-
' gists, many more than the stuall handful acrually engaged in this type of research. In
realily, we have anly the h;.ZIe‘:t idea ol how many %p?(‘leQ Lurrgnt]y exisl on Earth,

e st at ary GIvVEn
502 4.

reasonable estimale of world biodiversity. Is it closer to 1.6 million or S0 million?
How can a more reliable estimate be esxtablished without describing every living
sprecies?

“I'here have been severa. ingenious attempts to arrive at a reasunable estimate of
the munber of q:\m*]r’q living on Farth As far back as the 1800s British zooloeists

time. It is our lack of Lhe most bagic and neessary informutiun the Current numbr.r

Of Species PTesent y 1ving o
Of the Earth's 1.6 million currently dmcrmed creatur;s about 7‘30 1) are
‘nsects, 250,005 are plants, 123,000 are arthropads other than insects, 50,000 are

mollusks. and 41,000 are vertebrates; the remainder is made up of various inverte
brate znimals, bacteria, protists, fungi, and viruses. The majority of organisros

knew that insects are the singie most diverse group of animals on Earth and tried to

aow known that at jeast that many insect soecies ave found in Britain alone. How,

then. to make a more accurate accounting of the word's species? The favored
method today is to use the ratio of known to tnkrowrn species in tuxonomic groups
that have been long studicd and are considered essentially well known [such as

leave no fossil record.

"['he precise figure for the world's biodiversity is not Lnown There is no ceniral
registry for the names of organisms, and because of this, many species have been
named several times. Laxonomist Nigel Stork believes that the evel of synanymy
may approach 20%. For example, the common “ten-spotted ladybird” found in

used this method in 1980 to suggest that world biodiversity is about 3 million
species, Specialists on insect diversity have been particularly adept ot coming up

with new and clever ways of making such estimates. Nigel Stork and his colleague
K. (. Gaston noted *hat of 22,000 Insect species known in Britain, 67 are butter-

Europe has forsy different scientific names, even thoush it represents but a smgle
species. Such mistakes may seem easily avoidable, but many species exhibit a wide
range of variation, and the move extreme examples ol a given species are often mis-
takenly described as new or separate species.

Dlaes this nean that the nunber of species on Farch today is Less than the cur-

flies. Assuming that the ratio of butterflies to other wsect species 1s the samen the
rest of the world (zn assumprion utterly untested, but plausible), they arrived at a
global biodiversily estimate of 4.9 to 6,6 million species of insects zlone.

A second method o7 arriving at a global biediversity estimate is to extrapolate
from samples. Samples from a particular geographic area, rather than a taxonomic

rently defined 1.6 million? Probably not. Most binlogists studving bodiversity
suspect that there are far more. but an intense debarte rages ahout exzctly how many
rare. The most extreme estimates are in the range of 30 to 530 million species,

group, are sceled upward o encompass the entire biosphere. It was this method
that yielded the most faznous of all recent hiodiversity estimates, that of Smithson
‘an entomologist Terry Erwin published in 582, which posited thas there are at
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least 30 mullion species of beetles in the world's tropical —orests. s particuar
estimate has been so widely quated {ard misquoted) shat 1t bears further scrutiny.

: : I N LI W
PLJJUCEC{, .lley TWEIT lmmedlaw}y COTOTINWET ST }\!HW SUTVEYS LIEL LTI AT

confirm or [alsify these new, higher estimates of global biodiversity soon followed.

Crwin's concern at the time was nat global diversity, but simply that the upper
reaches of the rainTorest canopy were little xnown and rarely sampled by taxono-
rists. Most knowr. organisms from rainforests came [rom the [orest Joor. The
multistoried canapies of large trees were known to harbor a quite different fauna,
yet because of the difficulties of sampling this environment, its inhabitants were

UInie of the most thorough wes catried oul it Indones.a.

Praject Wa'lace was a yearlong col.aboration between scientists of the Nazural
History Museurn in L.ordon and the Tndonesia Department of 3cience. Some two
hundred et waving, ‘ar toting entomologists descended an the island of Sulawes:.
Many insects were collected, including wore than 6,000 species of beet.es and a’most

poorly known, E:rwin devised @ new method of sampling the upper canopy
recions. Over three tield seasons he polsoned and collected all of the insecs living
in nineteen trees belonpeing to a single tree species [Luehen seemannii, & forest ever-
green}. He found thas there were an average of 163 species of beetles specific to

at particular rree species. S0 far_well and good. At this point. however Frwin

1,700 different species of flying Insects, more har: 60% ol which were new to sclence,

‘I hese scientists, applying methods gmilar to Erwin's, estimated a warldwide biodi-
versity of between | 8 and 2.6 million insects. Since insects are only one part of total
bindiversity {albeit the single most important one}, these new estimates confirm that
world hiodiversity in indeed far higher than the 1.6 million species currently

st out & aumoer of assumptions to arrive at his famous 30 millior. beetle estimate.
First, he assumed that cach hectare of forest in his sample area contained. on aver-
age, 70 different tree species. He then assumed thas each of these tree species also
had 1ts own 163 species of beetles -a veritable army of hmt]as specific w0 that tree

= et e :
11, 140 tree- Spebltlc bectle species in. one hectare of forf_%t in Panaroa, and then

described. On the other hand, ever. with so manv insect species, world biodiveraity

weuld still fall well short of the 3¢ million species predicterd by the Erwin estimate.
Yet another type of estimate was derived by noted Mologist Robert Mzy, who

‘n 1988 pointed cur that the chserved correlation Hetween body size und species

such a method, May estimated that <he Farth containg betweer: 10 million and 50

——dded Tranctier 38 speces ot teetles Just pessog throughrdetreestoarrive

st a figure of 12,448 beetle species per hectare of forest. Next, he assumned that
leetles made up 40% af the tatal arthropod fauna in the canapy, so that the entire
biodiversity of insects ir his one hectare was 31,170 species of arthropads. He
then added another third of this total 1o his estimate 1o take nto account the

St

Eeeil v nix.-—ur- afimgre that seems to support the Fraln essimates

Genetic Losses

One ol the great surprises of the mid-1560s to 1970s was the discovery that
species—virtuzlly all species—are characterized by far higler amounts of genetic

-nsects tound on the torest tloor, and arrived at a grand total .ol 17, 587 arthropod
species per hectare of Pznamanian forest. The final step—scaling up from a
hectare ol Panamanian, forest f.oor ta the entire wotlé—was aceomplished in the
Tollowing way. Erwin roted <hat there are 50,000 species ol trees in the tropics
Asaumning his figure of 163 hos:-specific beetle species per tree, he arrived at his

Variabiity thall Prev.ousiy e, ~TIZE0 Trhrigues of ¢E =
trophoresis and DNA sequencing allowed geneticists to evaluzte just how different
individuals of the same species were. While everyone knew that genomes—the
number and type of genes—varied tremendously from specles to species, no one

foresaw the creat enetic variability that characterizes virtualy every living specles,

much-repeated estimate of 30 million species of beetles in the wotld.

Erwin's “thought experiment” was simple and elegant, but full of untested
assumplions. However, since it was based {at leas, at the start) on real sampling in
regions that up urtil that time were virtually unknown, it <ook on a life of its own
and was treated quite seriously. Tt is still the basis for the laroer biodiversity esti-

Every arganism carries a large number of genes: a dacterium Sypically carries
about 1,000 genes, 2 mushroom about 10,000, and typical higher plants and an:-
mals as many as 50,000 to 40{0,000. Il is variubility among these genes that differ-
ertiates the various species on Earth, today as In the past. But there remains a great
deal of variability tvithir. each species as well, which creates the varlous “races,”

mates cited today.
The Erwin estimates were widely publicized, and right'y so. They gave us a
whale new view of global biodiversity. But because of the way in which they were

sub races, and populations that make up a species. This variability appears to be of
utmast service to species, for it provides a hedge against suaden changes in the
environment: in highly variable pooulations, tlwre will probably be at least a few
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oty iduatstha e presdapted for whatever new eonditions come wlohg, Thus
allowing the survival of the race. Any reduction in genetic varizbility is thus den-

This reoresen:s perhaps 20% of the total bird biote on the plane”. These are specles
thal have left a fossil record. ard thus species we knaw ahaut, How many mece

ZeLOUs 10 d species—and appears to be & sure indicator ol a species siiding towzrd
extinctior.. Prior to the final extinction of & species, we see a dving off of its Dopula
tions caused by a reduction in the overall genetie variztion.

In the mid-1970s. a study of twenty-four proteins extracted irom North Arner-
1can elephant scals revealed thas this rare and highly endangered species shows

have none extinct without leaving « trace?

Extinction is the ultimate Zate of every species. Just as an individna’ s bern,
lives out a time on Earth. znd then dies, a species comes into existence through
a4 sDeciation process, exisss for a given span of vears wisually counted ir the

rm”lrmq} ﬂﬁd the e, PT‘I‘II"I”\! becornes i }n -t Tﬁua. -_J\'l;u\.,'l'llu.ua uf :ll..l!.,l.;k’..‘!

essentially no genetic variation. This particuar species had been hunted neasly to
extinction, and even though there hus been a rebound in the population since it was
protected from turther hunting, its overall genesic makeup was severely aflected.
The elephant seal population is said to have passed “hrough a “populatior. bottle-
neck,” Al s 10w point, each seal secking a mate had orly a very small number of

happen all the time, not just duung mass extinction events. University of Chicago
paleonto.ogist David Raup calls this concept background extinction. 1l fossil
record can be used to tabulate the raze of such “random™ extinctions zaking place
throughour time, and that - ﬂLL turns out to be remerkably Jow. Raup has calculated

T " —tast ST million years has been

other seals to chanse from, resulting in severe inbreeding and a lnss of genetic vari-
acon. Such unions between close relatives are often characterized by high rates of
nirth defects, retardation, and reduced sperm counts. Inbreeding is so delaterious
that humars of every culture have praduced laws against it

o

an0ut one species every four to five years. In contrast, Norman Myers has esti-
muazed that fuur species per dizy have been going extinct in Brazil alone over (e Dast
thirty-five vears. Blolagist Paut Bhrlich has sugpested that by the end of the twen-
tieth century, extinztion rales were measurable in species per hour.

An extreme ?Yﬁmp]r:- af such penetic losy is th Forda f‘.‘.nthcr. Vhis sk

species of the American cougar has been reduced ta fewer than thirty individuals in

Tamainitg a reliab.g est:mate of global species diversity hzs caused problams,
estimates of current extinction rates have been ro less controversial. While many

SPERTY \..ll tactettre I..J.l: LLl-l«.lllLl T U.ld.Ik."s
Clenetic studies sl;uw that T.hl:- subspecies har the lowest genctc variation of any of
the exrant cougar populations.

Estimates of Current Extinction Rates

chtterent people disagree strangiy on he number of species on Farth, and on the
rate at which these species are cuzrently declining in numbes, on one jssue there is
no disagreement: the vast mujority of species currently living on Earth aze found in
the tropics, mainly In ramnfores:s.

Iropical ezinforests are characterized by a hich canooy, often 30-40 meters

Troarrbeargued hatr the cutreat mass extioction 1s far 1ess ca.anmtons than aither
the erd-Paleozovic or end: Mesozoic events because a Inwer percentage of families
ard genera are going extinct now than ir. the past. The severity of agiven extinction
event is commionly tabulated as the percentage of existing taxonomic tn'ts, be they
[amilies, genera, or species, that go extinct. Using this measure, i- has beer argued

azove the ground with emergent trees towering to 30 meters, and two or (hree seD-
araie understories of vegetation. Thev are compiex, layered communities with
enormously varied and changing environments and microclimates.

Tropical rainlorests todey are found in threv srincipal recions. The mog: exten-

sive 1s the American. or Nt’(‘]fl'ﬁl’!i:“'{] runforest region, centerad in the Amazen

that the extinctions that have occurred since the onset of the Tee Age have been triv-
izl compared with the great extinctions of the Pa’eoroic and Mesozoic eras because
‘he percertuge ol taxa that have pone extinet is bur a tiny fraction of the tozal diver-
sity of the Earth. What is being nverlooked, however, is the fact thas the absolute

nat relative— number of species (or other catesory) that have already gone exiingt

Busin but exterding up the Caribbean slope of Central Americy to sowhern Mexi-
co. The Neotropical rainforest comorises ahout haif the global areal totat, and
ahout one-sixth of the area of all broad-leaved fotests in the wortd. The secund
large bluck occurs in the eastern tropics and is centered in the Malay Peninsula.
The thirdisin central Afe

e e RS

in the last millior. years may be substantizl, For ‘nstance, miologists Stors Olson
and Helen James have published data suggesting that as many as & thousand
species uf birds have disappeared fram the Lurih iz the last two o five millennia,

Normar Myers estimates that between 76,000 and 92,000 syugre kilometers
of tropical farest ace lost sach yeer to logging and field clearing, and that an addi
tional 100,000 kilometers are grassly disrupted. This means that about 1% of the
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world's tropical forests are disappearing each year, a rate that will lead to the
complete disappearance of all tropical forests in one century, if current practices

submergence sl an eroding 1slund obviously causes the immediate extinetion of
many species thet once dwelled there. Others will die off later in time.

contirue. Biclogist E. O, Wilsan, i The Diversity of Life, estimatad the rate of
reapical forest loss in 1989 to be 1.5% per year. The Food and Agricultural Crga-
nization (FAQ) of the United Nations officially placed the deforesiation rate at
0,3% per vear in the late 1980s,

Daniel Simber.off of Florida State University aralyzed all available informa-

The rumber of individuals in any papulation of organisms is always fuctua -
ing. There may be long-term <rends toward increase or decresse, or even toward
constancy, but these lunger term trends are themselves made up of shorter-term
fluctuatiors. The fluctuations themselves have tradizionaily been thought ta be

tinn regarding the rate of forest destruction  data mainly derived from satellite
imagery and remote sensing. He found that the tropical forests of Asia are
aiready virtually gone. There are currently about 92,000 recognized plant species
rand an unknown m‘.mber of plant species waiti ng to he de.-.ulbed by science) in

(11]arvd that between 1950 and 2000 ’]mo%t 14, DOC' yldnl species (lw% of thc
total} and 86 kird species (12% of the totzl} became extinct m thig region. Il the
tropical forests ol the New Worid become restricted to current and planned
reserves and national parks, Sumberloif predicts that the extinction of over

ot

related to environmentz] factars: changes in food supply inereaszed or decreasad
predztion ar competition; physical environmental changes such as long-term tem-
perature change or habitat change. To understand these changes, ecologists have
developed a series of equations that describe how birth and death rates—the w1t
ate de'Lerminants of populatior_ size—--are affectad by the external environment,

Frst appreaawd by Roert Max In th_ 0705 Md\, show ed that populauon ﬂuc
tuations i many species of animals and plants are not necessarily rardam, bt
mnstead may be an aspect of chaos, the relatively newly described phenomenon in
woich apparent randomness isn’t zandom after all. Although governed by precise

Bt Gt plart species (663 and 4 87 Dird species 1095 Fwithooour betweemr 26554
and 2100 A.1;. Simberloff concludes that “the imminent catastrophe in tropical

mathemzTicat Tiles, the Fehavior of a chaotic System is virtually ropossible to pre-
diet. It may be that some populations of orgunismes show wild fluctuations that are

forests 1s commensirate with al} the FICat IMass exXtinCilans EXCept for that ot the

end of the Permian.”

Recent Losses and Causes

Since 1600, a2 minimum of 113 species of birds and 33 soecies of mammals are

catsed not by external conditions, such as cllmate change, but by deeply rooted
and complex dynamics isithin the ecosvstems in which they reside. May also
showed that the peographic distribution of arganisms may be related 1o fuctors
other than the external ervironment. May and his colleagues showed that populz-
tion fluctuations within a patchy (or irregular) distribution. may not e related sim-

knaown to have gone extinet. But these anima’s are large vertebrates, which through
time have had a far lower background extinction rate than 5 per year. About three-
cquarters of these extinctions took place on oceunic islands. Ilisterical records also

suggest thas, since 1600, extinction rates for these two groups have increased by a

per century and 1% of mammals per century. Lxtinction rates in other groups of
arganisms have only besun to be tracked, but they are signiticantly higher than the
historical average. Ir: the Einited States, there were twice ug meny species of fish
{350} classified as endangered in the 1990s than there were a decade earlier.

ply 1o the favoraoility of each patch, but might be far more complex.

All of these findings have profound implicatinns for conservaszion biology
and for the understanding of mass extinctions. In theic 1996 book, The Sixth
Fxtinction, Richard Leakey and Rogcr Lewin point out that
striving lor balence. I 1s a more interesting place tha.n that. Then 18 1o denvmg
lrat adantation o loca: physical conditions and such external forces as chmatic
events helps shape the world we see. But it 1s also apparent thar much ol U
pa‘r‘rr ro we recognize—both intime znd space  emerges from nature herself.

The IIld_jUr i:d.\,_Ul’ dIi\f’i.]_g bl_k’i_it..b o et T .}\Tlﬂ_l.ll Aarerica (aud c{:nc.
where in the world) appears to be changes I habitat, such as those <hat ocour
through ¢limare change, desertification, or deforestation. Ilabitzl perturbation
ulten causes rapid extinction of species: the drying of a freshwater lake or the Tinal

Fhx ot g urSIQ,'hT._CV"IrIflt T THa the work of coTservation -
agement is made wore difficuls. It was long selizved <hat population numbers
could be cantrolled by managing external conditions (zs far as possible’. "L'his

must now e recagnized as no longer the feasible option it was imapined 1o be,
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Birds are relatively largs and bighly conspicuous members ol the panet’s biotz,
and thus are among the best-know:. groups in terms of both their current diversity

b " ' n te] 1 I ] | Ny 1
O Eartinwent et on rranos -kttt beat-betore Eu“;l_n,nh. coratactIn

cach case the extinctions postdated the first huwmun contact with each island.

zud their history of recen: extirctions. Because of this, they play a prominent role
in our study and understanding of biodiversity loss. Birds also have the potential to
leave a fossi. record of (hemselves, so that diversity levels and losses in the past can
be measurad.

In 1947 Dawid Steadman, curater of birds at the Florida Musewm of Natura,

Predicting tieTutareof hirds iz roeasy feat T ey bethat themostsusceptt
ble and delicute soecies have already gone, or will soon ga, extinet, Perhups the
loszes we have seen so recently will be the major losses. Yet many bird experts zre
not se sanguize, and see the cngong cutting of the world’s forests—and their
replacement with agricultural fields, an entirely different type of habitat  asa fac-

History, summarized losses of bird species since 1600 on both continents and
islands. Steadman posited that humans have caused extinctions of birds in four
mazir ways: divect predation (hunting, gathering egps, or removing hestlings for
cuptive breeding and pets;, introduct'on of non-native species deleterious (o bird

LR B : - Th . ] - .
survIvel e EJ].:_’.o.l"} UF dx.‘xcm‘!c, c_ud hubutu{ d»‘;l'adﬂ..l“" arlasaOf the eania ke Lul

tor ensuring the continued loss of bird species.

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

mately 10,000 species of birds on Farth today, ahout ove fourth have restricted
hreedine ranges (desigruted s 50 000 square ki:ometers or less). These are the
species most susceptible to extinetion,

Li:tle is knawn ahavut the prehistoric human impact on birds in most continen-
Tal temions, DUt INoFth AAMerica 18 One eXCepioT. S0 =fteronmarsarrived—is

One of the great dangers Tacity those who attenipt o prophesy Is that estimates,
coming from the best of intentions, may become more catastrophic than the data
warrant. Extinclion is an emotional issue for many of us, even {or especially’ sulen-
tists, and emotion can color judgment and distort ohjectivizy. There is a very real
possibility thet estimates of current extinction rates are intlated. Few studies are

North Americy, sbout 11,060- 13,000 years ago, between twenty and forty species

able to pinpoint how real the threat of elevated extinction rates really is, or how
prolonged it will he. There 1= a tendency by some working in Lhis field Lo cry doom.

of birds went extincl. All of these hirds may Nave been Ued 1Mt GCO5YSIETS
dependent on the large mununals that also went extinct at that time. It is likely,
(hen, that the birds’ extinctions were only irdirectly tied to human causes. From
11,000 years ago until 500 vears ago, only two additional bird species went extinct
in North Arnerica. Since the arrival of Eurnpeans approximaltely 500 years 2go, an

when a much mere muted response may be justified.

It is clear that the planet is in a period of elevated extinction rates. But just
how elevated, compared with the period prior 1o the population run-up of our
own species, i3 the most pressing question, and one that is very difficult to

edditional five to seven birds species have gone extinet, with five of these exunc-
sions occurring in the last 200 yezrs (the great auk, Lahrador duck, passenger
pigeon, Carolina parakeet, and ivory-billed woodpecker). Fight more species [the
California condor, whooping crane, red-cockaded woodpecker, nlack-headed
viren, pa.den-cheeked waibler, and Kirsland's warbler) are so close to extinetion

ahswer Lhere is o possihility that most of the consequertial extinction (e
amarg the megamammals) has already occurred, and hat little further reduction
in the Earth's biota will accumnulaie over the next few centuries or millennia.
Thus it may be that the estimation of losses through mass extinction is wildly
overstated,

that only expensive, concerted captive breeding efforts (such as that taking place
for the condor} will save them.

The rates of aviar extinction in tropical continental regions outside of North
America have beer litile studied. [he palesntology of birds is far bettez known for

. . R N ands srial er local

Eollowing are several reasons why the current mass extinction may be less
severe than many estimares predict:

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

populations of all organisms and, as 4 result, greater sensitivity to extinction. Of
the 108 species of birds known to have gone extinct worldwide since © 600, 97%
carme from islands. Tven more extinctions occurred in prehistaric dimes. Steadman
estimated that at least 2,000 bird species, or about 20% of the totel diversity of hirds

Tor all o the extinctions currently thought to be under way, actual case husto-
ries of extineions are rather few. Those species that have gone extinct, ranging
fram the dode to the passenger pigeon, may be species that for any number of vea-
gors were extremely susceptible 20 extinction to begin with, Extingtion requires the
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death of every llving individual of a given specics. Al species are the resuls of atorg
period of evolution. They do not just go away; something st eventually 2l them

T I I | 1 " L
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Several types of climate change could reduce the current area of farmland ard

all off, and that cause must be suffictent to end a history in most cases counted n

millions of years.
2. Conservation efforts will be mare successful than previously thought

Worldwide conservation effarts have brought ta light the plight of many endun

hence create pressure far further habitat conversion. Global warming due to the
greenhouse effect could cause the tropical regions to increase n size. This in tarn
would cause an expansion ol the desect areas at higler latitudes, producing an
adverse effect on the grain belts located there. If gra‘n regiors migrate Lo higher lat-
imdes in turn_they will suffer shorter ard harsher srowing seasons, and thus

gered species. Virtually every country on Earth now practices some foren of corser-
vation, be 't by preserving large natioral parks or by protectir.g individual species or
given habitats. These efforts have accurred only in the last two Lo three decadeson a
wotldwide basis. Yet they have already registerad a numher of remarkable successes.
notubly in the restorat’on of whale and large bird species. Bans on dangerous chem-

rechiced yields.
A second and opposite ellect would be a return to a new glacial interval. The
current warm period i but an interglacial inferval in a long pattern of glacial

cvcles that hes been operating for more than 2 million years. If past patterns are
1

icals such as DDT have vastly aided this process, These efforts zlore may be sufts-
cient fo reverse the course of the oncoming and ongoirg mass extnction.

3. Fxtinction rates have been overestimarted

" 3 a v
our very poor knowledge of the most basic baseline figure. the actual number of

Tos {ieure the reduction ab -pa"io numbers

i | 1L ] £ £ : i 3 1 . x4 ¥
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and cover vas: regions of the Larth in some of the most productive agricultural
regions.

2, Bealevel chanpe

TETupTHon 0f AgeicUIDUre GOl 2is0 CoIMe (FOIn A [ISe 11 Sed Jevel. Lyen smatl
rises in global sea level will cesuli in significant land reductions in agriculturel

::E_lt.u'.t,: otrEar th, =rrd-theeozelar vt rhas L3=as s

among various taxanornic groups and specific habitats. In very few other avenues
of science are the error runges quite so great: an order of magnitude separates the
high and tow figures. Tt muy be that there are a very laree number of species on
Eaztly, and thet a relatively low percenlage of them have recenly undergone exting

regions, and such small-scale rises will come about i} current globa. warming pa’-
terns corlinue. River deltas, lor examply, are amony the richest of all agricultural
regions, and the first to be inundated by any 1ise In sea level. New evidence gath-
ered from a study of Antarctic zlaciers in 2001 indicates thet the rate of sea level
rise may be three or four times faster than the worst-casa scenario of the late 1980

Tior, or will di 5o .0 the niear tUture,

Why the Modern Mass Extinction
May Be Worse than Projected

PPy s P r(—\:t!w "rv\'_'l oS

and early 1990s. There may be a 20 (oot sea level rise in the nex: two centuries.

3. Greater than expected human population increases
As we will see in greater detall in g subseguent chapter, the number of humans
or. Earth greatly affects the vest of its biota, and surely extinction rates as well. If

SeveraHfactorscould dL}.\uLLbLl}f affectthe b‘l\llljg;k,al div‘.fﬁu.; o-tne-EartRar

to amplify the current rate of extinction. If we accept that the current levels of
extinclion are velated to the activities of humarkind  maost imporrantly, the con-
version af previously undisturbed habitat such as rainfuzst or native grassland
into agricultural wess—then anything causing an increase in such conversion

the human population reaches some of the more extreme estimates over the next
few centuries  aver 50 aillion peaple, for instance—there will certainiy be greatly
elevated extinction rates.

The Earth currently has more species than at any time during previous geo-
logic epochs. This general pattern of increase ‘n diversity over time may hot con-

. e
sheuld adversely affect the blodiversity baselfie, ATy redUTIoT I TE T TuT
rently availab.e for agriculture would be likely Lo spur more conversion. This could
happen in several ways:

tinue, however. How it might change is described in the next chaprer.
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Be fer-Tle ard multiply, i the Earth and insil fear and terror inta
ail the animals of the Karth and birds of the siy.

(0D, in o conversation with Noah

n the now far-off decede of the 1960s a farmous bumper sticker graced many a
Volkswagen bus: Reunite Gondwanaland. In those days Lhe theory of plate tec-
tonics (also known as continental drift) was still in its infancy, and the waggsh
slogan was a cry to bring back all of the southern continents into the single continen-

Tal landmass -hat existed at the end of The Paleczoic €13, SoITe 2ol Miiion years ago.
In a strange way, that call has been heeded: Gondwanaland has been reunited. Not
inany physical way ~ Africa is not measarably closer to Australia or South America
than 't was thirty yearsago. But functional'y they have been brought together asbar-
riers to biotic exchange between them have been eiimirated. The common travel of

boats and ships across the oceans has shrunx those oceans by giving the anima’s and
plants of the now separated continents access to their age-old corridors of dispersal.

When Gondwanaland existed, it was a time of greater global homogereity, of fewer
ecarngical niches, of fewer and lower meountain ranges, of mare uniform giobal cli-
mate—and, because of these factars, it was characterized by far lower planetary

ven a completely degraded envivonment can be successfully exploited by certain

specles

but others ave sure to perish.

biodiversity than the present era. The functional reuniting of Gondwaraland may
teke us back to a lower global biodiversity reminiscent of that bygone age. Thas
renewed homogenization of the world's biota may set the aurrent mass extinction
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apar: from all such previous events, Zor after this event there may not be 2 subse-

—___quent diversity increase. The planet may wel. stay al the low levels typical of a sin-

estat'on, for example, ‘eads to the shrinking of habitat and thus to the loss of
species. This influential model was one of ©he seminal theories about the regulation

ole 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

factars leading to diversity are siiil preat bialogical enigmas. 3nce the Gambrian

Periad more than 500 million years ago, the diversity ol species on Earth has been

41 B
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of biodiversity through lime, While 1 was orginally designed o examine diversity
or islands, models patterned on the theory of 1sland biogeoeraphy have now been
scaled vpward to encampass continenfal and aven global scales of community and
evo utionary diversity.

the new muass extinct'on, which is causing a dramatic decrease of diversity on
Farth, will not be followed by a renewed burst of diversification, or even areturn Lo
pre-ext nction diversity va_ues until, perhaps, many millons of years have pone by,

\f‘far\ﬁ rthur and 371 -nn"_; :"r’{n’\f;ﬂnu car be used 1o prm']i(*f rales of extinclion
They found, for example, that an island always has fetver species than a mainland
or continental habitat area of the same size, even if the habitats are otherwise
exactly identicel. I'be implications of this finding are that parks and reserves,
which essentially become 1slands of habital surrcunded by disturbed areas, will

Trends in Diversity

What consrols the diversity of a given reg'on? Flow can a coral reef be so rich in life
and a sand bed beside it sn poor? Ard if we change scale, how can a large region be
species-rich and a neighbor'ng provinee species-poor? I£ we define diversity as the

atways safferatossof s T : : ; VI ™
habitat into smaller patches of disturbed and undisturbed remons will increase the
-ate of extinction,

With ihese implications in mind, paleortologist Michael McKinney of the Uni
versity of Tennessee has recently summarized the general traitz of global diversity:

numrber of species present In any given area, can we arrive at sonie rough mathe-
matical rule governing diversity? There are no simple answers to these questions.

[uy

Diversity {which can be defined here as the number of species in the habatal

Many factors enter into the equations, such as nutrient avai'abihity, habitat type,
and arrount of water: there are also numerous factors altecting the formation of
species, such as rates of barrier formatior, rates of genetic change, ard, especially,
rates of extinction.

Biolagists have lang recognized that diversity eppears to be roughly related to

being exanticd, be 1t an 1sialsd, A gIvel COTnInIty, OF [hE Larlh as a wio.g,
fhictuates around some meen equatlibrium value when viewed over a time
scaie we might call ecolngical time: tens to a2 most hundreds of years. Sorme-
times it drops, sometimes 15 rises, but generally it can be considered stable.

2. Although this mean equilibriun: value of diversty remains approximately

lebitat size, and thiz mekes good sense: the larger the area of habitat available, the
raore animals and plants, and at the same tine, the more different hinds of animals
and plants, can be accommodated. But is extinction rate also meleted to habitat size,
in some inverse way? Do larger habitats or orly larger popuiation sizes protect indi-

Ay erecies Frameestincton?
S EPeC

vongtant, the compunent species can and do change. Local extinction,
unmigration, and the formation of new species drive these changes.

3. [Tthe same systewn 1s viewed over geologic tizoe Mhousands to millions of
vears), the mean equilibrium value of diversity changes as forces such as

Somne rough rules of Shumbs about this relationship were first formulated in the
19605 by twe famous ecdlogists, Robert MacArthur and E. O, Wilson, who pro
posed a new theory relating diversity to habitat area. MacArthur and Wilson called
their idea *he equisibrium theory of island biogeography. In essence, it relates the

.l T 1 1 i 2 4 S T S b . EINT P
ared oo TADTEC To O T o specIes Prosen s i Dird ar cd i coet ot o

conttmensaldrftormassestmetonalier the mator habitatson Harty

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

species numbers, and they do so ir a predictable way Similar.y, as habitat area
decreases, species numbers fail. Because the namber of species bears such a pre-
dictable relztionship to the area available, we can analyze the way in which defor-

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

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

Qur understanding of the rate of diversification relies on the concept of niche
saturation. For many decades ecologists have used the concept of a niche to describe
how a particular species lives and interacts in its ecosystem. T he niche is somewhat
analogous to the profession of a species: what 1t eats, where it lives, what 1t does in
its community. As more and more species either evolve in or invade a given com-
murnuty with finite energy tesources, more and more of the available niches are
filled. ¥t may be that the overall carrving capacity of a given habitat, community,
continent, or even the Farth, limits the number of available miches, and that these
niches can become saturated with species, thus limiting the potential for new speci-
ation. Human activities appear to he reducing the number of niches available, at
least in terrestrial habitats. The replacement of a forest with a field, or a field with a
city, reduces niche availability. Suddenly the woerld 1s a less heterogeneous place-
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 1s so important, knowing what
controls that number is also important. Why are there not twice as many, or half as
many, plants and animals? Why are there more now than during the time of Gond-
wanaland? Although there is an enarmous scientific literature on diversity, this s a
question that has perplexed biologists for nearly two centuries, and it appears that
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there is no easy answet. "T'he most [amous book on the topic-—Charles Darwin’s On
the Origin of Species —-does not even address the 1ssue. 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, ot Why Are There So Many Kinds of
Animals?” do net examine the mechanisms leading to the origin of species, but
simply describe the maintenance of species once they have evalved.

Nevertheless, this problem was reexamined recently in a thoughtful essay by
paleontologists Warren Allmon, Paul Mornis, and Michael McKinney, who
attacked it in a different way. They asked how short-term environmental changes,
ar 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 copicus quantities around the globe, this
particular question is highly relevant to understanding and predicting possible
future trends in diversity.

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

Ecologists have long understood that there is a relationship between the degree
of disturbance and the ability of nature to maintain diversity. Many studies of
marine intertidal zones have shown that in areas of either too little or too much dis-
turbance, few species accur. The disturbances can be both abiotic- - such as a vio-
lent storm — and biotic— such as the incursion of a new predator. Both types of dis-
turbance create patches of open space or habitat. By reducing the numbers of
abundant species, they allow rare speties to maintain their existence or allow new
species to gain a foothold in the environment. In environments with little distur-
hanre diversitv droos as a few species outcompete all the others and dominate the
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species can mainiain vizble populations in the face ol high mortality. Maximum

diversity s found 1 areas that can be considezed 1o have iennediate levels of dis-
tutbance. Such conditons allow many species to survive, but do not allow any par-
ticular species to take over throurh predation or competition.

(n the other hand, *here have been virtually no ssudies trying to link distur
barce with speciation, or the ereation of diversity, Allron and his colleagues have

suggested that, lke the maintenance of diversity, the creation of diversity throuch
the formation of new species may occur n reginrs of intermediate disturbance.
Pzleontologist Steven Stanley has postulated a similar model, nating that “high
rates of speciation are actually promoted by legs severe environmerntal deteriora-
tion deterioration severe envagh ta elevate extinction sates to a moderate degre
bul not so severe as to cause wholesale extinction.”

This idea has sotme interesting impiications. It predicts that endemic species-
thase resiricted <o specific and hence small geographic regions  will encounter re.
atively higher levels of disturbance than more broadly adapted species, and there-

Foare uv]r:_\g[iunl'a bt hiches levels of orimnation and exfinesion. Thes s tep—tha
o : shnconHhese s 2

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

Pepene

rureber of pew-spesies-Yet thevalsehave the ishestextiretionrates:

Gilobal diversification remains a simp.e equation: origination minus extinction.
‘T'he highest net rates ol diversiticatiorn seem Lo oceur in animals with small Hody
sizes, short genemailon times, wide distbations, and high abundances—beetles
and rodents, for example. Although two of these traits—wide distribution and high

ahundance—seem [0 Negate new speciation, they Tetard extincton even mole. 1 ne
net result is higher diversification than extinction,

Compounded Disturbance and Ecological Surprise

All species have evalved in the presence af distyrbance Thus distudbances that

happen within a particular tange of intensity—no? too extreme—result in little
long-term chanse in the nature, compasition, and enerey flow of a population, ar
even an ecosystemn. But what of “compounded” disturbances, when major distur

bances accur repeatedly at higher than normal frequencies?
Tl 1 1 :
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1998 article. Paine has spent his entire research career studying intertidal organ-
isms and has contributed fundamental discoveries about the architecture of ecasys-

tems and diversity. According to Paipe, disturbances, ranging [rom snmall scale and

Defovestation and fragmentation are the future—and bane—of post-industriol
crosystemmns,
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frequent perturbations 1o large and infe cquent-catastraphes oo framr Sme
tirwe in any habitat, It is these cycles o7 disturbance that led to ecology’s first para-

widely separaied, however (as they are today}, there is greater heterogeneity ‘n
environments, less faunal interchange, and many moge species. Lwo hundred Gk

crolog eBstoR s o ewidespread mortali-
tv, leaving a residual asseml:lage of flora and [auna, which provides a legacy that
subsequent processes and populations use <0 rebuild. Even large, irfrequent dis-
turbances do not appear to override the biotic mechanisms that structure the even-
tual recovery. Paine and his colleegues used the exaniple of the matastrophic 7958

million years zoo, all the major continents were merfed, and biodiversity was far
lower thar 12 is taday. But hy introducing ron-native species across ecological
boundaries and consinents, humanity has found a way to funet; orally reunite the
various continents, as least as *ar as gene flow 1s concerned.

Since the majority of she Earth's bisdiversity todaytsFromd orroonritents Tand

Yetlowstome Natiora Park tre; which urned nearly 0% o the parz and was an
order of magnitude larger ‘han previous fires in the park reaion. Fven a decade
after this major event, *here have been no ecological “surprises”; the EeusVsTene
returning are sirailar to “hose present prior to the tire. Byt what if the park under

went another such fire ten years after the wst, and then another a vear afier that® 17

there is no reason to believe that this welationship has changed over the “ast 300 mcllion
vears, the processes of plate tectonics are especially important for life and its ecosys-
tems. As continents have shified their positians through time, they have affected
gohal climate, induding the overall albedo {the planet's reflectivity to sunli ght), the
accureenceof placiatioreventsthe AT of Geeanic eirculation, and he amounts of

SO M) OT Catastrophes are compounded, will ecosystems retan to their previous
state? Paine and his calleagtes argue that thev will not.

Compounded disturbance can be portrayed in two ways. Firat, it can oceur o
the manner proposed in the Yellowstone fire example. 1n which a normal commu-
nity undergoes a second (o- muluiple) disturbance before recovery fram the fiestis

nutrients reaching the sea. All of these factors have niological consequerces that a“fect
globa: biod*versity. Moreover, continental drift can help augment diversity by increas-
ing the number and degree of separation of habitats (whick promotes speciation).
Plate tectonies also prometes environmental complexity -and thus increased
bivticdiversity—or & global scale. A world with mounsainous cortinents, oceans,

completed. Second, a major stress can be supermposed on & cormmunity altered

and myriad islands is [ar more complex, and offers mere evolutionary chalienves

by soive significant disturbance, Fxarpies of the this second tyne ol compound
disturbance can be seer when fish stocks are depleted by overfishing and then
subjected ‘o some other type of lar ge-scale disturbance, T such a case their recoy

ery is markedly delaved, il it occurs at all, Climate change may produce the same
effect: a series of major storras one after another may markedly alter ecosysterns

Uian a plaret donunared by either land or ooran, James Valentine and Eldredge
Moores first pointed out this relationshir in a series of classic papers written in the
19705, They showed that changing the positions and contiguration of the canti-
rents and oceans would have far-reaching effects on organisms, Causing increases
inboth diversification and extinct'on. Changes in continental position werld sffect

that have evolved under lower <tarp Froqueneyregimes-
Paine ard his colicagues note that the prime cause of compounded disturhance is
human activity. The prime resull is lowered diversity—a retarn to Gondwanaland.

peean cutrents, temperatures, seasonal rainfall patteins ard fluctuations, the dis-
tnbation ol nutrients, and patterns of hiological productivity. Such charging 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 Farth taday with the feswest species: ervet-twothirds of =it

Plate Tectonics and Diversity:

The studies above {and many others as well} suggest that compuunded disturbance
produced by humarity may have caused the equilibrium level of world biodiversity
to drop. Yet there is a second and equally Important factor that is taking us back to

Gondwanaland: the functional removal of bacriers o migration. Ina way, to borrow

enimal species live on land, and the majority of marine species live in the shailow
water regions that wouid be most affecied by plate tectonic movements,

The most diverse marine faunas on Earth todzy are found in the tropics, where
corumnunities are pecked with vast numrbers o highly specialized species. Not only

ave there fouwer speciesathigherbatitudes—hot SPECIES COMIPORtion it d-ilerent from

tromrarutherteary bomper st.cker, we have indeed stopped continental drift.

One of the major inlluences on the equilibrium value of global biodiversily is
continentel comfiguration. When the various continents were united, there was
obviously easy faunal interchange around the globe. When the continerts are

that n the tropics as well, Most species have fairly narow lemperature limi<s
imposed by physiological adepiation, ard since temperature conditions change
rapidly with latitude, it's not surprizing that the north-south coastlines of cont-
nents show a continuonsly changing mix of species.
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Tr. 7596, hinlogist P Vitousek and three colleagues used mathematical model-
ing to project the number of mammalian species that would be expected on Eagthif

species they were brought n fo LonLlol Ironically, some introductions have

all o the contirents were reunited tnto the confipuration present at the end ol the
Paleazoic Era, sume 250 million veacs ago. They concluded that the world would
contait about half of the neerly 4,000 mammaliar species present 17 we reunited
Gondwanaland. These sane authors speculated that the cuzrert ransport ol mam-
mals {-om continert to continent is leading to an extinction rute of manmals that

occurred Jur purposes of eifher biotechnology or soierlitic teseareh, Fimatty there—————

have been many accidental introductions from ship ballast and airplane holds, of
“hitchhiking” seeds escaped from either wild or agricultural areas, and sunply as
side effects o7 habitat alteration.

The majority of introduced species do nol survive. 1t is estimated that ofa hun-

will yield approximately this zame global biodiversity: 2,000 mammalian species.

Aliens Among Us
\Whenever a species arrives in an area where it was ot previously found. there isa

dred intraduced species, approximately ter will saccessfully colomize or naturahze,
and only twa or three will become pests. But those that do often become major
problems, especially in fragile, endangered, or rare ecosystems, such as early suc-
cessional habitars, ecosysterrs with few species, and ecosystems that traditionally
have a low pumber of predaters or grazers. The pest invaders often show a suite of

potential for biological change. Such invasions of new spacies have nccurred

throughout reologic time, yet the rate of lnvasion has vastly increased during the

Age of Humanity. Taday, no azea on Barth is immune to such biclogical invasions.

I1 is estimrated that about 1% of all ‘%p?ci{c‘.ﬂ now living in France have been ‘ntro-
104 Hasea 1820 s d 100 Nar
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similar characteristics: they have 2 high reproductive potential, many oftspring,
and generalized habits and food requirements. They can thus be characterized as
“sicneer” species, in that they can colonize and Hourish in a wide variety of ecosvs-
tems. They are often human “commensals”—species that thrive in the presence of

]ﬁnmanih-

maore than 40%. These biological invasions are [.‘l;lr‘hn‘ ularly marked in floral com-

but there are now aver 1,700 non-native plants living there as wel A] hough it
could be arguad that the introdi:ction of so many non-nat.ve plant species has more
“han doubled the diversity of plant life in New Zealand, this is only a transitory
result. Ower time, many non-natives will inevitably drive the ratives to extinction,

'\7\, hﬂe the erea atest consequences of theae imras;-fnns are biologi:a_l, their evo-

stan wheat aphid causes as much as Sla(l m11]10n I crop damage each year, the
Mediterrancan fruit fly as much as $300 million, and the gypsy moth about §750
miliion. The bull weevit may have caused 2s much as $50 billion 1o damage o cot-
ton crops during the twentieth century.

causin.g world bindiversity to decline.

Biolagical invasions aided by humans have come in thru, muyjor pulses. Over a
period starting several thousand years ago uniil about 1500 A, humen move-
rent ard migration caused the iransport of plant and animals mainly i the Old
World. Beginning in about 1500, however, a second phase of invasions began with

'he e Tate wffect of TNy Ivasons F extictote o mativespectesand
exam:ples of such extinctions abound. In 1959, in the Rift Valley of Africa, British
coloniels introduced a narshern African fish called the Nile perch e Lake Vie-
toria for sport fishing, The Nile perzh is a voracious predator un smaller {1shes.
Prior to its introcdhaction, he lake was home ta over 300 species of erdemic cich-

the increasing contact between the Old World and the New due w European explo
ration and conguest, during which many Old World species were transported 1o
the New World. The [inal phase began about 150 years agn with the globahzation
of species movement due to the vastly increased eflliciency of himan transport.
There bave been many reasons for these species introductions. In gome cases

Iid fishes. Yet by the early 1980s, when the problen: was hina'ly recogmzed, over
half of ‘he cichlid species in Lake Victoria had gone extinet because of the Nile
perch.

OF all the factors causing Lhe translocation o species, the exchange of ballast
water may be among the mos: imporiant and the most difficult to stop. Thou-

the introduced species were purposely brovghit to a new location to become ariu:al
or plant crops. Sorne were broughs to serve as ornamentzls or pets, while others
were introduced Zor sport or hunting. Still others were niroduced to conzal

sands ol species are transported around the globe 11 ships’ ballast water. When a
ship takes on ballast water, it takes up the plankion of & given region, which often
contzins the juveni.e stages of marine 2nimals and plants, These organisms are

|
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“hen discharged when the ship reaches 1ts destitabion port. UJne such (nvadeT was
+he infamous zebra musse., which made its way into the Great Lakes of North

£
NTIE T Jtd.l ll

a3

from the size o7 its gengraphic renge. In the late 1li8us. blOlOglth I. Brown and

America. The zebra mussel, which originated in Europe, 1s an extremely ell:cient
filter-leeding organism, straining plankton from the surrounding water so effi-
clently that it outcompetes native species, which then starve to death. It multiplies
rapidly, astaching itself to pipes, boats, and the shells of other mollusks. Zeora
mussels clog water intake pipes, thus affecting public water supplies, irrigation,

N Naarer showed tiiat Sp(’.{:le.'-‘. nt Nori Armericer birds withrsoatt guugmluu\.
ranges almosl always had low population densities within those ranges. In other
words, theve are virtually no species ol birds in North America that are both nar-
rowly distributed and abundant within their small geographic ranges. On the
other hand, birds with widespread ceosraphic ranges are usually abundant in

sewage ‘reatrent plants, shipping lanes, and recreational activities.

Gavernments zround (he world are trying to monitor the alien species arrivirg
in ballast water. A recert study conducted un Japanese ships entering Oregon ports
discavered the presence of over 330 alien species being discharged 1nto Oregon

ateps Amang the most undesirable of such invaders are predatory crabs, which are

most regions within thelr ranges. Although we see this all around s, il 1s not an
obviously intuitive finding; but it is a generalizarion that has the uiraost impor-
tance for picking winners as well as “osers among species in the commg years.
The corre.ation between ranee size and abundence can be understood oy look-
ing at the geometry of species ranges. Geographic ranges exist because they encap-

Capable of wreaking havac or: shellfish beds. Such an invasion began in the 19%0s

with the appearance of the green crab in Washington State. The green crab ‘eeds on

srnall clams, and is capabie of decimating local populations of clans and snails.
Plants alsa sufter a grea? deal from: hiological nvasions. Because plant seeds are

thess non-natives, such as Ludzu were deliberately introduced to contro. sail era-
sion. Others were irtroduced as agriccltural crops, Or: rangelands, invasive placts
such. as cheatgrass crowd aut mare autritious native plants, cause sofl erosion, and
pose threats to native wildlife.

sulate all the areas where a species can exist. 'I'hus the outer lirits of a geographic
-ange tend to be less favorable areas (or the species than the interior of the range. i
ske size of the less favorable perimeter 15 large relative o total area of the range, it
becomes hllul.mg to the overa]] populatien, and small geographic ranges have

hier nerimeter-to-area ratios thar large ones. Not surprisingly, then, wher a

tht kchhood of extinciion b\: affectirg the rate of extinetion of local populations
that find themselves confined <0 “habizat 1slands.”
This correletion between range size and abundance is the single greatest night

mare nf conservation planners The urbanization and “agr' culturaiization” of the
1d whileprentl:

Fven more deleterious thar, these plant invasions has Degal the dansport of
plant pathogens from one part of the world to another, Dutch elm disease dew
maied elm trees ‘n both Fngland and the United States after it was acaidentally
imported. The introduction of the chestnut blight from Asia o Amer:cain 1890
drove the American chestrur tree o the verge ol extinction in less than f:fty vears.

W ULlu_l le. uk’ul {J AT cuuug uu:. AITEES uf Trrorstoetre Speches Wil gie .-.‘).' .xp'md

ing the geographic rar.ges of agricultural species. This effect will i essence spell
doom for a majority of the world’s rare species, many of which are “megamam

ma’s." Once again, the conclusion of the Age of Megamammals 1s the functional
rzuniting of Gondwanaland.

In Australia, native Jarrah “orests have been destroyed due to the introduction of a
raat [ungus inported rom Fastern Ausiralia.

Winners and Losers

Predicting winners and “osers in the future can be as perilous for biologists as it is
for stockbrokers. In both cases, hawever, there are some clear signs of what may
prosper (acd even diversify’ and what may die out.
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There may not be room encough o Zarth for horh antruals and
human developinent.
—ROGER DISILVESTRO, The Endungerod Ringar

an we predict what the future course of evolutiun may be? [t 15 sometimes
tempting to make fanniful conjectares about the nature ol luture species.
but it 1s also generally nonscientific. Trying to predict the shapes, colors,
and appearances of new species would be lartasy, not science. Yet it is possible to

ke Ut types nfpredetions: baged-onwhatwelknevs through-the sk af the
evolutionary reccrd.

The first thing we can be sure of is that following the current mass extinction
there will be empty «cological niches, and these niches will be filled by newly

evolved species. But which species will il a given niche  here is where a crystal

Ball is necessary. Stepher Jay Ciouald fas long argued [l chance witl be the mmajor
arbiter in deciding which species will replace & newly extinet taxon. For exainple,
perhaps the extincsion of thines and elephants will trigger the evolution of some
group of anzelope species toward gigantism to {ill the gap, or perhaps the replace-
ment will come from domestic horses—which it will be 1s mostly a matter of

Climnate is one of the most diffizult things to predict. But one thing is certain: man's
affects on it have heer enovmions dand the fuiure will be problomatic.

charce. Yet other evolutionists are not sa sure that Gould 1s cormect 1 this view,
Palennto’ogist Michael McKinney (amang others) has argued that the best chances
of flling the new niches belong 1o what he calls superfaxa, species belonging to

ey
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are the rodents, snakes, and pagserine birds—all of whizh are extremely species-rich.

NicRinney pointed Gut — s Sice Uiese groups ate generally compoged of generalists
rather than specialists, their members are abundant—and that the same traizs pro
wonting numerical dominance also .ead to an ability to diversify rapidly over long
periods ufthue. Ancther characteristic of this group is smail body size.

Second, predicting the nkeup ol any tuture biota requires an understanding

THE NEAR UTTLRE
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megacities,

Very {ow animals [renslorm [helr Nabital a5 extensively a8 Homo sapient Goes,
and of all our transformations, perhaps none are so visibli as the tormation of clties.
While many of 2umanity’s changes, such as deforestation and the planting and
maiplenance of agricultura’ felds perturb and then change one fype of biological

systerr: inlo another, the building of cities is a widespread transformation of the

of what the new range of habitats on Earth will be. Wlule the energence vl human-
‘ty as the dominant species on Farth has changed things such ag the degree of gene
flow between once olated populations and the commuonness of alien invasions,
perhaps the biggest change has been in the nature of habitats. Humanity has trans-
formed the Earth’s surfuce by producing physical habitats that have never exieted

organic into the largely inorganic. Termite nests, praivie Jug towns, and a Zew other
examples are slight intirrations of this prucess, but true conerete jungles have of
course been altogether uninown prior tn ours.

Humans had been building up <o large-scale cites for millennia, but the acvent
of the Industria. Revolulion changed the nature of oities forever. Once places

befare. Through the emersence of megacities, the changeover from old-growth to
managed agricultural forests, the spread of agricultural landscapes, the fragmenta-
tion of native landscapes by roads, changes in the ecalogy of the nceans due to the
disappearance of larse fish, mangrove, coral reefs, and scagrass beds, anc the
rhemical ‘makeaver nf land and water habitats with pesticides ang chemi

pallutants, humans will undaubtedly Fave a marked effect on future evolution.

Blataral selection wall [‘ir(‘\"]llr‘_o newvarienes of Life to deal woth o set of new erpa-

where trade was centralized and peaple lived, cities became, during the nineteenth
century and throughnut the twentieth century, the places where Zactories and
industrics were located. The effect was to bring pollution o the bedroom.
Ebenezer Howard, an carly urban planner, Jeseribed these new cites as “ill vent:-

, salthe ” The French architect Le Carbusic

wig more poetic in his denunciation: “They are ineffectual, thev use up our bodies.

ronrenta. concitions never before encountered on the plane:.

Cities

thn:_; thumrt our souls

Urbanization is clearly transtorming taz Farth. At the dawn of the twenty-tirst
century over half of hurcanity lives in urban areas. By 2030, demographers es*i-
mate that twice as many people will live in urbun areas as 12 rural regions. As ithe

twentieth century comes to a close, cities anc urban regions occupy about 2% of the
il i T4 [ Eil

Trthe lete te7os Hlew fromthe Yooatim Permtms i to o .}msc]c. Swith-astoprvet
in Mexico City. While Los Angeles was well known to me at that time, 1 had never
been s0 Mexico City, and loozed forward to the experience.

Qur plane lifted from the lushly verdant Yucatin on a luminous day, and we
(lew over a starkly visible Mexico. The flight was not very long, and a vista of

Ed.f. 'Lil'b }.dl]LI bLLL;‘d‘_l; . ‘J. L:.‘L Lll(_.} Tt B0ATE ?J i lJf‘ 7 de_thrb LIL3 9 10 | Lt dl]d 1 C}uda( )
concomitant areount of waste material. They are not only centers of human popu-
laticn, but centers of Auman procuction and cunsumption.

Urhan‘zation has five major effects: it produces an increased demand [or natu-
ral resources in the area surrounding the city; it obliterates the nazural hydrological

mountains and [oresls passed Tar Deneath us. Eventually T spotied a distant
mountain, larger than the others, and as we approachied T was {illed with wonder.
Never had I seen a mountain like this before, perfectly dome-shaped, brown n
color, impossibly tall, a vision that enlarged and degenerated into iImplausibility,
Our pilet headed straight toward the summir of this grea: mount, and just as we

cycle at the site of the cavy; il reduces biomass and alters species composition i and
around the city; it produces waste producls in high concentraliung that can alter the
environment around the city, and it creates new but aitered landforms through:
landfilling and reclamation. What is “reclaimed,” o course. 15 penerally natural
wellands or lakes. Citles replace natural forests, grasslands, and other vegetation

were about to crash into it, I realized what it wus: the air over Mexico City, a
motntain of polkation covering the huge sprawl below. Even inthe 1970s Mexico
City mnay have been the world s largest city, and it was a sure vision of the future,

with concrete and brick. These changes vastly affect the flow of water through the
site of the city, senerally causing water movemens to accelerate.
Canadian eronomist William Rees has brought attention to the concept of the

SU
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ToolpTint of cities—the area of tand requited 0 supply thent with food &ird T
ber procucts, as well as the acea {and plant growth) necessary to absorb the carbon

MIACUIES Uy CiUes calses tharked c.Ianges i ail qualily. 11w reiedse of huge
amounts of carbon diexide and other greenhouse gases that may not readily dissi-

dioxide output they generate. One such "footprint, ™ for tondon, was caloulated by
Herbert Girardet of Middlesex University in Greal Britain. Londen was the first
of the “megacities,” being the first urban area to attain a population ol a million
people. Using the analyses pioneered by Rees, Girardet calculated that the foot-
print size of London 1s 123 tes its surface area. The city covers 159,001 hectares,

pate ou? of the ¢city center itve’l provides ariinsulating Blanket around the oty core.

One of the most salient effects of cities is their formation and accumulation of
waste. [n earller times the solution was simple: dump the garbage in the poorer
neighborhoods. While this system has changed in more developed areas, 1t stil’
goes on in poorer countries. Perhaps the most striking exarple of this practice was

and its footprint is thus 0 million hectares. This is larger than all of the productive
agricultura. land in Great Britain pat together—for just 12% of Greal Britau:'s totad
popualation.

All of the key activities of cities  transport, heating, manufactuning, the gener-
ation of electricity, and the provigion of se-vices  rely on a steady and rezular sup-

in the Philippines. In the 1930s Manila began to dump its escalating volumes of
waste in a particularly poor neighborhood. The mini-mountuin of trash was named
Mt Simeckey because of the haze from burning methane, and it wwered 130 feet
above sea level in a city built at sea level. Even more striking than its size, however,
was the blomas aat this beap of garbape sustained. In the early 1990s it

ply af Zoss'] fuels. T.ondon requires 20 million tons of petroleum each year  and in
the process of converting that petroleum to energy, discharges 60 mi’lion wos of
carbon dioxide inlo the atnusphere. Every day Fonden disposes of nearly 7.000
tons of household waste.

PrE—cH T e 3 2 kL al and b

lusical factors. The liberal’zation of political systems arcund the world in the clos-
was accompanied by urban growth. Unfortunately, many cities are cecaying as
they arow, of canne: keep pace with population increases to provide sanitation,
fond, and chemical-free environments. Thus urban puverty is driving many of the
changes [ound in cities today. Current growth projections suggest that there will be

was home to some 20,000 people who made a living out of sifting through and recy-

cling the waste and eating its remains; they lived there, fed there, and bred there,
The vast amount uf wasle material generatec by cities is transforming e

Farch, and just as surely promoting new stralns of evolutionary development.
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mere g0, they are habitats for lagions of insects, birds, and small mammals living

ot N Ve <20 OO0

b . tffeFtteesctimated<hs
of food each day [or its human inhabitants. About half 1s transformed into human
energy; the rest becomes human sewape and “wastage.” "Lhis vast resuurce 15 an
evolutionary target of opportunity for the animals that are now exploiting it Lt 1s
clear that 10.000 tons of food mazerial a day was not appearing in the small area

A min munt ol TOU " negacilies Wil populations of over $ nLIIon peopie by 2036,
These environmental anomalies will 1ave profound effects on both local and, ulti-
mately, global climate.

Climate statistizs for recent decades have shown that mosl cites are warmer
than the countryside surrounding them. Thus the buundary between the country-

fiow known as ~Now Tor< Cily priet t the presence ot the oty e retattvely sodder———
appearance (by the standards of geologic t'me) is a sure stimulant for exploitation,
and mizht spur evolutionary change ax well, so as Lo optimize that exploization.

The first zonsequences of evolutionary change within this systent are probably
hehaviveal — the aspect of evoluntion that is least visible but probably among the

side and city forms a steep thermal gradient surrcunding anurban heatisland. Tae
heating of cities is a product of several facturs, The tirst is the absorption of solar
energy. Most roads and many city rooTs are made of dark material that absorbs
miore solar energy than the surrouncing rountryside. These city surfaces also have
a hich capacity for heat storage; concrete and tar roof surfaces both store heat by

fastest to appear through natural selection. The body of o rat or a cockroach 18
acmirably “preadapied” for Lving in this new habitat, the garbage dump, and may
need little marpholngical, nr body plan, adaptation to exploit it. Yel the new chal

lenges of city living have undoubtecly a'fected the genetically coded behaviors of
these anirrals, and will continue to do se. Since for the most par: we view the ani-

day and release it at night to a far higher degree than does a vegetated land surface.
Second, cities are warm because they generate a great deal of artificial heat threugh
thelr energy vutpul. Finally, the concentration of large numbers of people and

mals living off our waste and garbage as pests, we do our best to exterminate them.
Any behavior that staves off this fate will be selected [ur and guickly incorporated
into the genetic systems of those animals. We may not necessarily see new species
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ot citydwreting organtems a5 the tertaries pass-atthough-we oy hbot trere-wid

be consequential evolutiun taking plaze nevertheless, much of 1t bebavioral.

Pehavior 15 ot all That will be clianzed; physiciogical adaptaton wik teramty
be necessary for city inhabitants as well. A consequence of cities and therr wastes is
the presence of toxins. Even the most expensive methods ol waste disposal, such as
high-tech incinerators and sn-cal’ed “sanitary” Zandfills, generate toxins. The most
important among the se are heavy metals, chlorine compouncs, and dioxin, all found

even in incinerator ash, Thesz compounds and many others make therr way nto
gruandwater eystems and <hereby encer the ecosystem ol the city. Animals inhabit-
ing cities, and especially <hose living in areas with high concentrations of toxins,
such as sewers, groundwaler systerms, and at the base of landfills, might undergu
adaptation to withstand high “evels of otherwise lethal chemica’s, high acic or base

cungentrations, and even <1e eievated temperatures [uund in smoldering landfills.
The ultimate changes, however, may be morpholugical. We may well see the

evolution of a bird beak specialized for feeding out of tin cans, or rats developing

oily fur o slough off toxic wastewater. Similarly, new breeds of house cats might

evolve arger size tn deal w - ats might something complete-

Iy different evolve? Could we sez the evolution of an animal specializing in the most

obviowsrescurceof all huran beings?

The Future Global Climate

Let us imagine a world of long ago, of very long ago: the world v 750 million years

Ao [T I A T W the fIrsmriTmets are Tustapperitg: betssdsothetimeof
“snowhall Earth.”

The discavery that, at several times in :s history, the Earth was covered from
pule wo pole with ice is one of the major geo’ogic finding v 'the laze twentieth centu-
rv. The just-completed lee Age pales in comparison to these lung-ago times. lee

Tocked Farth i its gnp, covering both land and sea. ] here was ViTTaaly 1o 1€ o
the planet, save for a few oases of warmth nex: (o undersea volcanoes. The discov-
ery that these “snowhball Barth” events vecurred nol just once but repeatedly, albeit
long ago, shows but one swing of the messy pendulum we call climate. Itisa’so a
lesson in how extreme climate change can be—and perhaps soon will be.

Some fauna have adapted swrpvisingly well to imhospitable urban landscapes, and wili
continue ta do so hut they unll be fewer and fewer,

No one dispuses that humanity is rapidly changing the composition of the
awmosphere, although there is still aveas debale about whether or not those changes
are causing a rise in mean global temnperature, also known as global warming.
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Anlhropogene, or human-mduced, produchion ol guses such as carbon doxde,
meraane, chlorofluorocarbons, sulfur dioxide, and nitrogen oxides have been rising

The nel result Fan he 1ncal EXENCL.ON O: @ SPEeCies if CIINALe Chalge 15 S (CIeny
fast. The third insight is that patterns of local disturbance will change as climate

cramatically since the Industrial Revolution. All of hese gases have the abiity to
absorb infrared radiation and reraciate it back to Fazth, producing the wel -knovn
“wreenhouse ellect.” 1o better understand the conuditions that will face life in the
future, we must better understand what the gas inventory of <he atmosphere will be.

As we all know, predicting the weather is a chancy business, Trving to make

changes. Fore ‘s one of the principal causes of disturtance in mordern forest ecosys-
tems: as c.imate changes, the pattern and {requency ol major forest fires will
change as well. Changes in such disturbance patterns muy produce a greater
chunge in an ecosystem shan the climate change itself. Fourth, it seems that multi-
ple environmental chazges can produce unpredictanle responses 1n ecosystemns. 1f

valid long-range predictions for the next several days 15 hard enough. Dring the
same for the next few thousands of millennia seemns impossible. Yet in some ways
the ong-term view is clearer than the shozt-term view, Almost all saentific infor-
mation tor date suppests that slobal wariring will be a long-term reality.
Predictions about the possibly of olohal warming over the next few decades and

centuries come trom a class of moedels known as General Circulation Models
{GCMs). A starting peint of these models is the precicion that the amount of car

bon dicxide in the atmosphere will double over the next century. This doubling is
sure to have profound ecologizal effects, including greazer temperature increases in

14 S

globe, decreases in precipilation 1o these same mid latfude regions, and an

encugh sources of change come to bear on a given ecosystern, LEs Te3pONses May not
ke predictable. We may be on the verge of seeing the formation of Lerrestrial plant
communities unlike any that have existed in the past  not through the formation
of new species (faithough that may happen as well), but through novel compositicons
of oroups of species that have no ancient community analogues.

Annther Jactor will be the response of plants to increased levels ol carbon diox-
ide (CO,) in the atmosphere. Many plants increase their photosyntheiic activity
and growth rates in response to zlevated amounts oF (),. A result of increased
GO, levels wil. therefore be greater global plant productivity, fasrer g-owth, and

erLes (:\n the ot her hand there are distinet differ-

ences amaong plants in their responses to raisec levels of CO,. Some plants (using

T EEs T HTSevere stormr patter s,

Such changes will affect the entire biosphere, but will have sheir most marked
effects on p.ant communities. Because <7ere 1s so much paleontological inZormation
about how plant species and communities fared during the rapid climate changes

acconpanying Lhe end of the Lee Age over the past 18,000 vears, waere 1s sume rourn:

. 1 4le o (T ot odheis snctlararo oy e o] P
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(303, in the present day a*mosphere, and will not respond with faster growth or

corelyssi

productivity if €O, 1s elevated glubally. A second, more common group of plants
‘thosz using the sn-catted C, metabotic puthway }will respond Se the mereased (0,
with enhanced growsh. There are other determining factors as well. Plants living in

tor ophinrsm that reazonable projectzons asout oncomung climate changes can be
made.

According to palechotaniats, tour prime lessons from the near past are applica-
ble 1 the near luture. First, it seems that species, rather than whole communiies.
respond to climate change. Over the past 18,000 years, the species compustlions ol

high suess conditions and Those from highty distured tabtars wit show Titte
effect, while plant species that are stress-tolerant will do hetter. Peraaps 15 will
come as no surprise that the winters in o new, CO,-rich environment may be
weedy species.

Although €O, levels will have an important efiect on plant community com

various North Arrerican forests have changed considerably, vet the forests them-
selves have persevered. Whole communities and biomes do not resprnd to climate
change, bu: instead change their species compositions, Second, the responses of
individual species to climate change are ollen accompanied by a tme lag. Tepe-
cially rapic climate change tends to overwhelm many plant species because thev

positions and gmv;'Lh ratzs, by far the single most significant facor affecting plant
community composition and growth is water availability. "Uhere is an enormous
amount of variation among plart species in <heir ability W withstand drought, so
[uture patterns of precipitation and runoff araund the elobe will attect <he makeup
of plant communities most. As global temperarure changes affect water distribu-

are incapable of dispersing rapidly enough to move with the changes. TFor example,
the eastern hemlonz tree ran disperse at a rate of 20-25 kilometers per century.

However, dimate patiemns can move at a ralz ol over 300 kilomelers per century,

t'on across the planet, plants will be foreed (o adapt to rapidly changing condmons.
In his chapter “Appreciating the Benefits of Plant Biodiversity,” from <he final
syrentisth-century installment of the best-selling series The State of the World,
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hozanist John Tuxhill suggests that the first signs of changing carbon dioxice levels
are already being observed in tropical rain{urests. Tuxhill notes that the “turnover

AllEough S7z grear Briieh Zocl05ist | hothas Fuxley opined tiat - ail the grea:

ser fisherier are inexbaustible,” the results of a cenury of exploitation contradics

rule” of tropical forests— the rate at which old trees are replaced by younger trees—
has been increasingly steadily since the 1950s. As a result, the forests under study
are becoming “'yuutiger” through increasing domination by shorter-lved trees und
woody vines “hat grow faster Lhan the tall hardwond trees that make up the old cli-
max corurunities. Such trends will favor a radical changeover (n the species com-

that statement. The reduction of large carnivores n the sea represents a rachcal
restructuring of the sinale largest habitat zone on Fartly, Perhaps this restructuring
wil instigate future evolution, bu* can any outburst of evolution occur while fish-
ing pressure exists?

Humang depend on the oeeans (or {ood, raw materials ond minerals, and rans-

pusitiun of the tropical forest. Tuxhill also notes:

(ilobal trends are shaping a bolanical world that is most striking in ivs greater
uniformity. The richly textured mix of nstive plant communities that evolved

L 1 - - iy - g 208
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portation lanes, and the strains of those uses are showing. Tt ig estinrated that the
oroportion of marine fisheries stocks <hat are overexploited has climbed from
alimost none iz 1950 to between 33% and 6405 as <he twentieth century came to a
close. The mest pressing threats to the oceans, arcording <o the 1,600 scientists

contributing ta the United Nations 1998 Year of the QOceans programn, are species

undet ‘nfensive cultivation or heavy grazing, land devoted to settlements or
industrial activities, and secondary habitats  shorter lived “weedy,” often
non-native species.

overexploitation, habita® degradation, pollution, climate change, and species intro
ductions. As one of these scientists put it, “ Too much is taken frurm the sea and too
much s put intw L.

The use of fisheries stocks at the end ol the twentieth century was staggering.

Uneer these conditions, van we expect substantia. future evolution i furest com-
munities? 3ince a very high diversity of plants hasalready evolved, there are probably

Theweoeld's human pmpul&tinn receined 6% of its tors] prnis\'n‘ cand 16% ofitg ani

mal prozein, from the sea, and over a hillion people relied on fish for at least 30% of

= glin ] £ ] 2ear

many species “preadapred” for the new conditions that are being produced now by
global atmospheric char.ge. While one can speculate and dream up new plant species
evulving (o take advantage of higher carbon dioxide levels, the reality is that very Lit-
tle new evolution may oecur within the dwindling Zorests of the planet,

their—anrmat = ety hup}_;l}. I:l’ to e thisesteh comestromcoastal zeney
fwhich also supply at least 25% of the Farth’s primary binlogical productiviey),
The major fish stocks showing & marked decline in catch totals includz sharks,
tuna, swordfish, satmon, and cod. As these stocks decline, new species are exploit-
ed in their place. Duzing the 1980s Jive low-value species—Peruvian anchovy,

The Oceans

What separates the current mass extinction from those of the past is that ittlz ornn
extinction has yel occurred in the oceans, and that changes in temperature, Wxicity,
and other environmental facturs there have been minor compared with those on

Soulh ASmcrican pilchard, japanese palcaard, C.hilean jack mackerel, and 7y askan
pollock—aceounted for the majority ol new landings. Moteover, the efficiency of
fishing is now such that formerly prosperous regions of the sea are becoming bin-
logical ceserts. The ence rich Grand Banks off Canads are now bereft of the end
that were once 5o abundant; the king crab fishery in Alaska has collapsed; the

land. But for how long?

While the oceans have not undercone an equivalent ol the megamaromal
extinction characterizing the last 30,000 vears on land, it would be a mistake to
assume thas some extinction has nol oceurred. The exploitation of fisheries stocks
hzs not eliminated more *han a handul of species, but its effects, from che large-

orunge roughy {1shery ol the Scuth Pacific is essentially nonexistent. Trawlng—
the practice of dragoing nets and chains across the ocean bottom 13 now so wide-
spread that it is estimated that every bit of the world’s continer:tal shelves is
dragged at least once every two years,

The rising human population is alse affecting coastal zones. Twa-thirds of <he

scale disappearance of whales and other marine rmarmmals 10 the reduction of the
large lish species used for human fond. have utterly transformed the biclogical
makeup of the oceans and the way in which energy fiows through its communities.

world's largest ¢ites ure ocated on seacoasts, and the environmental effects of <hese
burgesning Auman populations are radically changing the seas. The destruction of
seagrass beds and mangraove regions to allow humian settlement kas had a marked
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effect on fish stocks, since these habitats are breeding grounds tor many important
species.

A s 14 A L I |
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The seas are also the final resting places of most anthropogenic pollusion. River
systems dump waterborne waste into the sew; winds camry wirborne pollution ot
the sea; excessive nutrients Tom nearby cities create dense carpets of algae that ulti-
mately rot in the sea. Suck alpal blooms take oxygen out of the water and creaze large
“dead zones.” Much of the Gulf of Mexico is now afflicted by such dead zones.

Thetargesrengle tabitat—ypeor thesurfareof the amd-willbsoomrbeagrieaitural
lields. Most oF the arcient forests and the drier orasslands and savatnas of the
Farth have been, or are ‘n the process of being, converted inte farms, arnd this con-
version witl be 2 major contributor 1o new evolutionary events. But it farmers’
fields predominate, a second major habital Lvpe increasing in size will be deserts.

Other conzsequences of nutnient luading i the oceans are an increase 1n red dides and
an increase in paralvtic shellfish woisoning. Synthetic organic chemicals also end up
in the sea, as do radicactive miaterials and keavy metals such as mercury.

All of these factiors make the cceans one of the maost potent cauldrons ot future

evo ntionary changs Yet ofall nf *he ecosystems on vy h, 10z ocrans may see the

Chuite often, tields turn into deserts through poor agncultural praclces and reduc-
Lions in waler avai_ability.

By the late twentieth century the option of expanding grain praduction by cul-
tivating more land had virtually disappeared. From 1950 to 2000, increases in the
harvest of grain came from the conversion of forest and native grassland into grain-

least amouns of species-level extinction and, perhaps paradoxically, the most new
evoiution. The reasons are several, First, despite ouwr best efforts, even completely
overexplodted and subsequently “rrashed” fisheries stncks do not go extinet. But

they do not recover as long as fishing continues  and as long as there is a large
L

1a Tots I . AL £
T Ao ol T e W DE GV ET T

areducing tields, but this oprion has been exhausted. The few regions left tu exploit
include the cerrado of Brawl, a semiarid rangeland in the east-central part of the
country, the area arvund the Conge River in Alrica, and the outer islands of
Indonesia. At the same time, vast areas currently used for growing grain will be lost
t¢ human housing, or through seil eresion and land desradation. The armount of

gt thevarre-tare thevasteireof the
oceans and their lack of native habitability by humans will always provide a buffer
less perturned than the land. Thus, as new species are formed [beginning, always,
as tiny isolated populations), there 1s less chance that human inservention wil
innediafely stup the new speciation process.

Second, the removal of top carnivores—the species most exploited by

cropland per persom on Earth (s expected to decline fram 0.23 hectares in 2950 to

0 17 hectares and 1o 007 : by 2050 The area o cro i india

for

example, wi.l not rise, but 1t will have an estimated additional 660 million peo-

ple to feed by 2050. By the sarre time China will need to feed a tolal of 1.5 killicn
people.

+ o PR |
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humans—will leave a vond that will he tilled by natural selection anc new specia-
tior. Although huntans exploit the upper parts of marine food webs, the lower
trophic levels are barely touched. Humans do not exploit, tor example, the cope

pods, small worms, anc other invertebrates making up the majority of the ocean:
biomass. New species will evalve to fill <he vacuwm crzated by the drastic rediuc-

atorsenrboth—Ac i the caseol domesticrted-animale+ Ptk
evolutinnary change has already occurred since the Inception of agriculture nearly
ten thousand vears apo, unremarked by early humans. A taxcnomist assessing the
insect and rodent reakeup of the world prior to the start of human agriculture
miaht be surprised at how many species that are commean tnday did not exist then.

tiotx in numbers of commercial fish stocks,

What will evolve o take the place of the larger fish species? Becoause fish.
according to the fossil record, appear capable of evolving rapidly, it inay be thal the
nesw species will be other fish. But if large fish species evolve to replace *hose
reduced or rendered extine: by overfishing, the same trend may happen again, and

Rodents are NOWH £ have some Ol The [aslest cvolutionary rates o fearthy @ th-
sand years is more than sufficient time to create new species, and the ten thuusand
years since agriculture began may have seen a vast proliferation of sroa’l animals
living among the crop rews. The same process has surely occurred among insects,
perhaps on even a vaster scale thar among U rodents. Because animals of this size

they will become the averexploized. It is more licely that either many small Jish
species wil evolve, or the positions in the upper parts of the marine food chain will
be filled by lareer invertebrates.

are nat readily nhserved or perturbed Dv human mitigatiun eftorts, the surge of
evolulion is likely to continue. Armies of new ant, beetle, and rodent species seem a
prosability.
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I'he Human Populalion

Ten thonsand years aga there may have hren at most 2 to 3 million 1umana on

e A e S OH R IR FORSOR ARy ER

Human disease, such as 111V or same cther pathogen, may affect these f Fures;

Farth. There were ne cities, ne great populatior: centers; humans were rare beasts,
scattered in nomadic clans or eroups, or at best in sestlements of little lasting con-
struction, There were fewer people an the entire globe than are now found in virtu-
ally any large American city. By two thousand years ago that number had swelled
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famine orwarcoutd-atso Trersedty Teduce e Bartinrsacheatamtresourpop-
ulation nfapproximately 6 billion humans at the turn of the milennium will at least
double in shghtly moere than a century to a century and a half. Onee this figure of
approximately 12 billion humans is reached, it is assumed that the population will
stabilize.

The hillion mark was reached in the vear 1800, and there were 2 hillion people by
1930, 2.5 billion ir 1934, 5.7 billion in 1995, and approximately 6.5 billicn in 2000.
Al this rate ot srowth, the human populatlon"_s expected tirexceed 11 billion some-
t'me between 2030 and 2100, assuming an atna. increase of 1.6%. While this rate

Muore than 700 vears ago, the Brinan scientist | homas Wlallhus described 1he
single most inzractable problem with human population growth, While pur pupu-
lation numbers increase exponentially, human food supply tends to increase ona
linear scale as more land is devoted Lo agriculiure. The inescapable conclusion is
that the human pepulation will tend to vutgrow its foud supply. [na related fash-

1§ somewha: Teduced from the 2.17 prowih Tate caaracterzing Uie TI50%, 1
remains a staggering Higure.

Ir. 1392 the United Nations published 2 landmark study calculating potential
human pepulatior: trends, which arrived at several estimates. By 2150, the human
population could ~each abouit 12 billion, if human fertlity tigures fall from their

ion, the human population is likely to cwtstrip its supply of untainted and unpul-
luted fresh water.

Water may indeed be the noost critical factor i derermining the maximun:
human population that the Earth can support, While the Earh’s stock of water is
immense, most of it is salt water held by the oceans, The amoeuns of fresh water 15

present-day levels of 3.3 child-en per wrman to 2.5 children. [7, however, the
faster-growing regions of the world continue to increase in population and main-

far less— only a small percentage of the total. Moreover, about 53% of that fresh

waler ig locged in glaciers, pern W3 - g -

tain their current fertility levels, average fertility worldwide will increase to 5.7
children per womarn, and the huinan population could exceed 100 billion people
sometime between 2100 and 2200, The latter Jligure scems beyond the carrying
capacity of the planet. (ffcially, the United Nations uses three estimates for the
year 2150: a low estimate of 4.3 billion, 3 mediuim estirate of 1.5 hillion, and a

Ligh estunale of 28 billivn

Predicting future population numbers 18 & difficult endeavor because of the
mary variables involved. The definitive work in recent tinmes is Joel Cohen's 19935
Hou: Many Peaple Can the Farth Suppaort? Cohen's conclusions are stark:

ter deep, all inaceessible te humans. About 30% is present as accessiblz groundwa-
ter, leaving 0.3% in freshwater lakes and rvers. This tatals about 93,000 cubie kilo-
mweters of fresh standing waser on the Earsh's surface. This water does not stay in
place, however: it evaporates into the atmosphere or sinks 1nto rroundwater stocks.
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water is avallable for buman agiiculture cach 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 10 and
climales. But dricking is the least of human water consumption. In a developing

The possibility mus: be considered seriously that the Earth has reached, or
will reach within hal®a century, the maximum number the Barth can support
10 miodes of lile that we and wur children and their children will choose to
want, . . . Bfforts to satisfy human wants require time, and the time required

T CGOKINg, CONEUMpLion, and washing—

amount to about 7 to 15 cubic meters of water per year per person. The average per

gon in a developed counsry uses bwice this amount. Yet these figures pale when the
amount of water needed to feed each person on Farth i= calculated. Tt takes approx-
imately 200 tons of water per year per person Lo raise sufficient wheat to maintain

mav be longer than the finlte time available to individuals. There is a race
hetweer. <he complexity of the problems that are generated by increasing
hurnan numbers and the ability of humans to comprehend and solve those
problems,

that person on a “model-skinny” (a.k.a. starvation; diel Tlos Uranslates to about
350 to 400 cubic meters of warer per person per year—a whopping 300 gallons per
day. Eating meal reguires even more water. Tf 20% of the diet comes from animal
{meat and dairy’ products, about 550 cubie meters of water per persom per year are
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each vear to produce.

fur the amount of waser available to agriculiure: the maximurn figure is 41,000
cubic kilomnelers of water, the median 14.000, and the minimun: 9,000, Assuming
that all of “hat water is wsed for human Food production and consumption, the high
figure would sustain a global sopulation of between 25 and 35 hillion evple on the

American diet, and hetween 100 and 140 bilior at Neat-starvabion [€vels. T2t
assuming that all the available water can be used for agriculiure is r:chculous; ahout
80% is actually used “or other purpnses, especially industrial uses. A more reason-
ahle est mate is That 20% of the total waler volurme is available for agriculture, With

zhis figure, the world can support at most between 5 and 7 billion people on the

American. diet, assuming that 41,000 cubic kilometers of water are availab’e, and
only 1.1 to 1.6 billun assuming the Inwest figure of 3,000 cubic kilometers. Even
o a starvation diet, the world can support berween 20 and 30 blion people assum

ing that the maximum projection o water availabilicy is correct, but only between 4

and 6 billien if the minimum fieure is correct, Thus the current human popula-

tion of the Tarth may already exceed its carrying capacity based simply un water

availaly: ]if’\r:

Parasites and the New Manna

Seldom has the world seen a more striking transformation: in Lttle more than

has shifted from many species Lo only a few. T'he most prominent of these new

winners are humans and the domesticazed animals bred to feed them. Since evo-
lutionary forces tend to respond to the presence of new resources, we might
expect prodigivus amourits of new evelution ameng human, cow, sheep, anc pig

paragifes,
The evolutinn of parasites is usually ‘n lockstep with the evolution of new host
species. Parasites require particular adaptations for the hust budies they whabit.

Humanity has long been present on Farth, and we have long had our share of para-
sites. But the huge population increase since the end of the eighteenth century has

createc large human populations in regions where few penple nnce existed, espe-
Sowe fauna harve adepted to a move aquatic though degraded setting, as in this new cially in the more huniid and torrid tropical regions. and a consequence of this
Freshaater Miree of fife” change has surely been natural selection for more, and more sfticient, human
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parasites. white the same trend should beoreating new tummar predators as wett s
human parasites, the successful evolution of an efficient new human predator is a
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birth defects, genetic abnormalizies, health problems, and death. In humans some

[ong-term. and ultimately futiie, process: as Soom as we hamans get wind of any
evolutionary change putting curselves, and especially our children, in harm’s way,
we will institute imreediate and surely suceessful eradication efforts. Killing new
parasites, however, is a far more cifficult endeavor, especially those ol very small
size, such as microbial forms. Tt is in this arena that some of the most interesting

o These compounds arc implicated 1 ToWeret SpeTTT COuTTts:

A further chemical change is brought abous by acidification. The well-known
phenonzenon of acid rain is changing the plI ol muny terrestrial environments,
cuusing biclugical problams anc even local extinetions smong sume organisms.

and fecund new species of the coming biota may be found.

Toxicity

The avencies ol humankind are rapidly chang'ng the chemiczl makeup of the sur-

Ozone Depletion

In the 19803, scientizts, and soon thereafter the general public, becaine aware of the
loss of ozone from the apper regions of the atmosphere. Much of the thinning of
the nzone laver has been caused by the release of chlorofluorocarbons (CFCUs) into

face of the Farth and its waters and ozeans. Most ot this chemical change comes
from human-induced pollution, the result of municipal, industrial, and agricultur-
al wastes. "L hese wastes can he specifically categorized as nutrients, metals, and
synthetic and industrial organic pollutants. Al of these pollurants pose chalenges

£ li"inq f\rqur\ig{n 3 undilis cerain that future evalution snill in snome cazes be trio-
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ary effects, as vgone screens out ultraviolet radiation, which is poisonous to living
matter given sufficient exposure. If long-term ozone depletion vontinues, nrgan
isms wil be forced to evolve new structures or physiological pathways to deal with
excess UV radiation.

gered by reaction and adaptation to new levels of these substances.

N PR Yy P gn o and EPSN TEVY DUTRRRTTS = 1marl B
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All of these accumulating chemical changes will require specific physiclogical

explosion of biolegical activity. Anthropogenic spurces of these substances include
synthetic ferlilizers, sewage, and animal wastes from feedlots. Muck of this matri-
ent potlution makes its way into dvers. A. (Goudie and M. Viles, mn their book The
Earth Transformed, suggest that nitrate and phusphate levels in English rivers have

adaptations in a host ol organisms. Althaugh the most ohvious effects of wvulution
are vistble changes in body Lyoes, far more evelutionary chenge takes place at the
behavioral and physiological levels. [ these cases, evolutionary change s not read-
ily apparent. Yet, in the increasingly <oxic environments of LEarth, they will remain
the most common types of future evolution.

‘Nereased Detween St and 3UU % i the tast 25 years atone—

Metals, the second major class of pollutants, occur naturally in soll and warer, but
their naturel concentrations have been vastly increased by human activity. The most
toxie to humans are lead, mercury, arsenic, and cadmivm. Other metals are poison-

ous to marine orgarisms, including copper, silver, selenivim, zine, and chromium,

Prophecy

The factors Jescribed above can be used to pick the potential evolutionary “win-
ners” of the future: organisme adapted 1o cities or agricultural fields and capable of

Since the 1960s, synthetic and industrial pollutants also have been manulac
wured and released into the environment 1n large quantities. The synthetic organic
compeunds currently released into the environment now number in the tens of
thousands, and many are hazardous to both terresirial und aguatic [ al even low
concentrations. |'he most dangerous inchude chlorinated hydrocarbon insecticides

[iving in polhuted water or air. Much future evo-ution may be invisiale, taking place
among already existing animals through changes in belavior and physiology. Can
some vston of vur world, even a millenninm “rom aow, be intsgined With apolo
gies to H. G. Wells {and o thuse who require that bnnks about science remain
“serious’ and d-v}, here is mine.

{such as DIXT), PCBe, phihalates (which are used in the production of pelyviny.
chloride resins), PALLs, which resclt [rom the incomplete burning of fossil fuels,
and I?BPs, which are disinfectants. All of these compuunds mimic natarally oreur-

The Chronic Argenaut smiled briefly, closing his well-thumbed novel. He
pushed the lever forward and sped inlo the future. At the year 3000 4.2 he
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FUTURL EVOLUTION

THE NZARIUTURE

CaIne [0 3 stop. 11is e machine was tocated o a small grassy field noorth-
western Washinaton State, In the distance the famihar Cascade Mountams

T A the st conained the giant panda, clouded —eopard, snow tecpard,
Asiatic lion, tiger, Asiatic wild ass, Indian rhinoceros, Javan rhinoceros, Suma-

[ooked just as they had when ne had [ast seen them, onthe Tirst dav ot the vear
2000, A thin rain was falling, not vnusual for Seat:le at this time of vear, no
matter what the century, he taought. But it was a warm rain, and he noticed
how tropical the air felt. He began o swoll.

The park was filled with plants, and at first he took no no<ice of them. Bur

fran thinoceros, wild camel, Persian tal ow deer, thamin, Formosan sika, t%re
David’s deer, Malayan tapir, tarnaraw, wild yak, takin, banteng, Nilgiri tahr,
markhor, lion tailed macaque, crangutan, Indus dolphir, and douc langur. In
Australia the victims included the Parma wallaby, bridled natltail wallaby, yel-
low-footed rock walaby, Fastern native cat, numbat, hairy-nosed womnat,

with wonder he began to notice the large leaves and brillant colors of foliags
hie had never seen in this area belore. Cllrus trees were visibie, and avaclas,
and as he locked at the grecnery around him he was struck by the lushness
an< clearly tropical nature of the vegetation. Wearby he could see buildings,
clearly different in composition and architecture, but recosnizable neverthe-

and xoala. In North and South America the Es* included the spectacled hear,
ocelot, jaguar, maied wolf, giant olter, black lboted ferret, glan: anteater,
giant armadillo, vicufia, Cubar solenodon, wountain tapir, golden lion
tamarin, red vaari, and woolly spider monkey. All had been either endan-
gered or threatened in his own time. None had been saved ‘rom extinction—

ess. [e was a bit crestlallen. Qther than the dzamatic changes in vegetation
and climare, he found that the futire was not so very different.

He came upon roads, and people. They looked perfectly ordinary, a mix-
ture of the rares of his owo “me Zamiliar and present still. But the streets were

crossded Tohig <||rpr-|'o.r> and “Jr.m'lr»rI the University of Washinglon uas still

not with 11 billion human meuths to feed, year in, year out.

There was uther news as well. The sea level had nsen by 15 (zet, drowning
many of the world’s most preductive land areas and requiring humanity to
turn most of the lazger fores® areas into fields. Tndia, China, and Tndonesia

were the world s wost pnl'\1||r.1‘q zounsies and all had become heauily tndus

present, a maze of buildings now completely covering the once parklike ard
- - PA 2 AT P N el e
library, and found what ke was looking for: an encyclopedia for the vear 3000.
The rews within was not goed.
"t he human poputation had stabilized at 11 silhon. the total number of

species on the planet was still unknown, but the list of the large animals that

trialized. World temperatures had risen sharply as ceal replaced ¢il as the
cural reefs, Like the rainforests, they were now restricted to small patches of
territory amid the huge range thev had once dominated,

Hez was a»le to glean some information about the fate of ns own species.
Computers, robots, and nanvlechnology had radically changed human pro-

ot Lo RHnCT S T v expticit 7rics way espectatty trard
hit. Gone were the African wild ass, mountain zebra, warthng, hushpig,
Furasian wild pig, glant forest nog, common hippopotanus, giraffe, okapi.
DBarbuary red deer, water cheveolain, giant cland, bongo, kudu, muuntaln
nyala, bushbuck, addax, semsbox, roan antelope, waterbuck, kob, puxu,

nations. While there had been inhumerabe wars and skirmishes {sone of
which hac been gning on ever: in his own “ime). two larger evenss had com-
pletely altered the human psyche. Both involved cuter space. While the early
part of the second millennium had seen an ongoing effort to explore outer

reedbuck, harzebeest, blue wilcebeest, dama gazelle, sand gazelle, red-fron-ed
pazelle, springbok, suni, orihi, duiker, ibex, Barbary sheep, black-hacked
Jacka., wiid dog, Cape otier, honey badger, Africar civet, brown hyena, sard-
wolf, cheetah, leoparc, caracal, aardvark, pangolin, chimpanzee, ted colobus,
anc guenon. Also extinet were the ind+i. black lemur. and ave-aye in Mada-

space, the energgy behind that effort seemed to be dissipating. Humankind
had reached Wlars with nanned miggioms, and had even mounted a manned
mission Lo Vuropa. the distant moon of Jupiter. To the delight of astzobiolo
gisty, life  true alien hife

had been found in both places. Bus that life was
microbial. Nothing more complex than a bacterium seemed to exist elsewhere

gascar. Also gone were the pysmy chimpanzee, mountain sonlla, brown

byena, black rhinoceros, white rhinoceros, pygimy hippupotanus, scimitar

Formed oryx, white-tailed gnu, slender-horned gazelle, and Abyssinian ibex.
IyX, g g ¥

in the solar system. The material cost of these two wisits had been stagzering,
and despize the discovery that there was indeed life in space beyond the Farth,
na practizal reason for relurning could be (ound. There were no grest mineral

te
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no reasan ta colonize either of these otherwise inherently hostile worlds. Tt

He walked Through The city, now 0 ancient, At [east in human lerras, 1 hee
were no songbirds. But there were crows by the thousands.

proved o be Iar IMoTe cost-eiictive 10 COloNIZE, and £33entially TelraloFim,
Antarctica than it was to carry out the same endeavor on Mars. Aithough
space flight into low Earth orhit and accasional visits tn the rocon to maintain
the manned astronomical observatories on ibs fae side continued, no fwther
expedilions o the [ar teactes of the solar system could be justified.

He Tooked Tor new varieties of things. But the birds, the squinels, the
domesticated dogs and cats—and the people—all looked the same.

A thousand years had nat vet hrought about a new fauna srowing from the
ashes of the old. 'That would require more time. But then again, that was
sotnething that the Time Voyager—and his species—had in almost limitless

The second disappointment lay in the srars. Even with the great advances
of technology durirg the second rillennium, they were no closer at the end of
that mil.ennium than at the beginning. There was no great breakthrough in
propulsion systems that mwight allow speeds approaching anything near the
speed ol light; the vision of faster-than-light starships, or travel throush

supply. All the time in the world.

wormholes, vemained the domain of moviemakers. Nor was there any further
stimulus to visit the stars, since in spite of a mullennium of searching, no sig

nals from extraterrestrial civilizations had ever been received. 3ETI, the
search for extraterrestria. intelligence, maintained its lone.y vizil through the
cenniries, but 10 w0 avail. The stare remained distart and rente. Himmankind

looked wistfullv ‘ntn a closed sky, and then gradually gave up looking. There

animals to assuage the guilt and lonying of the human race n a new world
largely bereft of large amimals. All scientific results surpested that while
microbes might be present throushout the palaxy, amimals would be rare.
Humans lived an a Rare Farth.

teteltrtheumversity, fovxing for other cherges—Hemede his way dowrs
town through the sparkling city. As a child he had loved to eo 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, lng
cod, black cod. sole, halibut, steelhead, sturgeon, true cod, hake, sea perch,

kuny crabs, Dungeness crabs, rocx crabs, box crabs, oysters, mussels, butter
clams, razor clams, geoducks, horse clams, Manila clams, octopus, squid,
rock scallops, bay scallops, shrimp, deepwater prawns. All thiz sealife came
trom just the cool waters of his home state. But the market was gone, and in
none of the {vod stores he visited could he (ind any seafood as all for sale.

There was chicken, beef, potk, muatton, and lamb, and there were many vari-
eties of vegetables, many new to him. But no seafood, nn fond at all from crea-
tures not cultivated or domesticated but harvested from the wild. Nothing,

Ty

0l



THE FIRST

A YA ATT A

tOMIECTON YEARS

The Recovery Fauna

K

e of the miost remarkable feature s i our doresticated rares ie

that we see i them adapretion, not indeed to the wntmal’s or plart’s
owr gocd, but tw mar’s use or fancy

CITARLES DARWIN, On the Owigin of Species

itting high atop a hill with ar unbroken view to the west, Seattle’s Har-
borview Hospital enjoys a commanding vista of the vast cily sprawling

IK.Jalong the shores ob the inland waterway krown as upet »ound, Un clear
days the rugged Olympic Mountains (loat above the far western horizon, seem-
ingly trying to snare the setting sun with thelr jagged rocky tops, while to
the south Mt Rainier lonms like some upstart Baskin Robbins flavor of the
month, Perhups no other public hospital in the world enjoys such a magnificent

The transformation of domestic plants and gnimals— from age-old selective brecding setting,
to today’s genstic engineering  has had an enormous impact on alfl trviey things on Such bucolic pleasures are largely lost on ITurburview's clientele, hawever.
the planet. Most who come here are bevond caring about such things, for those passing

[}
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through these Jdoors usually do S0 oh.y a& a lasf resort. 2vnd they do not come
a.one., The transients, drug addicts, gunshot victims, and uninsured who

. 1 - : I . - 1 L = r
fromm e extret oot uit.g‘clul.uuuuﬂla tanel that extincton s umpelus tow ard the

develapment of agriculture). That many of these ammals are taking the functional

make up a ‘arge percentage of Harborview’s patlents olten Driag with them
exotic new strains of microbes, organisms that are assuredly only recently
evolved,

Beginring in the middle part of the twentieth century, sclentists and doctors
waged a campaign of eradication against bacterial illnesses, using the then rewly

prace of exiinct orerdanEered egamIak speces s no-seetdent—The cows; pigs
sheep, horses, and other familiar domesticated animals now covering the world's
grasslands rapidly replaced the many species of extinct or endangered large wild
grazers, The stmulus o that evolulisnary changenver has, of course, been the stern
hand ol humanity.

developed antibiot:c drugs. The result was a mass estinction of bacteria—a con-
centrated interval of death resulting in the lass of uncountable individua.
microbes, and for all intents and purposes, the extinction nf whole species.
Smallpok, rabies, typhoid, rubella, cholera: the ancient microbial scourges of

humankind were wiped out. The bacteria causing these ancient plagues were tuced

Characteristics of Domestication
Although mast animal species can be “tamed,” or to some extent habituated to the
presence of humans if raised by then from a young age, domestication goes {ar
beyond this simple behavior modification. Dumesticating a species requires not

with two alternatives: evnlve or die. Most died. But a few evolved forms resistant
to antibiotic drugs. Fifiy years atter their ineantion, these "miracle” drugs have
unleashed a diversity of new drug-resistant species that would never have evolved
but for the inﬂuence of humanity. Thesz are surely but the beginning of a host of

Hew-RTCrobarTpecT S5

only a concerted elfort over extended periods of time, but certain pre-ex:sting iea-
tures of the species in question. 1 the past this effort was made only for reasons
such as enhanced food vield, iransportation, nr protection from predators.
Domesticated animals are the evolutionary results of humarn-induced “unnatural

selection

;‘\nd 50 oo w1th the biosphere, except that the ' anhhmh(‘ isus. Asaresult of

many currently living species wil'. die. Same, however. \vill survive and thrive,
becoming the rootstock of a new biote. Same have already done so, for one of the
prezepts of this book is that sigaificant portions of the “recovery fauna™ that foi-
lows ary mass extinction are already with us, and dominating terrestrial habitats,

1 the form of domesticated plants and animals. BvolUHon opvIously Contnues,
but much of 1t is now “directed” for human purposes, or occurs as a by product of
human activities.

Charles Darwin began his On the Origin of Species with a chapter on domestica-

Very few large ma: mnals have beer domera’ru,aled Biclogist Jured 12:amond of
' DOLCAIMIvUIoUs mamimals

'.arger than about 30 kilograms, only 14 have been domesticated. All but one of
these originated ir. the Eurasian region; the only New Wor.d exception to this rule
is the Hama. All of the domesticated species are derived from wild species with sim-
ilar characteristics: al. seem Lo show rapid growth to maturity, an ability to breed in

tion, and a sccial structure and hierarchy that permits domestication. All of these
characteristics were further selected for by a brutal form of “natural selection:
those individuals thal showed the favered characters were allowed o breed; those
that did not were killed.

tion. Before introducing any other data or argument, he pointed to the many vari
eties of domesticated animals and plants as one of the clearest proofs of the exis-
tence of organic evolution—in this case, the evalution of new types of animals and
plants bred to serve as food or as compations Lo humanity.

As with most of his conclusions, Darwin was right about this poind. Butwe can

Trlerestngly, BeuTolopist LelTy Leacon has moted a further charac terstcad
domesticated animals appear to have undergone a luss of inteiligence compared
with their witd ancestors. [his observation makes one wonder whether humans,
compared with their ancestors, have also been “domesticated,” and undergone a
sinilar reduction i intelligence.

take it one step further. Domesticated animals and plants are the dominant mem-
bers of what can be called the “recovery fauna” accruinp, directly or indirectly,

The first domesticated species may well have been the dng. All mockern dog
species seem to be derived from the Astatic wof. Although the first anatommcally

T
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Todern doas may date back as far ar 17,000 vears ago, boses o camds recogmz-
able as “dogs” first appear arvuad human campsites betweer 7000 and 6000

B.C. Even though wolves can still interbreed with dops, implying that true bis-
logical speciation has =m0t occarred, behavioral differences make such inter
breeding rare; thus the mnderr dog varieties as we kaown them are tunctionally
distinct from wolves. The domestication of the dug also led to distinct anatomi-
cal changes. Compared with wolves, dogs have smaller skulls, shorter jaws,

smal’er teeth, and pronounced variation in coat color. Dogs also appear to be
less intellizent than wolves. Most dog varisties now recognizable were produced
in the eighteenth and nireteenth centuties; prior tu that, doys generally were
used for hunting (hounds) or tending flocks (sheepdogs).

The Hones of domesizcated livestocz first appear in the il ecord slightly

later than those o7 dogs. Sheep and gnats came first; the earliest evidence for their
damestication, dated at around K000 B.C., comes from vatious sites in southwestern
Asia (the areas now composed of Lsrael, Iran, Jordan, and Syria). Catile were
derived [rom an entirely extinct species of wild cowlike creatures. Tdomesticated

Lorse was developed from wild horses in Fastern Furope. {The ancestor of the

detrrestie o e ealed Proewalskishorn =9 stith extsts st mrbers, T Teserves
in Poland.) Donkeys, water buffaloes, and llumas were domesticated at about the
same time, while chickens and camels were not broupht into the menagerie until
about 2500 B.c. A wide variety of smaller “pets” have been domesticated as well;

house cats, guinea pigs, rabbite, white rats, hamsters, and various birds. All are the

TEsdIt of human eifotl.

lo almost every case, the transformation of a wild species into a domestic
species involves substantial physical and behavioral modification. 1t has long
Seen thought that this process occurred in stages, beginaing with “taming™ and
progressing to gradual genetic translormation. How such great genetic change

was forced in such a short period of time has always been a puzzle. New re-
seazch by geneticists may have provided an answer. There appears to be a mas-
ter gene controlling a complex of geres that in turn affect tameness, reaction o
stress, coat color, facial morphology, and social interactions, By changing a sin-

Foremost among the survivors of the next millennivim will be those species that g.e gene rather than an entire comolex, domestication could proceed relatively
humans have had a hand in developing: domesiicated plants and cnimals, quickly.
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Domesticated Crop Species

While it may be argued that the near coinciderce of the heginaing of agricultire

bl . 1 411 1 J 11 1 +] i : i . PR N i
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type of genctic enginerring appeared—one that alters the genomes themselves.

and the end o1 the Age of Megatmanunals 1s just that  coincidence & slrong argu-
ment also can be made for cause arnd effect. The extirctior. of many of the larper
animals tpon which humans depended for food, coming as it did with a majer cli-
mate change (affecting plant and small animal resources also used for food) may

ped boasn sy e e ol o
Frrchay e et tHnCr e CRa e

This new way ol Iroducing Jovelty 15 sweepig the agricoitural regions of the
Earth, and will surely have unintended coaseyuences. 1t may be that the transgenic
revolution will bring novelty into the Siotic world in ways alinost unimaginable -
and pot all of them desirable. Tt appears, for example, to be on the verge of crealing
“superweeds.”

While cereals such as wild wheat and barley were harvested as much as 12,000
years ago, it seems that the first domestication of plants took place abous 10,000
years ago, at the time when the last mammoths, mastodons, and many other larger
animal species were dying oul in North Armerica and had just Jisappeared in

Modern genetic technolugy allows the transfer of genet:¢ material from one
species to another. This new geretic informatior: 1s permanently integrated into the
genome o’ the secand species, conferring new tralts upen it. For all intents and pur-
poses, a new type ol organism is let loose into the hiosphere each time this is done.
The organism thus transiormed is called a tansgemic plant, animal, or microbe.

Eavope and Msia. 1 his was (e Uie when [ood- gathiening peopies began 1o collect
the seeds of wild nlants and replant them in the ground. The domestication process
appears tn have irvolved the natural hvbridization of several wild species, followed
by selection by humans for desired characteristics. Thus “"domestication” of plants,
like that uf animals, iInvolved the genecic modification of the wild species through a

These transgenic creatures have not arisen through the natural processes of evolu-
tion, but they are among the most portentous developments for the future el evolu
tion un this planet.

Transgenic organisms are possible because of the existence of certain genes

capable of “jumping” form ane chromosomne to another. The first discovery of

very rough form of natural selection: those plants with usable traits were kept;
those without were killed. Since the trend in plant modification has been toward an

jumping genes was made by American geaeticist Barbara McChintock in the

increase It the size of the edible ar usable parts. most plant species have lost the
ability to disperse widely, and protective mechanisms such as thorns have general-
ly been lost as well.

The number of domesticated plant species is relatively quite small. There are
more than twn hundred thousand species of angiosnerms, or flowering plants, vet

1940 MeClintock was chn-l}-;ng the \a:onal-imc: of maize (r‘nrn\l ard ubserved that
cerfaiz1 genes, such as those responsible for seed color, were capable of moving
rom one chromosome to another. The significance of this discovery was largely
overlocked until the 1970s, when it way independently rediscovered by other
researchers examining the ways in which certain bacteria develop resistance Lo

only ten of these provide the vast majority of human food. Among these ten are
grasses and cereals such as wheat, rice, and maize, which are all characlerized by
seeds rich 10 starch and protein. Cereals are planted or. 70% of the world's cropland
and produce about 50% of the calories consumed by humanity. Ocher plants in the

antisotcs e UEIICE, Of sertinme ot NS L.,udlug forthese &pcyiflu charactersin
Hacteris do not actually “jump”; instead, they produce copies of themselves, which
are inserted at other points either on chromosomes or in genetic code—carrying
organelles called plasmids.

I'he discovery of these jumping genes, technically called transpusons,

tap ten inchide SUEATTARS Yarns, POLAtoes, hqnaﬁoer """’I-“".:!“.", aod manios Werd
wide, about three thousand species of plants are wsed as human [uod, but only
about two hundred of these have become dumesticated.

_ TheTransgenic Revolution: Building Weeds

unleashed a totoent of research 1n the 19805 and mmfo The 19905 These Deculiar
strings of DNA have the ability (o repeatedly cut and paste themselves into differ-
ent parts of an organism’s genetic code. What made themn famous  and may even
tually make them infamous—is that the transposons of one organism can e used
(v pasle new geretic information inte the NNA of entrely unrelated organisms.

The genelic engineering our anceslors wsed o 1tvoduce new characters into their
agricultural crops and domestic animals was crude but effect’ve: save the favored

Much of the research using transposcns was conducted on fruit flies. The
fruit fly Drasophila is one of the stalwarts of experiimental genetics, since it breeds
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Alan Spradling of the Carnegie Institute discovered a teansposon in Drusophila

The geretic engineering technioques used-rragricutureare widespread—sed

sophisticated. Gienetic engineers can move genes from virtually any biological

thar could be used to inrorporale Dew gelletic InfOrmation inte these Thes. T hey
succeeded in changing the genetic code of the transposon and re-inserting it into
the (ly. With this operation, they had succeeded in creating a tly with a new genet -
ic code that could be passed on to a succeading generation. They had created a
transgenic species—aone entirely new Lo the world, a species with a genetic code

SOUICE nfn Crop SPECIEs. Lignes have been added to engieered CIops iTUIT OTRAr=
iss as diverse as chickens, hamsters, fireflies, and 7ish, as well as from a slew of
plant and microbial species. The new transgenic plants are geauinely nove. organ-
‘ems, some of them containing the genetic cades of plants, animals, and microbes
in a single species.

created not by nature, hut by sclence.

These early experiments altered very lirtle in the new fly. The majority oi its
genetic code was the same as that of the unaltered species. But certain characters,
such as color or eye type, could be changed. Further work showed that certain frait
fly transposons were not only useful in changing the genetic code in fru‘t Ties, but

The addition of rew genes to various plant species has yielded spectacular divi-
dends ir: termns of crop yield. But this rew technology also poses substantial risks and
clearly will affect the [uture of evolution on this planet. The creativr. ol new plant
tvpes could affect the biosphere in various ways. The most important of these 1s the
possibility that newly inserted senes will jumnp o other, nonengineered species (such

could be p.aced irto entirely unrelated species. A method had been developed that
allowed true genetic engineering of insects.
The goals of geretic alteration of insects are laudab.e. nsects create havoe in

hurman society in two ways: llu.y serve as vectors of diseases (.., malara, "ellr:w
[ever, & : ;

spreading mosquitoes, geneticists have so far heen able w change eye (30101', but
they have yet to alter the structures involved in spreading disease-causing
microbes. To further atd this process, geneticists have infected the target insects
with viruses thatact .ike transposons. The virus, once in the body of the ingect host,

fruit fly and the screwworm, have been successfully targeted using transgenic ar
other genetic techaiques (¢.¢., producing sterile members of a species that spread
amony the viable members of the population).

While transgenic techniques are just coming into use in conirolling insect

as weeds! or move ot of the agricultural felds altogether into wild native plant pap-
ulations. Tt is this polential intermixing of new penes with those of already estab-
lished plant species beyond the byundaries envisinned or designed by agricultural
scientists that could have the most mterx,stmg and potentially biosphere-altering- -

. gl species escape intn the

and growth rate, increase thelr [iness reiative to the o1wmal species, there 1s bnal

potential for transgenics to become, or to help prodace, new weedy species.
There are several aventes by which the genes of transgenic crops can become
established in the wild. First and simplest, the transgenic crop itsef can escape

meuu CYOFramn refease pullcu rrta-the-wilds
which can be incorporated into a wild relative of the original transgenic host. The
incorporation of the new genes into the wild plant creates a new transgenic weed.

Weeds have many definitions, which are often colured by human values. In
agriculture, they are plants that occur in the wrong place at the wrong lirne (some

nests, such tools are already used widey m crop plants. (enetic engineering has
succeeded in adding new genes ro the DNA of various crops, whereas conventinnal
breeding only adds variants to an already existing genetic complex. So, whie
domestication has enhanced the valued characteristics of many plant species,
transgentc research has added entirely new characteristics, such as greater tolerance

plants are weeds 1n certain situations and [avored crops in nthers—lawn grass, or
examnp.e). A more human-specific definition of a weed is any plant that 15 objec-
tonable to or interleres with the activities or welfare of humans. Nevertheless,

weedy species have a rumber of characteristics:

of heat and drought, greater resistance to insect predation and disease, and greater

yield,

-l
f

Their seeds germinate in many epvironments

Their seeds rernain viable for long periods of time
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Thev grow rapidly

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

N - 1 - oT 4 - - . N
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Weeds that have develaped resistance to herbicides because of escaped or trans-

They produce lurge numbers o7 seeds
Thev produce seeds under a wide range of environmental circumstances
They usually shew vigorous vegetative reproductisn or regeneration from

fragments

ferred fransgenes arc already appeafing Ih some Darts af the wartd,

Agpribusiness, which counts transgenic technology as the jewel in its technolog-
ival crown, is in the business of feeding the world’s humans—and making profits in
doing so, ol course. One of the great fears of those producing transgenic crops is
that farmers will simply luke the seeds from the first crop and use them ever after,

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

From this list, we can see -hat the characters of weeds are also highly desirable
in crop plants. One goal of transgenic technology, theretore, has been to conler

and will not need to buy new seeds [roin the corporation that produced themn the
first place. Like the software industrv. which fears the wodying of its products
ubove all else, the major biotechnology comparies dealing in transgenic crops have
been searching [ur some way 1o stem the illegal use of their praducts after the first
purchase. The solution is something knewn as the "terminator gene.”

Characterist.cs of weeds ol CIop Species. | ratsgenes SpHred Ty Crops Ty aiter
traits such as seed permination ability, seed dormancy, or tolerance of either hiotic
or zhiotic facrars such as pests, drought, heat, or disease, crealing a more persistent
or resislant species in the process. Such new traits may enhance the new crup’s abil-
ity to invade other habitats. Genes affecting seedhing growth rates, root growth

The first terminator gene was produced by the large American hiotechnology
firm Mansanto, and was engineered to protect Monsarto’s patent rights on several
types of trapsgenic crops. It is a genetic modification that prevents seeds from. ger-
minating atter the seasor in which they were sold, In the works are genes that will

rates, and droucht telerance are currently being developed.
Jane Rissler and Margaret Mellon of the Union of Concerned Scientists have

allo hut a engle crap and nat produce future sesds o bitlike the seedless water-

melon, but mare efficient.

stud-ed the ecological risks of transgenlc crops in thorough detail. One of their
mnost important conceras relates to the transformation of nonweedy crop soecles
into weeds through wenetic engineering. They note that a widely held notior 13
that changing a non-weed into a weed involves the conversion of many genes, not
just the twe: ar three currently used in transgenic crops. Changing corn from a

1 he grcat f‘:ar i_ l_]-:t— wuch +gr|*1;n:ﬂ'r\l' Iafuialsd will j\lt"’\p tounmodilied varieties
of crop plants. If the terminator gene in a tnmate plant jumped to other vareties of
tomatoes, there a is real putential of plants never producing the crop they were

irtended to produce,

ctop lo a weed, for example, would involve a number of geneue changes, since
corn is ane ol the most human-deperdent {and thus intolerant] plant species on
Earth. Other crops., however, already possess many weedy traits, and thus one to
three new tratts could indeed create a new weedy species. Examples include alfai-

sunflowers.

Transgenic species may produce secondary effects as well. The invasion of
transgenic plants into new habitats aifects not only the invaded plant populations,
but the entire ecosystem, including the suite of animals living within that ecosys-
CaIl. © [F: il LN N i VETE N u =

escape and translerence of new geres into already existing weeds, making them
"superweeds.” The transfer of disease resistunce or pest resistance to established

Does EvolutiomHavea Futaret————————

Qur species has learned how to eircumvent the normal rules of evolulionary
change: we have learned how to build new species. Have we also achieved the abil-
ity to alter those rules? Norman Myers of Oxford asks this question in his pre-

s i3 y “ Biodiversity Crists ard the Future of Evo-

Jution.” Myers makes a subtle but important point: humans pose “proncunced
threats to certain busic processes of evolution such as natural selection, speciation,
and origination.” Myers has cried woll befure, but the wolf was always there, din-
ing havpily on flocks of the world's species. Is he being alarmist in this case?

furion crisis. e baszes his conclusion on two perceptions: first, that we have
entered a new shase of mass extinetion, and sevond, that the normal recovery
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period from mass extinction will not pertan o thas one; 1o tact, the recovery wrilt
be corsiderably delaved.

Implications for Conservafion Planners

Myers cites three aspects o this particular mass extinctior: that will aftect s
evolut'onary outcome (and which make it different from any mass estinction of the
Dast):

[1s vnsel was extremely fast [compared with those of the past), within a sin-

rearganization and evolutionary response.
There is currently a higher biodiversity ou the planet than at any time In the
gealogic past, so that if 50% of species are lost, the total rumber going
extinct will be higher than in any mass extinction of the pas:.

A ‘|nrfs‘o and vibrant rnn'\mur\itlxlf of r'rmcp‘r'vaﬁnr“ht':_ seientisls }’m]iiir‘im";l a4
lavpenp.e are active.y engared in intensive efforts to preserve biodiversity. One of
the mcst important such efforts is habitat preservation. Yet even the most Her-
culean of elforts will save only patches of habitat in a sea of agricultural fields and
spreading human landscapes. As long as humanity rules, it is doubtful that hun-

. P ST THE ST T, e TR ] g R BLr-th

tor replace the species already lost since the end of the lce Age. This fact has led
Norman Myers 1o pose Lhe Jollowing questicns:

Is it satisfactory to safeguard as much of the planelury stock of species as

[Juring past mass extinctions, plant species have been largely spared, but
that mzy not be the case In the current mass extinction.

"The current mass extinction may be unique not only in what it kills, but 1n

how its recovery proceeds. In past times the tropical regions of the world have
P il by

4 T . . e b .
served-msstorehotsesTor recovers—Beesusethey hav beld ¢h tegt
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processes at risk? This is an entirely new way of looking at the world—not in
terms of losiag species, but in lerme of losing pathways of speciatinn. Per-
haos the motio should be “save speciation” zather then “save species.™

Of prime importance is the gquestion of biodisparity  -the number o body

wayseld-the greatest

diversity of species on the p.anet, they have long served as “evolutinnary power-

types. There could be many species on Earth, bul few body types. [z it ensugh
to save a.arge number of species if we fal to save Slodispaiily us wel?

Irotser " —areas that seenT to spaw T W speees amd Tew types ot specres—at—=
higher rate than other parts of the world. Paleontologist David Jablonski ol the
University of Chicago has shown that Innovation can be relatec to geography.
Innovation In evolution is the appearance of evolutionary novelty, and the tropi-
cal regrions seem to be home to more innovation than uther reglons. Yet the trop-

Should the evoluticmary “status quo” {Lthe current miskeup of the Earth'’s
binta} be maintained by preserving precise pherotypes of particular species
that will enable evolutionary adaptations to persist, thereby leading 1o new
species? Fur example, should two elephant species be maintained, or should
hedista

13 are now the sites of the highest dzasities of humans and the greatesl human
population increases. This pattern may curtail the evolution not only of rew
species, but also ol new tvpes of species.

The current crisis in biodiversily may also substantially reduce the number of
new species evo.ving a large body size. Megamarunals need very large habitat

1 IR TORUUVESNT - TR T 1 st + Fbra?
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Is there some minimum number of individuals necessary not just for the
survival of a species, but the survival of Lhe potential {or fature 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

areus Lo survive; it may also be true that they need equally larae areas to speciate.
With the reduction of wild habitat, and especially free rangeland, virtually every-
where on Earth, there may be no way lor large mammals and other vertebrates to
produce new species. Therefore, a consequence of human population growih and
Habitat disturbance may be nnt only the extinction of large mammals, reprles, and

siluation?

How do we assess <he relative importance ol endemnic faxa as compared with
avolutinrary fronts such as origination centers and radiation lineages?
Myers thinks it far more appropriate to safeguard the potential for origina-
tion ang radiation than aay ‘ndividual species. et endemic taxa go.

Birds, but the inability of new large species tn take their place, simply because the
mechanism of speciation ‘or .arge body sizes has been derailed by environmental
fragmentation.

This last recommencation is heresy by the rules of modern conservation. [t has
long been argued that endemic canters—thase regions that contain species found
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nowhere else—are armong the most important places to save. But Myers’s point 13

that endemiic centets exist because they have not produced large nambers of suc-

I NI N T
Cur TesaiTs suggest Lt thete are Intrimsic - speedHimits - that regulate recov=

ery from smal. extinctions us well as large ones. Thug, today’s anthropogenic

cesstul species. Endemic centers are o7ten [iving musesums of ancient species thar
do not have much potential for future evolution.

The Weeds of Humanity

exfirchions are likely t0 have Iong lasfing eifects, whelher of fot they are
comparable in senpe to the major mass extinctions. Evenaf Homo saprens sue-
vives several million more years, it is unlikely that any of our species will see

bindiversity recover rom today's extinctions.

I'he vast human enterprise has created a new recovery fauna, and will continue to
pravide opportunities for new types of species that possess weedy qualities and
have the ability to exploit the new anthropogenic world. Chiel among these will be
those species best preadapted tor dealing with humanity: flies, rats, raccoons,
house cats, covotes, flzas, ticks, crows, pigeons, stat.ings, Erglish sparrows, and

It appears that our return 10 a new biota wil. take a Jong 1ime alter The mass
extinction is finished. And what might that new fauna ard flora look like? Some
predictions can be made  and such predictinns are the subject of the next chapter.

intestinal parasites, among others. These and our domesticatad vassals will domi-
aute the recovery Zauna, Among plants, the eculvalents will be the weeds. Accord

ing to many seers, this group of new ora and fauna will be with us for an extended
period of time—a time spar. measured in the milions of years. And if humanity
contines to exist aud thrive ‘as | believe it will}, this recovery biota may dominate

anv hew age ol arganisms on Larih,

A sense ol how long the recovery tauna may laar was eeticiatedin g disturh-

:ng paper published in the prestigious journal Nature 1o the spring of 2000, The

authors, James Kirchner and Ann Weil, posed a question: how quickly does bio-

diversity rebound aiter a mass extinction? How long will the world exist at a

very low biodiversity? The acswer, it turrned out, was far longer than anyone had
I ]
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{compiled by the late Jack Sepkoski o7 the University of Chicago). Kirchner and
Weil found that fully 10 millior years passec by, on average, before the biodi-
versity of the world recovered to its pre-extinction values. Even more surprising
than this lueg lag perivd betwesn extinction and full recovery was their finding

That It GcouTred WhELer the cXUnCIIon was SMall of [arge. YWe Paleontclogists
Fad assummed that the time to recovery would somehow correlate with the mag-
ritude of the extinction that after a small extinction, the biosphere would
recuver quickly, and that it was only after the greatest ol the mass extinctions
that a long recovery period was necessary, But to the surprise oi us all, Kirchner

ard Weil Tound this not to be the case—10 million vears was necessary ever
after the smaller extinctions. They conciuded their paper with the following
Palskbeger

e
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SEVEN

AFTER THE
RECOVERY
A New Age?
_

Prophets wha ake thermselves too sericasly end up preaching Lo an

aucience i one.
—GEORGEIYEON Dan, iv armeng e daching:

here is an orten-articulated notion that if there Is wny consolation m the
Prosped  of process—of mass extimction, it s thararthe e ol tetor———————
.l nel a new [wuna emerges. Accarding to this line of reasoning, the great sac-

rifice of species i3 a cieansing of the planet, making way for a renewal The hope s
that after the mass extinctior: is over, a new Age of some sort will dawn  a better,
more diverse Age. [t1s the parable of the Fload: ler us call it "Noah and the Recov

ery Fauna.” Afler all, this seems to hove been the partern atter the two greatest of
all mass extinctions, when the dinosaurs took over from the mammal-like reptiles
at the end of the Permian, and the mammals [tomn the dinosaars at the end of the
('retaceous. Could it be that after the current mass extinctior, the une group of

A postey child fin extinciion: the thylseine, a prehistoric doglibe marsupial once found chardates still wailing ror its own "Age"'—the birds—will dominater Will there
across much of Australia and Tasmania. was both actively hurited by humans and a row be an “Age of Birds,” 1 wurld of land-based bird herbivores and carnivores,
ristim of competition from human-intreduced utld dogs. The last thvlacine died i a hurrowers and climbers, as well as the numerous (or even more numerous] flving
zoo tn 1936, [orms that charactenze this class today? Or might some completely unforeseen

iy
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group take ever, stch as glant msecls (biomechanically impessiblz ], or something
totally new? Unless some altogether new class of vertebrates suddenly appears

. o . S - "
AFOURG This inierent fiaw, for there is no biotoscat Teans oft-produciny—the

infJammable, inert gas helium and thus avoiding instant death from: lightaing.

thighly unlike’y), only the birds have vet to hold the honorific of "ruling™ the plen-
et. Perhaps the best bet is indeed an Age of Birds. In such a world mammals would
still be present, even if they are no longer the evelutionary dominands.

In discussions sboul the impending bivdiversity crisis, this new faunz argu-
ment is sometimes used as a rationalization, even a justification. The Age of Main-

But then, [ile is never perfect, and the Zeps still do well, especially it areas with
little lightning.

Now the dominznt animzls of the world, the Zeps “loat above the ground like
great overgrown jellyfish, snagging with their dregging tentacles the few species of
deer (and other herhivorous vertehrates) still extant and stufting them nto a

rals—and the Age (or even existence’ of Humanitv—would never heve occurred
but tor the extinction of the dinosaurs, and in like fashion - or so the argument

gues—the modern extinstion will vield seie new age of organisms, perhaps with

some new form of global intellizence.

What might this new evolutionary hiota be like? Wy not something entirely

Jabba-the-Hutt-sized mouth. Recause the Zeps evolved from amphibians and are
still cold-hlooded, they have a very low metabolic rate, and thus need to feed only
sparingly. Their design is so successful that they quickly diverge into many differ-
ent types, Soon herhivorous forms are common, floaling above the forests. eating
the tops of trees, while others evolve into zep-eating Zeps. Stil! others become like

new’ Can we imagine an entirely new type of animal that could replace the current
evelutionary dorainants, the large mammals? ‘This new class would have to have
evalved from some currently existing creature, but it coud have charactenstios ang
a body plan vastly different from those of the preceding dominants. Such a new

suchia breakihrough  the conguest of the Iower aimesphere by Tloating organisms

31 °F 1 W |
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whales, sieving insects oul of the skies; i so doing they soon drive many bird
species ta extinction. The world changes as more and more Zeps prowl the air,
floaling serenely zbave the treetops, filling the skies with their numbers, their
shadows dowinating the landscape. Tt is the Age of Zeppelincids,

frprrn]a o hore s o phimumerof v in thie fable olition in the pas

has produced vast numbers of new species following some new morphological

After the extinction of most marmmals {and huamanity), Zeppelinoids evolve
(let's sav from some species of toad, whose large gullet can swell cutward and
become a iarge gasbag). The great brezkthrough comes when the toad evolves a
biological mechanisin inducing electroiysts of hydrogen from water. Gradually

breakthrocehthasallows-some Jeckywinner to colonize a previcusly unexploited
habitat. L'he first flying organisms, the first swimming organisms, the first tloating
organisms, all followed these breakthroughs with huge numbers of new speries
quickly radiatng {rom the ancestral body type. all improving seme aspects of

design or changing stvles to allow variations on the oniginal theme.

the toad evolves a way to sfore This ight gesiniis gullet, Thus producing a gasoag,
Saoner or later small toads are floating off into the sky for short hops (but longer
hops than their ancestors were used to}. More refinement and a set of wings give a
modicurr of directionality. Legs becorie tentacles, trailing down from the now
thoroughly flight-adapted creatures, which can no lenger be called toads: they

Tt is the fundarental SEsUmptioT Tnertving this seemario—r fong perterdof———

extinction {ollowed by the emergence of a new class of evolutionary deminants—at
all likely? No. For just as humanity has changed the "rles” of evolution that have
operated on this planet for hundreas of mulbons of years, so too has the usual
sequence of events following mass extinction been moditied.

have evolved 2 new body plan establishing them as 2 new class of vertebrates, the
Class Zeppelinoida. T.ike so mary newly evolving creatures, the Zeps rapdly
increase in size: when small they are sitting ducks {flying toads?) tor faster-flying
predztory birds. Because their gasbag is not size-limiting, they soon become large.
Eventuzlly thev are the larsest animals ever to have evelved on Farth, so large that

Potential Winners of the Fulure

Picking the svolutinonary winners of the future  those species that will evolve to
tuke the place ot the “losers” (those going extinct)—is something like trying to pick

tersestrial and avian predators no longer threaten them, reaching dimensions
greater than the blue whale. Their only threat comes from lighting strikes, which
result in spectacular, fatal explosions visible tor miles. The Zeps can never get

winners in the stock market, or forecasting thé wezther. There are some data avail -
ahle to help us make educated guesses, vet the system is so large, and subject lo
such a plethora of stochastic und chaotic effects, that prediction of specifics is
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Whatever happens ta tife on Earth, one thing is cevtain: evolution will not stop. Heve

ts one possible scenario for the evolufion of the raf.

impossihle. The colars, habits, and shapes of the newly evolved fauna can only be
guessed at, There iy intormation available that might shed light on the future win
ners, however, in the fossi! record.

979 book Macroenolutivn explored these themes in detail. Paleontologists know
well the sroups that show high origination and extinction rates, for these are
the most important fossils used in biostratigraphy, the science of subdividing anc

One of the interesting (and rather unexpected} findings of pzleontological
esearcnis that higher taxa (the raxonomic categories above genus and specias, such
as femilies, orders, classes, and phyla) seem to show typical rztes of evolution. The
rate of evoliution Tor a taxon can be described in two ways: as the rate at which some

—_morpkological character changes through time, or &s the longevity of an averase

dating sedimentary Tocks Using fossits Good—biostratigraphiemarkers—are
those fossils that have a short temporal duration—and thus occur in oniy 2 few
strata—vet are at te same tine widespread, eomnrmon, and have sufficiently dhs-

_linct morphological attributes that evolutionary change and new speciation

events are inmediately apparent. Exemples include trilobites, ammonites, and

species in geologic time. Related to the rate of evolution are origination and extinc-
tion rates. Some groups ot 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, white those of other oroups die out more rapidly,
Thay oo :
T proreritroe oy

mderstan e, n!l'f;nnar} rates weas first pﬁihf[—’(':u aut by
= =
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mamrals, among others. Other groups—sometimes called ™living fossils™—
show the opposite trends: they speciate slowly. and once originated, rarely go
extinct. Thev are thus useless for biostraligraphy, but fascinating evolution-
arily—what s it about such organisms that bestows the equivalent of near-
immortality?

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

A useful way of quantilying 2volutionary rates is by arriving at an estirmate of
doubfing time. the average amount of tune ror a particular higher texon 1o double
the number of species within it, Mammals, for instance, show a doubling time of
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3.15 mullon vears. [n contrast, bivelve mollusks take 1T million years to double
their nurrber of species. Mammals show rapid evolution and hivalves very slow

evolution. Within both of these groups there is much variation, including suh-
groups of rapidly evolvirg hivalves and slowly evelving mammals. In general,
however, it is clear that mamrmals evolve faster (and produce more taxa in an equal
amount of time) than do bivalve mol'usks.

There is a third sroup of taxa that can also be recognized in the evolutionary

warld. Stanley has proposed the term supertaxa for groups of vrganisms that show
both high origination rates {they prodiuce many species) and low extincrion rates
{their species last a long time). Such groups have a tendency to diversify rapidly,
and in so doing they become prime candidales for retilling the world wath new

’—W‘MWW svtinction—including the current one

The title of champion supertzxon in the world today belongs to the femily Col-
ubridae: the snakes. Stanley has suggested that rather than heing n an Ape of
Mammals, we ave really in an Age of Snakes! And as the future of evolution
unfolds, we may find ourselves in a world {illed with many new species ol snakes,

A I 1 - a 1 L ERLY | o + 4 . [ . -
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haps not coincidentaily, are one of the prime food sources of snakes. This 1s proba-

by not what most of us have i iind when cortemplatig some faure word =
world of snakes and rats i1 untold varieties of rorn, colar, and habit. Joining them
will be other rapidly evolving species, many of which can be dassified as "weeds”
irx that they are capable of rapid and wide distribution znd are widely tolerant of
harsh conditions. Many insect species both evolve rapidly and are consummate

weeds (look at all of the flies in the world). Dirds are also relatively rast evalvers.
Each o these groups can be projected to be very corznon and proliferate a diversi-

ty of new species. Other mammals evolve slightly more slow!y than these groups;
in general, the larger the animal, the slower its evolutionary rate or doubling time.
Let us imagine some of these outcomes. 3nakes could move into niches that

they ere rare in, or ao not completely occupy, today. Many new species of marine
stiakes seem possible, as do snakes replacing the many small to medium sized
mammalian carnivores now dwindling in numbers. As agricultural fields and cities
continte to enlarge in size over Lhe millennia, and even tens of millenniz, rodents

' scies to luke advantaye of these new feeding
opportunities, and this too will provake further evolution of new snake species. A nossible future cladogram, or evolutionary family tree, for the dandelion
Birds and insects zre also potential winners. The many species of birds doing fhotiam to top): original dandelion, cactuslike, aguatic, arboreal, carniverous,
wel! now in urban and ayricultural environments could bacome the rootstock of spyphile,
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One future cladogram for the snake (bottom to top): timber raitler, walking, One future cladogram for the crow (hottom to top,: crow, vulturve, shoe W, raplor,

wallipede, pygmy giant, flving, three suimming fvpes. honeyeating, wadmg, ratite crme.
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Ialty few SpPecies. WUCCESSfil TOrms SUCH a8 CrOWSs, DIGeons, aid Spalrows it
undergo great evolutionary diversitication. O al! the birds, crows seem best adapt-

ed Tor coexisting with humanity, znd might be among the 1most successtul at diver-
sifying into new species—the dominant species of the new recovery fauna.

The groups mentionad above are a'l famifiar. What about totally new types of
creatures, ke the tancitul Zeps  the king that would make entertaining television
ot great fantasy books? Can Uiere be a ressonable expectation of totally new types

of creatures, with novel body plans?

The Cambrian Explosion and the Expectation of Novelty

The history of life, like any history, has occurred as a vector of time, And as in any
history, thege is never any going back, 2t least in any meaningfu! way. Fvents and
their history creste irrevocable chunges that make each slice of time unicue as it
passes tarough the sequence from future to present to past. In the context of the

1 -, 1 z = i it
T T = = =

Reptiles, or Marnmals even approximately similar to those that have occurred 1n

Y lJJI.dLLI._f,’-‘J ast: Thisis=s l.!uiut that-ermssroatinmsts refuse toae epts the xAx‘_‘E, of
Megamammals is over. There will never again be an African veldt with the rich
assemblage of mammals now confined to Africa’s gamne packs, and soon enough
there may be no game parks at al! in Africa. Even if we could somehuow remove
ail humans trom the planet ia an instant, it is doubtful if things would return to

the stale They were mn DU years ago, at the onset of the end of The Aige of
Megamammals.

But leaving aside a return to anv past era, if humanity suddenly were removed
from the planet, could we expect to see new body plans? The realitv is that there hzs
been Litile true evelutionzary novelty since the Cambrian Period, 500 million vears

aga, Although the conguest of land allowsed veriebrates and arthropods — the two
most successtul terrestrial phyla—to evolve and explore new themes of shape. these
were only modifications of existing body plans, and even that evoluticnary adven-
Lure seems [ar nearer its end than its beginning. The birds are the last class of verte-
brates to have evolved, and thev did so almost 200 milllon vears ago. Yet there

seems to be an expectation that something altogether new will anse. Part of thas
expectation iz raised by what did happen long aro in the past, when evolutipnary
novelly was cheap, during an event called the Cambran Explosion.

One future efadogrem for the pig (bottom to lop): pig, genetically engimeered, rhine
pig, aquatic pig, pygmy, giraffefike, gerbage-cating.
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Forthe Dirst 3.3 billion vears of [is excstenie, ouz planet was without snimael Life.
and it was without animals large enough to leave a visible fossi record for another

half billiom vears after that. But when, 550 million vears ago, animals finally burst
onto the scene in the oceans, they did so with a figurative bang in a relatively sud-
den event known as the Can:brian Explosion. Cver a relatively short time, all of the
animal phyla (the large categories of anima! life churacterized by unique body
plans, such as arthropods, moliusks, and chordares) that exist today either evolved

or first appeared in the fossil record. Tincontestad fossils of animals have naver
been lound in sedimentary strata more than 600 million years old, no matter where
on Larth we look. Yet the fossi's of animals are both diverse and abundant in 500-
million-vear-cld racks, and thev include representatives of the majority of the ani-

mal phyla still found on Earth. Tt appears that in a time interval lasting parhaps 20
million years or less. our planet went trom a place devord ol anuma's that could be
seen with the naked eve to a planel teeming with invertebrate marme life nivaling
alroost any species on Earth today in stze.

The rates of evolutionary innavation and new species formation during the

] - T 1 bl 1 [ Il |-l 1 (] 1 1 o
CHIMDT AT CAPIOEIOIT TAve [IEVel DeETL egLaled T Prodatety LT MEZE TR DETS ot

new species and body plans of complete novelly. That all of the aniznal phyla would

Gppear -1t OIiC S.gle, Short DUulst of Jd1versilicat-on 1S NOT an obviously prediciabe
outcome of evolution. From this observation comes the second finding concerning
tne Cambrian Explosion that is equally puzz!ing. f far less well known: The Cam.
brian Explosion marked not only the start, but also the end of evolutionary innova-
tion wl the phylum level. Since the Cambrian, not o single new plytum has evolved.

The extraordinary fact 1s that the evolution of new animal body plans started and
ended during the Cambrian Period.

The lack of new phyla and the paucity of new classes after the end of the Cam-
brian Explosion may simply be an artilact of the fossil record; perhaps many new
higher taxz did evolve, and subsequently went extinct. This seems unlikely. Itis far

rore lkely that the preat suree of innovation merking the Cambrian came to an
end as mnst ecological nickes became nccupizd by the legions of newly evolved
marine invertebrates.

Yet there remains a puzzling mystery: why 1s it that ne new phyla evolved after
the two ereat mass extinctions, the Perma- Triassic and Cretaceous- Tertiary disas-

ters? While the Permian mass extinction may have caused the number of species to
plummet to levels as low as those found early in the Cambrian, the subsequent

divers:fication in the Mesozoic invoived the formnation of many new species, bal

The Cambrian Lra saw an astonishing explosion of diverse new body plans.
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very few higher taxonomic categaries. The evolutionary events of the Cambrian
and the Early ‘Iriassic were dramatically different: although both produced a inyr

Tively quick'v doming The Cambrian. DUt the Burgess Strate may atso betettimeus
that not only were the bedy plans found on Barth today sround in the Cambriar,

jad of new specizs, the Cambrian event resulted in the formation of many new body
plans: the Triassic event resulted only in the turmation of new species that followed
already we!l established body plans.

Twa hypotheses have been proposed to explain this difference. The fisst sup
noses that evolulionaty novelty comes only when ecolosical opportunities are trulv

but so tec were other body plans that are now extinct. Une of The central messages
of Stephen Jay Gould's buok Winderful Life is that the Cambrize was not only a
time of great origination, but also a time of great extinction. Ciould (and others as
well) asserts that there were far more phyla present in: the Camnbrzan than there are
taday. [Tow many? Some paleoniologists have speculated that there may have been

large. During the Carmbrizn, for instance, there were many habitats and resources
that were not occupied ar exploited by marine invertebrate animals, and the great
evolutionary burst of new body plans was a response to these upporlunities. This
situation was not duplicated after the Permo-Triassic mass extinction. Even

4 jos - - inated, 3“"‘&5'" suraired oo il most .9r‘{\|r1§_|ri":11

as many as a hundred different phyla in the Canthrian, compered with the thirty-
five still living today. In observing this pattern, sags Gould, “we may acknowledge
a central and surprising fact of life’s history—marked decrease in disparity fol-
lowed by an outstanding increase in diversity within the few surviving designs.”
This view—so (orcefully and beautifully described in Gould's Wonderful

-iches. 1Tnder this scenario, there was sufficient survival of animals with various
Sody forms to imhabit most of the various ecological niches (even it at low diversity
or zbundance) and in the process black evoluttonary novelty.

The second paossibility is that new phyla did net appear after the Permo-

Life—is vigorously disputed in the 1367 book The Crucible of Creation by British
paleontologist Simon Clonway Morris, also about the Burgess Shale and the Cam-
brizn Lxplosion. Conway Morsis is, ironiczlly enough, a central and sympathetic
fiure in Gould's book, which portrays him as one of the architects of our new

H

ynderstanding of the Cambrian Explosion. But he is not so sympathetic to Gould

Trassic EXTncHon Becuse The Zenomes Of the sureivors tradchargersuttcrerntly

since ihe early Cambrian to inhibit wholesale innovation, Under this scenario, 2vo-
1

He disputes Ciould's assertion that disparity has been decreas:ng since the Cambri-

Tilichary OPpOrFIniT &s werc avai able, DUt evolJHcn was unab'e (o create radicatty
new desigas from the available IYNA. This is a sobering hypothesis, and one not
zasily discredited, for we have no way of romyparing the IXNA we find in living ani-
mals with the DNA from the long extinct forms now preserved only a8 rock
{movies sitch as furassic Park notwithstanding}. It could be that genomes gradually

amcitigseveral cases suspestine justthe opposite Conway Morr also attacks
another of Gould's ideas, the metaphor of “re-running the tape ™ Conway Morris
argues that convergent evolution {in which distinct lingages evolve sunilarly in
response to similar environu:ial condirions} can produce the same types of body
plans from quite unrelated evolutionary lineages. He argues that even if the ances-

become encurmbered with ever more information— s they gather more and moare
genes—and in the process became less susceptible to critical mutations that could
open the box of innovation,

One of the central—and currently contzoversial aspects of the {lamhrian
Lxplusion concerns diversity and disparity. Diversity is usually understood as a

[or of Uheverteboates had gonhe eXHTeT Guring or soomatter the Cambrarm itistkes
Iy that sume other lineage wotld bave then evolved a body plan with a backbone,
since this design is optirial fur swimming in water,

Simon Conway Merris's point is that convergent evolution wall deminate evo-
lutionary processes. He even makes what might be e tirst academic reference to

mezsure of the number of species present. Disparity Is @ measure of tae nuraber of

body plans, types, or design forns among those species. The controversy centers
an the wondrous assemblage of fossils found at the Burgess Shale localities in west-
ern Canada, where not anly early animals with hard parts, but also early forms

wathout skeletons, aze prmprvr‘d s amears on the rocks

Dougal Dixon's book After Man, a semi-whimsical prediction of how ammals
misht lock in the far future at a time when humankind has mysterously gone
extinet. Conway Morris notes thal (lw animals conjecturad by Dixon all seem to
resemble animals living o Earth today, even though they are portrayed as evolving
from quite novel sources:

The Burgess Sha'e has bad an ennrmeus impact on our understanding of the
initial diversification of animal life. Iu lavge pact, it is responsible for showing us
that most or all of the verious animal phyla (the major body plans) originated rela-

In the book he [Dixon] supposes that of all the mammals only a handful of
types, mostly rats and rabbits, survived Lo repopulate the globe. After Man s
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an exercise rivh in imagination in ‘ts depiction of the riot of species thet quack
Iy radiate to refll the vacant ecological niches left after a tme of devastation.

the rig:‘lt of The g‘raph: there s a greateT T eT OF AT EE TITRTITOITTd Spm,in_n theer
would be expected if the sizes were randowly distributed. However, this trend does

All the animals, of course, are hypothelical. Certainly they Jook strange,
sometimes almost zlien. When we look more closely at their pecuilariies,
however, they turn out to be little more than skin deep. In this imaginary bes
tiery the basic types of marmizal, those that trot across the arasslands, burrow
in the sail, fly through the air, or swim in the oceans, ell re-emerge.

nol noour on sivall centnenfs such as fAusiralia, on [arge 15iemis such a5 MadaEas-
car, or on smaller islande. On smaller landmasses it turns out that the disizibution
of mammalian sizes is relatively symmetrical. Moraover, the smaller the landmass,
the smaller the size of its largest mammals, and the larger the stze of its smallest
mammnals. On smell land areas the two tails of the distributien curve disappear.

It is thus the physics of environments that decides which shapes are adaptive
and which are not, which shapes can allow (light or running ahility or the ability to
chase down and kill prey. And this assumption points to a central conclusion: no

Finzlly, when smal! landmasses are completely isolated from other Tand areas, an
extraordinery thing happens: larue species evolve into dwarfs, and sinall species
devalop gigantism, But these are relative processes: an elephant evolving down to
hal: size (the size of 2 horse) is still a large matnmal (if a small elephant], whereas a
rouse that doubles in size may be large for a mouse, bul it s still a very smal!

evolulionaty novelty. Expectations of exaiting and bizarre new [ile lorms  the

types seen in any science fiction B movie—are pipe dreams. The znimals and
plants arising in the future of evoluton will in all probabiity look much lize those

of the present—except for being far less diverse.

marmal. Cen these observalions be used to predict the future body sizes of newly
evalving mammals {or any other type of animals, which presumably are affected in
similar fashion}?

They can. Earlier we saw that globel trade and travel aze effectively recreating a

supercontinent. bringing about the bomngenization of the fauna that typilied such

Expectations of Body Size

laree, single continents of the past. However, we have also seer: thet barbed wire,

Large anuioacs are ouch mere chansmat:c than small ones. 1T 15 N0 colncldence That
the majority of the animals listed as endangered and in need of heln by the World
Wilclife Fund are larme mammals. Lately it has becerae fashionable to sneer at
their popularity. Yet it is unfair to single out this hard-working group lor criticisim,
for the bard fact memains that the large mammels—tae last of the megamaounals

canals—eads—andfreewirpresubdividing the continents into sinaler habitats
‘This trend is shaping the fauna according to the rules of island biogeography.
Thus, we see the world baing transformed, ‘n an evolutionary sense, into an envi-
ronment favoring low diversity, as well as the dwarfing of large species and the

enlarging of small onies, wilth extinction occurring among the largest and smallest.

are indeed endangered. Assuming that this group will show some of the highest
extinction rates of the modern fauna, we might expect that tuture evolution will
produce many new species of large-bodied animals.

Can we expect any new large animals? Recent scienrific studies of the size dis-
tributions of memmals and their history of evolution suggest that arpe species

T'he #ige of Megarmmrms 5wt ard-traty over, with thetastfew—wild-mese————

mamminals now consigned to parks and zoos. As long as humanity survives at laege
population numbers, it will not return,

What might this new world ook like? Tet us invoke H. G. Wells’s vehicle again
for a fanciful, if dyspeptic, flight:

might not appezr after al;. Mammalogists bave long noted an interesting aspect of
mammalian size distributicns. There are over 1,700 species ol mammazls on Farth
toduy, and their range in body size is impressive: the smallest (e.g., the tiniest
shrews, such as the genus Microsorex) have an adulr weight of about 2.5 grums,

whereas the Aarg ot fRnfﬂai1np+4'v{i mucr“.!;’”cJ the blue whaled W{’Egkq ahaat 1.6 x 10

he Tirme Machine came to a stop, Ten million years had passed in the
blink of an eve. The Time Voyager stepped from his machine and sur-
veyed his surroundings. He was on the ecge of a giant {lat plain. Small fires
dotted the broad expanse, sending thin blue columns of smoke into the doudy

grams—a difference of twenty orders of magnitude. And there are al size (waight}
classes in between. Yet :f the size distribution of mammals for each major continent
on Carth is grapoed, it is immediate.y apparent that each distribution is skewed to

and humid sky. The sun was setting, looking no different Zrom the sun of his
own time. Not for the first time, he wondeted whether the machine hed some-
how wallunctioned.
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Walking away from the Time Machine, he took better stock of Tas sur-
rovndings. I le seemed to be in a gigantic garbage dump of some sort. Untold

of & pir, and secined indeed 16 e S6re SOFt of DIZarTe swine. DUt this “pig;1f
that is what it was, seemed well adapted tor pushing through the piled garbage

numbers of flies filled the air, their buxzing & constant hum of background
Muzak. Roads crisscrossed the plain at regular imtervals, bul no vehicles
could be seen. He lnoked more carefully at the refuse-strewn plain he was
striding across, and was startled to see chaotic movement among the material

swirling around him in the hot wind. At first lie thought that thousands of

i search of fond. Tt had a small trunk insteac of a nose, which allowed 1f T0
root efficiently threugh the piles of rotting offal. Numerous small ratlike crea-
tuves hung {rom its sides, like remoras clinzing to a shark. Ile thought at first
that they might be babies, but they were clearly parasites of some sort, looking
like hairy 'ampreys with greedy sucking mouths. Or perhaps vampires would

huge insects were moving in the litter, But on coser inspection he discovered

that whi.e there were indeed murerous cockroach-sized insects a{uol, meny ol

the scurry’ng, liny torms were mammals, a few as large as cats but most rat-,
rouse-, or even shrew sized,

He sat dowmon his ]'mnn"]‘\;—\&:_ motionless anc watched as more and more

be a better description. The rats, it seemed, bad evoleed.

He shuddered in revulsion at this hestiary. All seerned exquisitely adapted
to these piles of garbagy; in fact, all seemed adapted exclusively for life in tlis
setting. In the distance he saw a copse of trees, and decided to leave the gigan-
tic dump for 4 more “Aatural” seiting. ot realizing how natural rarbage

curious sma'l mammals beran to emerge. Clearly, many of the species he
zould now see were unfamiliar to him. Althounh their bodies looked like those
of the rodents of his time, their heads were distinetly different. [t was clear
that many distinct species were present, some with long tapered heads, mhers

tzoth, :,UII athers with huﬂe batllke eyes. Some had fur in a variety of camou-

dumps were in this world. He hegan striding through the garbage, heading for
the distant patch of green. Suddenly, shadows below end & cacophonous, rau-

cous cawing from above announced a tlight of birds over his head. They were
crows, but higger than those from h.is CWT Lime, and with hriﬂie.nt plurna.ge.

S ea,rmg, hr_ pul his h'md ta the hack of his head, and found it coverad with

Llage Patlerns, while othiers were hairtess. Some were J'lCd\.ll) TTIoTedwith
armedillo like scales. Some had front less exquisitely adapted for digging;
others had long needlelike claws extending from their toes, The small forms
wormed among the garbage, some using their impossibly long tongues to
probe inta the piled refuse, while others broke open some of the many scat-

ACENONE KT,
btood—He-ookeduprtoseearotherofthe larpeceows divingat- s head He

ducked just in time, seeing a large, eagle-like beak and great telony with a
long, knifelike barb extending from one of the large feet. He hegan running
Lack toward the centar of the garbage, seeking shelter of some sort, but the
crows, more than & Jozen strong, attacked viciously. They let him run in ter-

tered Dones (o rect out the marrow, While he wetched. one of the small man-
mals was suddenly lifted into the ais by a flicking rope of some sort, and then
he saw the body being carvied inio 2 large, waiting mouth. A huge snake lay
coiled not far away. Tts tongue was like that of a frog, capable of [licking cut

ward and grasping its prey. He saw annther large snake moving on short legs

ror hack toward The trees, and as he got closer, e saw whyrmore therrator

dred sat perched in the first row of (rees, watching as their compatriots herd-
ed this particularly stupid human toward the waiting, hungry flock. The lions
of the world now had wings.

like those of a cent'pede, and vet another moving ite head in and out of the
piled garbage, looking for sma'l prey housed within,

Wiatching this menagserie of the smzll, he tried to compile  list of species
siew 1o him, tosing count after tallying more than forty. It was not that every-

thing was alien, {or these creatures were surely descended from the mammals

and reptiles of his own time, but they were just as clearly evolved, forming
entizeiy new groups of species, And still more and more animals began to
appear in the gathering twilight. The bigrest animal that he saw was the size

—_
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THE FUTURE

EVOLUTION OF
HUMANS

R

Serme of eur wrirersal concerug abeut our bedies may be cutte

rentare frer, even at ocds with, mherited hurman tecies fur
increasing our repracdustive success or our cheace ol survival,

—PHILIP KZTCHZER, Tre Lives £ Come

X ¥ 7T aat about the future evolution of our species! How will the future

world and its mew eavironments affect our own evolutionary out
come—- or will we be affected at all? Will we become larger or smaller,
or gain or lese intelligence, be it intellectual or emotional? Might we become more,
or less, telerant of encoming environmental problems, stch as a dearth of fresh
water, an abundance of ultraviolet radiation, and a rise in global temperatyre? Will

we produce a new species, or are we now evolutionarily sterile? Might the future
evolttion of humanity lie not within our genes, but in the augmentztion of our
brains through neural connectons witl inorganic machines? Are we hut the
builders of the next dominant intelligence on Eartl—the machines?

The most ubiguitous manmalian resource of the future: the human body.

Facole tell ue that mn‘\|1|f';!'\n"'r1}! sharme 1o med g continuous thing ratqer it
SrH e —esied e £y =

cccurs 1 fits and starts, and it is certainly not "proaressive” or directicnal, Organ-

tsms gel smaller as well as larger, simpler as well as more complex. And while most

—
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Ireages evolve througk (ine n some manner. the most dramatic evolationary
changes often take p.ace when a new species [irst appears, 1 this is the case, then

Fach lormalon ol @4 Dew aWman Species oocurrod When a Simall proap of
homin'ds somehow became separated {rum a larger popuation for many genera-

Future marphological evalution in Homa sapiens may be minirnal, On the other kand,
we mnay show radical change in our behavior and perhaps our physiology. Perhaps—
and thisis the bigges: perhaps 2 new species of hurnan wili evolve in the not so dis-
tant (or distant) future. But such an evolutionary change would almaost surely
require some sort of geosraphic isolation of a population of humans, and as long as

tions. Then, Zollowing rapid morphclogical <ranslormations, Temo saptens. once
evolved, showed littfe or no further evolutionary change.

Although major structural changes in F. sapiens may now be over, many
smaller evolutionary changes will undoubtedly take place. Prominent among these
mipht be & homogenization of the current human races. The same forces resulting

humrans are restricied to the surface of “he Earth, such an event seems unlikely.
Since the time of Darwin, it kas been accepted <hat the forces that produice

new species are usually brought to bear when small populutions of an already

existing species get separated from the .arger population and can no longer inter

bread sarith it Gere flovw, <he interchanoe af gene <1 material that maintains the

in the hormogenization of the Earth's biota are at work on us: our former geograph

ic isulaton has been broached hy the ease of transportation and the dismantling of
social burriers that once kept the very minor genetic. differences of the various
h:iman racial rroups intact. The most ebvious change that may come ahout would
pecur in skin color, Because rapi ion and global comrmunication have

integrity and wlentity ol any species, thus gets cut off. Of course, genetic isolation
senerally means geographic sepatation, which means new environmenial condi-
tions, different from those experienced before. When vou add this indo the mix,
you have a recipe for making a new species—glven enough time, and continued
RO Ao,

destroyed most barriers to human movement and even isolationist human culture,
Wwe move aoous more. As we do so, we tend o interbreed, and thus the barriers that
once selected for various tvpes of skin pigment are no longer present. Skin pigmens
iz one of the most heritable of human genetic features, and 1 may be that hurnanicy

1e b B < pruaraal b ' 2 - : 1 oyt
TSRO E o uriversal brownskinned fUh}E@—&S—the—c'la;liL@S-t—uLnﬁ@—bld&-ki, £ =

New species have formed wany times in the course of human evolution.

skinned races get lighter and the melanin-free skins hecome darker. The humanity

Afthough there are Many gaps i e Tecord ;amd disagrecinents a-nong tie special-
ists, with much work left ta do), we can sketch a rough outhne of human evolution.
The hurman family, called the Horminidae, seems to begin about 4 million years ago
with the appearance of a small proto-human called Australopithecus afarensis. Since
then, our family hus had as rany as nine species, alihough <here is ongoing debate

of termrthowsa: TEArs = v T RTTEIE R 5
chocelate brown,

Tn stature, each race of our species seems to be getting larger, vet this s surely
nut & genetic feature: with improved nutrition we are simply maximizing the height

potentials carried by our genes.

about *his number. About 3 million years ago two new species, A, afrcdnus and A
aethiopithecus, appeared, while another, A, boiset, first appeared about 2.5 million
vears ugo. (I'hese three species are sometiraes ident:fied as Paranthyopus instead of
Austrelopithecus.) But the must Important descendant of A, afirensis is the first
rmember of our genus, Homo, a species named Homo halilis (“handy man’) [or its

But 1n many ways, natural seleclion as we Know Lo Iiay Dot Operate il our
speciesat 4.l [tis being thwarted on many fronts by vur techaulogy, our medicines,
and our rapidly changing hehavior and moral values. Babies no longer die in large
numbers in most parts ul the globe, and babies with the gravest types of genetic
damage, which were once certainly fatal in pre-reproductive stages, are now kept

use of toals, an ability that is ahout 2.3 million vears old. This creature gave rise to
Tlumo evectus about .5 million years ago, and H. erectus gave rise to our species,
Home sapiens, e'ther dizectly about 200,000 to 100,000 years ago, or through an
evolutionary intermediate known as Home heidelburgensis. Qur species has been

3 -
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alive. Predators, “o0, o longer affect <he rules of survival. Tools, clothes, technolo-
gy, medicine: all have increased our fitness for survival, but at the same time have
thwarted the very w:echanisms that brought about cur creation through natura.
selection.

As an example of new human speciation, let’s Jook for a moment at what it

Neanderthal, (Some researchers consider the Neanderthals to be a separace species,
Humo neanderthalis, bul this is stili highly disputed.)

would take to create a new species with a much larger brain—say, a bram size of
about 2,000 cubic centimeters, compared with the average value of about 1,130 to

140
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1,500 cubic centimeters m Home sapiens, Whas conditions ol nutural selection on
Earth tuday would engender such a change, and would such a new creature even

1shatinteld igence. 1'\\: dmnet ANV def.

—ThA

1 : 4 e oo fore thic
I TE T ATy e S0t T e Peasentor s

inition, is produced by kundreds or even thousands of individual genes, and is thus

belor.g to our species?

Intelligence and the Bell Curve

If Homo sapiens sapiens (the modern forr of vur species) were grouped together

verydfficulttoclange Trivestinmated-thas the-cerrelationbetweenar-thdividuad

parent’s intelligence and tha® of his or her child is 0.2%. Since both parents con-

THt:

iribute, this efect is meiliplied: thus the correlation between the parents’ intell:-
gence and thal of their offspring is #.04%. What this means is that (wo pareats with
1Qs of 140 will probably cunceive a child with an 1C) of 100—as will two parents

with an australopithecine, a Homa kabilis, a Home erectus, and an archaic Home
sapiens, what would the significant inteliectual differences be? Would the other
species use lanpuage, sing songs and create music. dream of flying, or even draw
pictures? Before tackling these questions, we must {irst ask ourselves, what is
intelligence?

with 1O)s of 811

Nevertheess, we remain fascinated by the concept ol quantified intelhgence,
its history in our species, and the possibility of its long-term heritability. Those
interested in the evolution of vur species have probed the minutest anatomical dif
ferences among our various fossi. predecessors in an effort tn determine how and

There are several delinitions of intelligence: what you use when you don't
know what to do; guessing well about what fite together; finding an appropriate
tevel of organization; finding an appropriate pattern from the avaiable informa-
ruh, Al qouah hese statemnents cer‘ramly t\,‘plty aspc;ts of bra n function t}:{t we

14 1
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when our lineage began to "get smart.” Yet this mlormation is maddening in 1ts
incompleteness, and apply‘ng a present-day undersranding of Jearning to the study
of early humans is i-npossible. 1t has long been clear, for example, that the brain of
a newhorn human and the same brain only twe to three short years later aze vastly
different, and the by -products o those differences are the marvelous characrers of

that mtelhgem_e 1z compused ufan COOrMOUs array of' components. Sorme of us have

great math siells; most do nol. Frankim 1. Roosevelt, the 10ngest—servmg AT
can president and certainly one of our best leaders, was an ndifferent student.
{QOliver Wendell Holmes once remarked of him, “A second-class intelect, but a
first-class wemperament!”) His English contemporary and Second World War sta

Blernase, Winston Churchill, was so indifferent a student that he never completed

humanity, The wddler can speak in sentences, reason, remenber, and mmove about
independent’y; the ‘nfant can do none of these <hings. During the deve.oprnental

period, and for vears afterwird, neurons are connecting and changing ‘heir mor

pholagy in ways still largely unknown Lo science. And no information about such
changes is available to the palecanthropologist when it comes to ear)y bwmans. The
ost we can know of Lhe brain of Homa erectus is 1ts size and a bit about its shape,

{osnilizad s baurids, The real oits r\f i“:u rmation behind

college and was packed off to the military by Ins despairing parents. Yet both rose to
lead great countries in crisis through <heir political skills—-clearly reflecting keen
ntelligence. Surely an abélity to master politics 1s as much a type of intelligence as
the ability to solve partial dillerential equations—but it is just as surely a very dif-
ferent type of intel.igence. As anv praciitivner of “intelligence testing” can readily

\:.'H:.d.ll\..d fromrthetatertors ol osstlized sk H—H
intelligence —the morphology of huinaan brain cells and the pattern of their connec-
tivns s thearea where the area® secrets lie.

Two persuns who have met with some success in this area ave Lerry Deacon of
Bos:on University and William Calvin at the University o Washington, Deacon

assert, the commanly used tests, such as the long-reigning 10 tests, measure some
small purtion of 2 great system of brain organization and tunction loosely termed
“mtelligence.”

In the end, the definition of 1nt¢,11 gence 1s prubably irrelevant. For in spite of

necles 's doored to an ever-

5 A meutoanatomist who has studied The varions atrrthutes Taking up o
intelligence. He has concluded that the emergence of human intelligence came
aboul nut through some mysserious new neurelogicul or morphologicat invention
within the brains of the eazliest modern human species, but through the develop-
ment of already-present circuits and cells. In other words, our species used “ofl-

decreasing average intel]i gem:e because less intellizent people are having -oure chil-
dren, there is very litlle chance of 1) (or any other measure o average intelligence]

the shel” rquipment” that was then wired m nuve] ways through the processes ot

o
evoulion.

He
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Calvin, a newrohiologiss, Las put lorward similaf argiments about how inteiis

gence came abou? “hrough evolution. Clalvin sees Intelligence as the evolution of

PEFLIE Of AT INCIEASE]Y COmplex .
the genes that caused these behaviors—a case of umn‘rural selection,

structural thougkt processes, such as syntax, the nested embedding of ideas; agen-
das, the ability to make novel plans for the future; logical chains of argument; and
the ability to play games with arbitrary rules. And, last of all, Calvin sees a beauti-
ful leap in the evolution of human intelligence: at some point, humans, alone
among the animai world, began to perform and eventually write music. Calvin has

T uriher work now suggests than Maiy of rumanity 550 caiied  belaviorat dis
orders”—such us ADHD, depression. addiction, and mmpulsive, COMPILSIVE,
oppositional, and cognitive disorders  have a significant genetic component, and
wnlike intelligance. may be eoded on onlv u few genes 1 this hypothesisis correct {and
no authoritative study has yet been able to fulsify it), it means that the heritability

presented a inust interesting hypothesis about how all of this came abouts he thinks
“hat intelligence may be a4 by-product of a brain that evolved tn throw better. So
many new “connections™ and novel pathways were necessary to create the neu-
roanatomy tequired for throwinT weapons at prey that unforeseen consequences
resulted from <his newly evolved brain. Tn particular, it became intelligent

(the rate at which such a trait s passed on <o the next generativn) of suck disorders
is very high. If selection acts Lo favor the transmittal of highly heritable traits, they
very quickly increase in the overall gene pool of a species. Comings has summa-
rzed this stark view as follows:

Unnatural Selection

In kis book Children of the Tee Age, paleontologist Steven Stanley has made the

Vany diflerent studies have docurnented an increase i1 the frequency and @
decrease in the age of unset of a wide range of behavioral disorders, includ-
ing depression, suic’de, alcokul and drug abuse, anxiety. ADHDY, conduct
disseder, autism, and learning disorders in the second half of the twentieth
century. All of these disorders have a genetic component. The usual expla-

Observallon that Sie advert of Medicing Aas (isTupted TAtOral Setec ion as [T acts 01
humans, Humans, accurding to Stanley, have created unnatural selection, for our

nation of these trends has been that they are <he result of an Increasingly
fast-paced and technowgically complex society. [ have suggested that the

species now rowsinely hed’s or saves many individuals who would never survive n
the “wild.” Furthermare, not only do we save individuals with physical or mental
delecis, we also allow them to breed. Wow, with the increasing power of genetic
engineering, we are poised to take unnatural selection to new levels, not only for a
host of nonhuman species, but for ourselves as well.

corverse 15 true— -that the ‘ncreesingly complex society is selecting for the
genes causing these hehaviors.

Of course, these inherited behavioral traits are certainly affected by the individ-
ual’s ervironment: many people carry <he genes making them susceptible to addic-

One of the most provocative assertions about how our species is evolving at the
present time comes from Dr. David Comings, a physician and geneticist specaliz.
ing in huruan genetic disorders. In 1994 Comings published The Gene Bomb, a
book as controversial {if far rnore overlocked) as The Bel!l Curve. Comings spent

_ twodecades studyving Toutette’s syndrome and atteniion deficit hyperactivity dis-

tive disease, HUt UNJEr Many or even most circumstances do not succuinb o alco-
helism or drug addiction, Yet many others do. Comings took his findings even
further, and postulates that many victims of ADHD reprodhce atan earlier age than
those without the syndrome, since very few of these sullerers attend college, and
many women carriers become pregnant at. an earlier age than women either attend-

order ( ALYHLY] among children, and carre to the starting conclusion that the inci-
dence of such genetically inherited disorders is increasing in the buman population
faster than population growth alune shuuld dictate. His conclusion is thar our
species is ?voh Ing ever ﬂreatet numbers of behavioral disorders.

ho'_\hﬂn’ ha nnhnrﬂ" Alapnogsed

ing coliege or entering skilled positions. The result 15 that women attending colles,
and then entering careers, u timnately have fewer children. These women are usually
of highe- intelligence than the population mean, and have lower Trequencies of
hehavinral disorders. Women bearing children earlier—and having more children as
a consequerce—will be passing on their genes with more efficiency. While thes dif

with Tl)urt.ltc 5 a\rndmme and ADH]—) h? noticed that the frequencies of these dis-
orders were high in the children of his patients. Ingtead of these behaviors being the

ference will have little or no effect on intelligence, Comings believes that it may be
highly significant in increasing levels of behavioral problems 1n the populatien.

SN
b
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Ciomings's theory is con‘ruversial for two reasons: the data and theiwr Tnierprela
tion. First, the increasing frequency of reported cases of depression, ADHD, and

vidual's genetic makeup will become commonplace, and specif iC genes for Cepres:
sion and other behavioral abnormalities wi.l be detected. The second step will be

the like may simply be due to an increased awareness that these disorders can be
treated, which encourages people ‘o report them with greater frequency than they did
in <he past. Second, eveu if these disorders are indeed on the rise, they may have only
a small genetic component, and may be due ta any number of environmental causes,
‘neluding increasing levels of environmental pollutanis such as lead and other heavy

the application of hehavioral drugs using newly discoverec chepucal pafhways. bul
the third siep wil. be actual changes in peop'e’s genes. This can be done ‘n two
ways: somatically, by changing the genes in a relevant organ only; or by changing
the entire genome—iwha® ‘s known as germ Jine therapy. Since germ Tine therapy
invol ves changes in the genetic code of 4 person’s 2ggs or sperm, it will not help the

metals, 4s well as urganic macromolecules, i drinking water. Given Uiese two Lsstes,
it is hard to say whether there is merit to Comings's assertions—but they provide an
interest'ng example of the potential for further evolution in our species. involving
genes that we usually do not think of as being capable of evolution.

individual in question, but it will kelp his or her children.

The maor obstacle to the genetic engineering of humans is a property known
as pleintropy: most genes perform more than one function, and many functions are
coded on far more than one gene. All genes involved in behavior are probably
aleitropic his is surely the case, 7oz example, with the many genes involved in

ITuman Behavior and Directed Evolution

We “end to think of evolution as something invelving structural madification, yet

it can :ind does affec: things invi sihla to the morphologist—-such as hehavior. Tn

hehavmrs‘ allowing us to ¢eal with the rhanm nz set of environmental conditions

human intelligence {in fact, neuroanatomists and behavioral geneticists believe
that the menes involved in 1 are probahly invelved in many basic brain [unctions
aswell}. Therefore, far more will have (o be known about the. human genorme before
wholesale tmkermg can hegin, since very slight changes in gene frequercy could

omne A by utten been I'Tllﬂ"(-“d a

mere 1% difference o the genome is all that pmdm 25 the vast gulf between chim-

Tacing our species: lifc i Cifies, lile amung Ccrowds, e i a world - where certain
hehaviors affect survival.

Because we have directed the evolution of $o many anima. and plant species, we
might ask ourselves, why not direct our own? Why wait for natural selection to do
‘he job when we can do it Zaster and in ways beneficial to ourselves? This 15 precise-

PAILZEES d.nu ﬂL‘J[ld.IIB.

Why change genes at all, then? In all probability, the pressure wi'l come from
parents wanting to "improve” their children: to yuarantee that thetr child will be a
bov (or a girl). tall, beautiful, intefligent, musically gified, sweel-natured, or wise,
o to ensure that their children wen't become addicrs, thieves, uwan spirited,

ly the tack taken by many behavioral genelicists who are searching for ways to
rranipulate human genes. Behavioral genetics is a new branck: of science that asks
what in our genes makes us different from one another (vs, what makes us different
from nther species or what makes us human). Scientists working in this field are
irving to track down the genetic components ol behavior not just of problems and

depressed, or hyperactive. The motives are there, and 116y are Very STong. Tt=
Tluman Genome Prefecs, now completed, had [ur much of 135 metivation (whatev-
er “t supporters argue) the desire to find “bad” genes. Once they are found, new
Herculean eForts will be required to weed them out. Assuming that it does become
practical to change she natuze of vur genes, how will tha* a-Tect the future evelution

d'sorders, such as those profiled in the previous section, but of everyday behaviars
that may wel be heritabla traits: overall disposition, the predilection for addiction
or criminality, many aspects of sexuality, aggressiveness, and competitiveniess,
These are traits that we know in‘uitively to be al least partially heritable.

The implications for the futire of aur species are incalculable, 1f seems unlike-

of humanity? Probably a great deal, if the practice continues over millennia.

Il nataral sclection is unlikely to produce a new human species —the even: fore-
seen by H. G Wells in his novel ‘The Time Machine— the same end result could cex-
tainly he achievec by directed human efort. As easily as we breed new varieties of
domesticated animals, we have it in our power to bring a new human race, variety,

ly that our society will not eventually accede to <he idea that DNA samples shou'd
be given to penesic specialists, When this happens, elaborate screenings of an indi

or species in‘o this world. Whether we choose to follow such a path 1s for our
descendants to decide,
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Just as the push by parents to enhance their children genetically will be scei-
etally irresistible, the assau’t on human aging will be a force of unnatarsl selecton

The subtitle o TJ¥son's Dook surms up @ possibfetrerdTrthefuture o oor———

species. But according to Dyson, that global intelligence w il not he a product of

in the future. Muck recent rescarch shows that aging is not so much a simple
wearing down of body pars as it is a system of programmed decay, much of it
genet'cally controlled. [t is highly probuble that the nexl century ol genetic
research wil. unlock numerous genes controlling many aspects of aging, and that
these genes will be manipulated. An indivicual human lasting between one and

Marwinian evolution among the FUsing populations of 11070 sapiens. but wittcomre
about through an ongoing symbivsis with the machines we build: "Everything that
humun beings are doing to make it easier Lo operate computer networks 15 al the
same time, but for different reasons, making it easier for computer networks to
operate human beings.”

‘w0 centuries is an obtainable goal. Whether or not it should be pursted, in ligh® of
Ruman population growth, 1s another question.
Here is a scenarin already posited by several scientists (and sclence fiction wris-

ers) that could potentially lead to a new human spectes, or at least a new variery.
2 . hint ) p " - 1 .

Nz < o iia

In science fiction books and movies, this kind o symbiosis i1s portrayed as 2
rmachire and a man linked by cables—he contact of wire and neurcn as a shared
pathway of elecirons. Would such a linkage enhance intelligence, it it were possible
at all? Neurcanatorists claim that such linkages are only a matter of time and
money, and that the first benefit vf such a linkage will be enhanced miemory—the

intellisence, looks, and longevity. Let's assume that these children are as smart as
they are long-Fred—they have IQs of 15, and a maximum age of 150 as well,
Unlike us, these new humans can breed for erghty years or more. Thus they have
maove children—and because *hey are boih smart and

live a long tire, they accu-
LS T o

these new humans to breed with others of their kind. Just as quickly, they wil.

ability for an individual to immediately access the knawledee of the collective. But

is memory  and data—intelligence? Dyson points out that H. G. Wells pondered
this subject in his lifetitne, concluding that some sor ol global mte!ligence was the
only hope of improving the affaics of humanity. Wells prophesied that he whole

1 '

. . he acoey N S M 5 VIEW,

“Wells acknowledged memory not as an accessory to intelligence, but as the sub-

2

hecome hehavioral OuULcasts. WWith Some SOIt Of presummably seil-Imposed gec
graphic or social segregation, genetic drift misght occur and, given enough time,
might allow the differentiation of these forms into a new human species.

stancefrorrwhdchrtellipence-is formed

All of us who routinely use computers have suflered {rom some lack of memo-
ry in our systems. be it RAM or space on a hard disk deive, and such nuisances
imvariably detract from some other task, break our concentration, require an unan-
ticipated change in activity. Tt 18 easy to see how extra memory space-—or extra

Dyson among the Machines
Hurnass are no longer simply tool makezs. Wow we are machine makers as well, and
net all of the machines we make can be considered tools. In ways perhaps even less
predictable than our use of genetic manipulation, it may be our manipulation of

Themorics—would change the world and the way we perceve tt—But-wotthdt
increase intelligence? Most thinkers who ponder this subject assure us that it
would, though in ways that may not be perceptible to us, perhaps because an
enlarged, networked inte!ligence would operate at tme scales different from ours,
and thus invisible (s us. As Dyson notes, 1© might also uperate in a fashion unlike

machines—or they ol us— that creates the most profound evolutionary change i our
species. Not simple morphological change, ur even behavioral change (although that
~ight happen tnoy—hura chanee as consequential as the first enveloping of one bac

serium by another to produce the symbiotic by-product now known as the eukarvor-

ic cell—the key to animal Life s the ultinate evolitinn of our species one a” symbio-

that of Darwinian evolution:

Whal leads organisms to evolve to higher lypes’ Darwinian evolution, as
Stephen [. Gould, among others, has pointed out, dues not progress”
toward preater complexity, but Darwinian evolution, plus symbiogenesis,

s1s w-th machines? Numerous writers have discussed the prospest. but in the late
twentieth century, at least, perhaps none so evocatively as George Dyson, particular-
ly in his hook [Jarwin ameng the Machines: The Evelution of Glohal fntelligence.

does. .. . Darwin‘an evolution, in one of those paradoxes with which life
abounds, may he aviesim of its own success, unable fo keep up with non-
Darwinian processes that it has spavwned.

145
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In an earlier chapter, we asked whether the “rules” of speciation have changed
for humans. The answer is that they have not—humanity may have affected the

invent:on and roufine construction ol compulters that have The computing power of
the hurnan mind will occur early in the twenty-first century, and that mmachines that

natuze of the plaving field and the players, but we canno: change the rules. Yet in
the merging of man and machine that conclusion may be uverturaed. The evolution
ol machines and machine intelligence does have directionality, toward ever greater
complexity and intelligence. Machine Intelligence does not go backward as much
as it goes forward; there are o functional equivalents of a hline cave fish or the

outstrip the capabilities of the human bram 1n seme atiributes o processing and lepic
will inexorahly appear soon affer, 1 his view, the merging of human and machine [or
at least arlificially constructed) brains will be inevilable. But wil! it ever be heritable?

whale, 2 mammal that returned o the sea. In the coraputer world, direction is
progress: better operating systems, more machine interconnections, MOre rmemory,
easler use, rmore humans connected.

Dvson further argues that information comes in two ypes: stracture and

Thoe Lot tn thn o Lo nn b 1 +ha o C £ -
The-rrstistnemap-ol space e fetoRSThe Faap af timehomor ¥ and

Growing Buildings and Changing Trophic Levels

Science fiction is 3o pervasive and voluminous in its vutput that there are few ideas
not already in use in some futuristic plot device. Thus, the two ideas T throw out

bere are surely well known (o its alic'onadns. However they seeim 1o me to be twn

sequerTes:
recall are translations hetween these two tvpes of bits. Thus it 1s Dyson's fervent
betiel that the futare evolution of humantty lies in “technology, hailed as the
means of bringing nature under the control of our ntelligence, thus enabling
nature *o exereise intelligence over us. We have mapped, tamed, and dismem-

potentially realistic strategies that could alleviate Doth our popualation problems
and the stresses our metals-hased industries place on the rest of the world.

Masny of our industrial problems and pollutants come from the processing of
metals. The industrial smelting and forging of tools and technology made from

bered The phveical witcerness of our Lartts But, arthesame time, we tave created
a digital wilderness whose evolution may embody a collective wisdom greater than

: 1 M N e I . 14l - o | B I PR 3 e o
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components requires massive supplies of energy and water and produces volumes

UL OWIL

As breathtaking as Dyson’s vision is, [ differ slightly in predicting the type of
rachines we may merge with. One of the tired old saws in rhe science fiction pan-
theon is the notion of a silicon-based life form. There is a simple but powerful
retort to that passibility. 'The variety of “organic,” or carbon-based, compounds

of mothation Adtiourh - would regquire sipmificant geretic rmaniputatton tocreate
organic structures and tools, humanity might be better off by “growing” as much
technology as possiblz. On a very small level. researchers have already experiment-
ed with this idea: a syuare tomato has been developed to suit packaging needs.
More imaginatively, a living house made of growing wood and other organic siruc-

found in life provesses can he readily seen by going to any chemical supply store
and checking out the store's catalogs. They are book-sized. Silcon-based com-
ponds, on the other hand, fill only a good-sized cumic book Silicon, however use-
ful it may be for the electronics and computer industrles, is sione oo suitable for
life, We mav suon [ind tha® It is none ‘oo suitable for the computers of the future,

tures might be a way to realize sustanability in a technical society,

Yet an even more dramatic breakthrough could be realized by manipulasing not
only our machines and technology, but also ourselves, Humans require massive
amounts of food. We, like all animals, are hetevotrophs—uwe must ingest other vnce
living matter in order to live. The world could support far more people if we could

eitker, or for <he machines we nay try to merge with,
Perkaps, after all, the progression of Earth’s dominant animals wil. be Age of Bac-

teria. Age of Prousts, Age of Tovertehrates, Age of Fishes, Age of Amphibians, Ageof

Reptiles, Age ol Mammals, Age of Humanity—and then a long Age of Artificial

Intellicence, This certainiy scems 1o be the view of many of the maeils and th'nkers

somehow radically re-engineer our food and nutrient needs so as to become
autotrophs—organisins al a lower trophic level. Plants and many types of chemoau-
totrophic bacteria use sunlight or chemical energy to power their metabolism. 17
biotechnology could kelp get humanity off its hamburger diet (or even its whear
diet) and merge witk: the plant world, a great deal of stress on the planet could be

1o ¥ ra

spawned 1n Silicon Valley. Of these many prophets, none szems so bullish concerning
the coming replacement of humanity by thinking machines as Ray Kurzweil. His
vision is starkly writ in The Age of Spiritual Machines. Kurzweil believes that the

alleviated. Sular-powered caleulators do remarkably well: perhaps the only hope
for an Earth even remotely resenchiing 165 past self in terms of habitats and divers!
ty is solar-powered humans.
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New Human Species?

N 2t st A\t about the Suture?

W 0y Ty Y

polvp 1% connected o avery OTHET po.yp- 1 he [anctionat cquivatent of
this svstem among insects is the behavior of species like ants, known as

Speciation requires an isolating mechanisr of some sort. The most common s
geographic isolation, whereby a small population gets cut off from the larger gene
pool, then transforms its own set uf genes sulliciently that 1t can no longer success-
fully reproduce with the parent population. Most species kave done this through

eusociality. Ants (and other eusucial tisects] have evolved behaviors and
morpholagy befitting a highly complex system in which the colony isself
sexves as the functional individual, and the various actual ants of the colony
serve as Lhe various organs of that “superorganism.” Will the future
evolution of vur species be tuward the ant madel? In one of the most

geographic 1solation, yot Tthe very poputanion stze and efficency of troreporsof

Fumanity make this possibility remote—at least on Earth. If, however, human
colonies are set up on distant worlds, and then cut off from common gene flow, new
humran species could indeed arise.

Perhaps humans will lose {or voluntarily discard) the technology that aliows

original of all science fiction novels, Larry Niven and Jerry Pournelle’s
The Mate in God’s Fye, an inte'ligent race genetically iranipulates itself to
evulve differens types of “workers,” including morphologieally discrete
farm workers, engineers, politicians, soldiers, “masters,” and even “food.”

the giobal interchunge of vur species from continent to continent. Il sepa-ation lasts
long enough, and if conditions vn the separated continents are sufflciently dil-
ferent, it is conceivahle that a new hurman species could arise due to geographic
isolaticn.

Fvolution takes time. Humanity probably has *hat—as much as a billion years ol
it as ] will show in the next two chapters.

Scenarios

T 11 4 1 : H T o >
Ferusoorchrdewithsomealttertrtivescemarios o rumanis— i the Lature. Qnee

we leave aside our puilty assumption that our species will soon go extinel sumehow,
we are left with what Rod Taylor (in the [ilm version of H. (. Wells's The Time
Machine) described as “all the time it the world.” With hundreds of thousands to
millions of years yet to play with, what might our species evolve ‘ntw? Here are four

SCetldrnns: .
1, Stasis: In this scenariv we largely stay as we are now: isolated individuals.
Minor tweaks may oceur, mainly through the mersing of the various ruces.

N

Speciation: Through some Lype of isolating mechanism, a new human

spacie s_\‘n]uoulml‘]'i o A1 d - 1D ADAse

travel and colonization.

bl

Symbinsis with machines: The evolution of a collective global intelligence
comes about through the integration of machines and hurran brains.

4. Busociality: Our fascination with ants is that we see our cities and ourselves

mirrored in “her. The animal world is filled with colomal organisms.
Hydrozoans and bryozoans have morphologically distinet polyps that serve
for fond acquisition, defense, reproduction, and colony stabilzation. Each

—
ir
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SCENARIOS

OF HUOMAN

EXTINCTION

Will There be an "After Man™”

K

Clmaely —ae Earth coutd o trrger sepoty the rew tratetat

aeeded for man's wgniculturs, industry or medicing, anc as sacrtage

of supply causec the complex and iser.ocking social and
sechnological edifices srumbled. Mar, no longer able to adapt,
rusaed unconircllably o his inevitable extnetion.

—I[MOUGAL ITXON, After Man

n May 23. 1995, academician Boris Pevnitsky, Deputy Director ol the

Russian Federal Nuclear Ulenter, stiodde up to a small podium in a

cramped, steamry soom in Livermore, California. His audience conrist-
ed of an alteniive. cosmopolitan group of middle-aged men: some in sleek
bl et (LN

Tordstrom's buiLa, BOITIE ITT te e dl;lg} \,a.ul.x,t_\a AT EHRDTE AT YT i

It #s unlikely that even geological houndaries will apply to humans in the future.

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

4 ==
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targest hvdrogen bomb ever conceived. a bomy so greal 11 energy vield 1hat 1ts
explosion anywhere on Earth would blow away a significant portion of the

The Sky Is Falling! The Sky Is Falling!

atrnosphere. But that was Dr. Pevnltsky’s point. He didn't intenc ‘o explode his
“classical super” unywhere near the Earth. He intended to use it 1o destroy an
asteroid in space. In the back of the room, a small, sheiveled man with graying
but still fierce eyebrows looked on, surely with some saisfaction. Dr. Edward
Teller, inventor of the t1-homb, must have been pleased to hear that his great

Despite ite selentifically ludicrous depictions, Hollywnod has nevertheless servec
to educate people about the dangers oF Earth-crossing astervids and comets. The
overall message of the late-twentieth-rentury movies Amiageddon and Deep Impact
was grounded in reality. Asteroid impact can be viewed as the most dangerous sin
gle threat to our specics’ existence.

dream  the "peacetul” use of thermonuclear weapons—was at las: being Jdis
cussed by an international assemblage of American, Russian, and Chinese
nuclear specialists, astronomers, and geologists, 150 strong, in an open forum.
All had gathered In the slight'y run-down conference center of the Tawrence
Livenmwore Laboratory ‘o discuss one tapic: the defense of the Farth ™o coppet

The rate of cullision of celestial objects with the Earth has been well estab-
lished, and the destruction wreaked by such irapacts is also well understoed. Such
even’s have occurred countless times throughout the history of our planet  and
they will inevitably recur in the [uture, For example, it was a great planetary col-

lision nearly 4 llion vears ano that created P ”arth oon 'f‘sti“‘, A i : ;

or asteroid bormbardment.

The Tawrence [.ivermore meeting was the seconc. such meeting held in a
one-maonth spa_n i 1995, The first, held at the United Nations in New York in
late April of that year, had roug

-

hlv the same theme, Ir1t was far more theoretical,

them. The megatonnage necessary lo deflect or destroy an asteroid was not overt-
e

doing may have made our planet un’que as a womnb for the gestation and diversi-
fication of life. A second great collision some 65 million vears ago slayed the
planet’s dragons and set the stage for mammalian, and ultimately kuran, evolu-
tion. But of grearest relevance to our species are the future collisions, great and

smat-thatwithrevttablyoccur OTE ETIOTTg OUMNLEsE SPecies That have
populated thus Earth, we have it in our power to defend the planet from these

Irdisenssedrbuttheressagewas thesameour phanetand-witiriteverv species;
every ind’vidual, every great and tawdry work of humanity. is endangered by
celestial happenstance. The magnitude of this risk remains a topic of urmost
irportance 10 our species, for many scientists believe that the greatest threat fac-
ing us is net some Hot Zone viras from AfTica, but the billion or more comets

ST l}\ﬁb .

Just how likely is it that a comet or asteroid collision migh* destroy our civiliza-
sion? Is 1t more dangerous to arm ourselves with nuclear weapons larger and more
destructive than any vet developed, ostensibly for planetary deense, than i< is sim-
ply to pray?

and asteroids ttal have Lazili-CIossing of potentially Earth-crossing orbits.
Should Halley's curnet, or some other messenger from the heavens of equal size,
hit the Earth, it would bring about the complete destruction of all life on this
planet,

Asteroid impact 15 nod the unly (hreat facing our species, only the single most

While 1t 1s impossible 1o assiyn a precise nomber 1o the chance of an asteroid
impact, we do know that significant hits have occurred as recently as 100 yEars ago.
On June 30, 1908, a relatively siral. meteor exploded in the lower atirosphere nver
remwie Siberia, releasing the force of a hundred |liroshima-sized atomic bombs.
The blast flattened miles of forest, and 30 miles away, reindeer herders and their

dangerous one, (hther threats to the viability of the human species exist as well,
including other astroncrmical disasters {a gamma ray burst, a nearby supernova) as
well as Earth-borne causes such as thermonuclear war, biological warfare, disease,
and sudden climate change. While uny of these disasters would severely reduce
human populations, probably none by itself, other than the astroriomica’ causes, is

stock were blown into the «ir. Had that same explosion happened over a heavily
populated area, it would have produced one of the greatest episodes of human car-
nage in recorded history. The small fragment that produced this explosion was on'y
about 50 meters across, Just two years ugo, an asteroid a hundred fmes as large

barelv missed the Fac:h, and was seen only after it went e Today, several hundred

capable of driving all of humanity to extinction. However, several of these ellects
acting in tandem could do the job.

Farth-crossing astercids of various sizes have been detected, and tha® seems to be
only a small sampling of the thousands that urbil in the vicinity of Earh, nat to
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mentivn the esiimated billion comets hovering far out in space. an object latger
than a moile in dismeter were to strike the Farth, not only would cur civilization be

Amenican Midwest. relzaming the energy o 0,000 H bomby Sever i o peopte
were killed instantly, and the rest died of starvation as sunlight was blocked and

threatened, hut 5o too would our species. And as we saw with the impac? of Comet
Shoemaker-T.evy Y on Jupiter, “he time between detection and impact for even a
glant comet  a species-killing comet, had it struck Eurtk - can be less than a year.

The reality is that this planet will continue to he hit by debris frarm space. Just as
with earthquakes, the question ‘s not if, but when—and kow big. Very large

crops failed.

Il our species survives for along period of time —as T believe it will—then we will
becorme used 1o occasional devastating global events that—at a minirrum- knock
amanity back into the Stone Age “or ‘ong petiods of time. One such event in con-
junction with another humaa killing factor could indeed cause our extinction. Of

impacts—stich as those that might bring abuut mase extinctons—seem to occur at
intervals of tens to mumdreds of millions of years. But the ‘requencies and ages of
craters found ou the surface of the Earth demonstrate thatasteroids of up wa kilorne
ter ‘n diameter seer to hit the Farth at million-year frequencies. Such collisions
ny vears fol -

course, the impact o an even larger astescid or comet could do the job all by tself.

War and Thermonuclear War

A'1houoh it is doubtf that thermonuclear war alone eould wipe out hurmanity, one

lowing [hL impact, and woule certainly lead to a great staughter of humaanity. The
complete extinction of humanity might oceur through the iinpact of 2 comet or aster-
o:d greater than about 13 kilometers in diameter—half again as .arge as the one that
ended the Mesozoic era fand kidled off the dinosaurs in the process] some 63 million
VeArs A0

scenario ‘or human-induced extinction is a massive thermonuclear exchange, perhaps
aided and abetied by chemical and hiclogical warfare at the same time. While the
ranses of such warfare could come from many sources, the twenty first century and
beyond will probahly see a variety of smaller wars fought over food, land, and water.

Although the impact of a very large aste*md ot comet could completely Plimi—

Trate The huliail race, a MoTe ke y sRenarlo 1§
our population would be removed by the dlr?ct effects of such an event, and the
rest of the job woud be done by the afterellecis. Just how easily that could occur
wus shown by astronomer John Lewis of the University of Arizona in his 1999
baok, Comiet und Asteroid Jmpact Hazards on @ Populated Earth. Lewls not only

Lu.u LLLJ“M_'] o t!x{',; > yiiays ovi-a‘m IR T RATRY threat <o the entire SP2dT lﬁ—llnlf_‘&_ Uf

course, they escalate into a full -blown nuclear-chemical-bislogical exchange.

efficiency of ant!-human weaponry has markedly increased since our smone-throw-
ing days. Prior to the twentieth century, war was an exercise between combatant
armies. 11 that century, however, it spread {rur armies to noncombatant popula

tians. Wi liam Bekhardt, in his “War Related Deaths Since 300 5.0 has estimat-

wrote about the dangers ol such events, but included with Fis pubushed bouka
software program that allows the veader to simulate suck impacts,

Lewis's simulation propram uses a staistical analysis to caleulate the human
deaths resulting from an impact. Michael Paine, a scient’st al the Jet Propulsion
Laboratory at Pasadena, ran the program to simulate the effects of likely asiervid

=d that the umber of war deats per U0t peop e I the totat-workd-prprtation
roge from 9.7 in 1700-1799 to 1% in 1800-1899 and to 44.4 during the twentieth
century. This change was promoted by the twentieth century’s propensity lor
attacking un enenty nat'on's econoray, infrastructure, anc civiiiar population. Total
war deaths for the twentieth century totaled nearly 110 million humans, at least

impacts on human populations over the next million years. Fis analysis led to
sober'ng results. Assuming a constant population ol 3 billion people on the Farth
at any time, the total death toll was 7.5 billion people over o million-year time
span—or 7,300 fatalitics per year. But the impacts were not evenly distributed.
Paine's sirrilation vielded ten occurzences in which the impacting body was Zrom

ha'f of whom were civil'ans. Yet alarming as this sising death toll 1s, vur extinchion
would require far more than 45 deaths per thousand.

The reasons [or future conflicts are easy to discerss, 17est, the need to sapply food
to a growing human pupulation has cansed a great increase in the need for arable land
and for water to irvigate crops. New high-yield strains of rice and other grains. for

one thousand vards to a mite in diamerer, five in which it wasa 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 2.3 billion ceaths when a 1.3-mile comet hit the

example, require moze warer than less pruductive crops. Often, aquifers that have
taken centuries or millermia to £11 take only vears or decades to discharge. One solu-
tion “o water problems has been to build dams, but dunming rivers that travel
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through FioTe than 4 Single counTry 18 4 sute Teans of creating cont el 1 rom 2000 to
2020 the worldwicle dermand lor waier is expected to double due to the need to ari-

essarily dooming humanity, would certainly reduce agricultural erop yield to a
trickle.

gale new agrniculural lands in d-y areas, as well as the need to provide water for the
growing human population and for industrial uses, Therz will alsa be renewed
demand in dry countries such as Jordan, Tsragl, and Syria, where aquilers qave beey,
nearly emptied. Not surprisingly, in the lale iwentieth century, the World Bank
prophesied that most twenly -first-century wars would be ZTought over water supphes.

"I'he concept of nuclear winter gained credence from studies of the terminal Cre-
Laceous asterold collision and from additional work by Carl Sagan and his colleagues,
They snowed that a full-scale nuciear exchange could indeed bring on a “miclear
winter,” whichin turn could quite easily lead to the extinction of the human species.

Whatever its cause, war has been a plague on human'ty as long as there has
been human memary and legend. Prior o the lacter hal? of the -wentieth century,
however, none of the myriad means of human warfare pesed a whreat Lo the species.
But the unleashing of the atom and of fusion reactions 2as changed all that. Today,
hurranity aolds the see ] T, s O ts i

Following the explosion of the first atomic horb in 1945, and the ficst ther
monuclear (ar hydrogen) bomb in the sarly 1950s, the stockpile of such weapons
has grown alaranngly. The National Research Council essimated that the five
wajor nuclear powers (Zaz United States, Russta, Britain, France, and China) pos-

= o LI

, _ s - &
ished by the latter part of the 1990s to a total of aboul 35,000 weapons, with about

i B AT ATH ]

Latastrophic Ulimate Uhange

Never in tae history of lize on Earth has there been an orgarism better adapted for
climate change than the human species. The most serionis environmental threat to
most species Js ternperature change, but we can deal with that quite easily: 1[ too

essarv. Dealing with cold 1s even easier: put on warmer clothes, huild a fire, mnstail
mzulation: in short, tet technology deal with the problery. Na other aninal has the
abthty to control its body temperaiure sa quickly and eastly, Thus temperature
change s usually not a threal to our species’ survival.

T SCISTILL ETIEs Of 12 TT Ot Ehe Twentiet

century nas been @ new understanding of the rate of climate change in the past. It

23 Lot these dt-lJllJ} ecatabout Y sites o Ruasstaonle b[l_d.i,i.:,ii{.g otother
weapons exist, notably in Isracl, India, and Pakistan, 1t is the two superpowers that
mainlain the majority of the arsena.’s numbers. The total is expected to decline fur-
ther, :o about 6,508 active weapons for the United States and Russia combined by
200 —roughly the sane number present e 1969

had long been assumed that major charges r the Farta's climnate were drawn-out
everts spanning great intervals of geologic time. Evidence to the coatrary began to
emerge when deep coves of 1ce drilled {rom the ancient ice sheets covering parts of
Grevnland and Antarcrica were analyzed for their tsctopic content. To evervone's
surprise, these long records of global climate revealed intervals of extremely rapid

Wil the reduct.on ol weapons syslems has somewhat diminished the over-
als danger, the truth of the master is that there are far more muclear weapons still
on line than would be recessary to exterminate humanity from the Farth  one
irstarce in which she word “overkill” is not hyperbole. Scenarios of nuclesr
exchanges include vast devasiation and radiation poisonirg, with long-term

temperature change. "I'he newly discovered data painted a much more dramatic
picture of climate change: they showed that myor changes could overtake the
Earth 1o a decade or Zess. And the changes would not be limited o the high north or
sovth—their effects would be global. Such rapid changes, if superimposed en the
laree human populasion and its present agricultural meeds, waould ke a recipe for

allereflects due to the lengthy half-lives of the radicactive materials relessed
inte tae envicenmen:. In an article published in 1982, Paul Crutzen and Joan
Birks poirted aut a further peril, later dubbed "nuclear winzer.” ey suggested
that multiple nuclear explosions could blacken the atmosphere wizh enough soot
and dus: Lo reduce sunlight by 99% for a period of 3 =3 12 months, depending on

chaos arnd at leas: partial extinction of our species.

Somewhat paradoxicelly, It may be that global warming will trigger a rapid
changeinvolving a sudden cocling of the Farth. [n a thought7ul article puhlished mn
the Atlantic Monthly, Willlam Calvin of the University of Washingtor outlined a

acenario that 13t Ald not exaetly dpve cer -:p-\rv;u neoextinclion could r‘:\rt’uinlx)‘

the number, vield, and type of target of the sxploding warheads. Such a cloud
cover could reduce average global temperatures to well below freezing in the
interiors of North America and Asia. Buch temperaluze changes, while not nec-

sel up the social chaos that would lead to global war and the loss of significant por-
tions of the human population in mere decades. Calvin called this scenario the
“oreat climaze flip-flop.”

T&
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Czlvin argues that catastzaphe could come with a sudden cooling of Eurepe.
At the present, Europe is anamalorsly warm for its lattude. Whereas most of the

N | . 1 IOl Bl A : - i e e .
ity causes cmanges o e H the BortrAthartreeverest failedrtaeentive world

would experience sudden climatz change. Europe would go into a deep freeze, end

popu.ous parts of North America lie at latitudes between abous 307 and 45°N,
most of the population of Europe is about ten degrees farther north: London and
Paris are at nearly 50°N, Berlin at 52°N, Copenhagen and Moscow at 56°N, and
the cities of Scandizavia at 60N Yeo in spite of ‘ts more northerly lazation, the

T L : M . Jas N o 1rale 1y 1 - =
Foropearsureomirme i s extrerrely l_uud._uh'.(’.. Tisaericul aral ‘“‘]“‘-“'} =l lal

Feeerns likely That 15 humar popularon wottd rever-towarfare over the-tertstery
necessary o support the suddenly starving millions. Tt may sound alarmist and
overly dramatic to ta'k about “suddenly starving millions,” but it is important Lo
remember thal Europe zurrently has 630 milior people and is largely selt-suffi-
¢lent ‘n its food productior. Almost simultaneously with the global current change.

ports twice the human population of North America on a -naach smaller land-
mass. Much ol its agricu tural success cornes from a climate warmer than its lati-
-ude migat otherwise dJiclate. Europe’s warmth comes from tae Gulf Stream, a
tropical water current flowing up the Eastern Seaboard of Narth America and

that ability to be self-sustaining would disappear. Ualvin describes this sceiuno as
follows:

Plummeting crop yields would catise some powerfus countries (o try to ake
over their neichbors or distant lands  if only hecause their armies, unpaid

then vaulting across the Atlantic o DUSH Ia35es Of WATT Water agairs T the Earos
pean landinass. [t keeps nortazrn Europe about 107 Lo 207 warmear than it other-
wise would be.

Te current bringing heat 1o Europe is not a single waterway, hul is composed
of several segments. (ne branch of this current carries warm: water to the vicinity

and lacking food, would go marauding, both at home and across the borders.
The better crganized countries would attempl to use their armies, hefore
they fell apar: entirely, to sake nver countries with significant renzaining
resntrees, driving out or starviag their inhabitants if not using -odern
seeapons to accamplish the same end: elisninaing compentors for the

of Ieeland and Norway. Fventually this water cools, and wher it does, 1t sinks
deeper -1l the ocean. [t then returns to more southerly latitudes, but doessoas a

semaining food. This would be a world-wide prublem —and rorld lead o a
Third \Wosld War.

conl deepwater current, rather than the warm surface carrent 1t beging as. As it
moves south ‘t also carries more salt with i, for salt water is heavier than (resh
waler and encs to sink because of its greater density. Warmer, fresher water thus
ravels on the surface and rerurns a depth as cooler, saltier water. Paradoxically,
this sysmem would be shu: down if more fresh water were added Lo it on the sea sur-

Tt

Calvin makes the point that without its warming current, Europe would have a
dimate tike that of present-day Canada, and it Europe had weather like Canada'’s,
it cou'd leed on’y ore of swenty-three of I7s nhabilaats.

face. Thus -he movement of salt in -he current systern 13 inzegral to aintaining the
steady supply of warm water - the coast of northern Furape.

The scerario thas could lead to a failure of the warin northern Atlantic current
is global warming. If <he glacial ice covering Greenland were tomeltata higher rate

thrrrtt Lu“u‘tl‘y du‘_gr Howoalddlsnd the cea surfare Itz wp_'inn ; coneerned weth

Whatr takes o soddeTT giubd} T l_}lJ}]ng \:.e-}_xl.,;a“_y tll_cc\,t(_.ll‘u“lg s that #raeta
“point source” disaster. Tae Earth is regularly stricken with calamities such as
hurricanes, tornadoes, and catastrophic varthguakes. These disasters cause the loss
of much human life, and they are ustally followed by rescue and recovery efforts
that are often slobal in scale. But sucha disasters are a’ways of short duration and of

fresh water. The normal circulation pattery would thus he disrupted, causing tae
northern branch o7 the current to bepin its return prior to reaching Greenland. The
warm temperatures that these cutrents bring would not reach the shores of Furope,
and Furope would suddenly cool. Thus a strange paradox: global warring would
Timatelv calse 3 sudden cooing ot Turope.

Fmited gengraphic extent. Nezther hurricanes not Farthgaakes perlurb aoy sign it-
ican: percensage of the Earth’s surface fur more shar a few days. An abrupt cool

ing, on Lhe cther hand, could las: decades or centuries. Calvin argues that even a
meteor strike killing a majerity of the human population in a short period o time
would not be as catasmophic as alonger-term disaster that killed just as many —the

The failure of nne single current would, at firs: glance, not seem o be ~he stutt

of sudden globa: climate change. Yet the wotld’s oceans are bt a sing.e body of
water, and heat flow i3 global. Lhe breakdown of any ane eurrent syslem: necessar-

killing e-fects o7 the meteor strike would soon be over, but global coolng would
continue 1o streteh ‘ts deadly effects over decades al a minimum, and more Lkely
over centuries.
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Liisease

In the last SALE of the turentieth centursy great attention was centered]l O 0Ian

This view 15 also E‘Xpl‘esst‘d ]_)y robotics Has Woraver, s ook Rotot:
Mere Machine to Transcendent Mind, and by Bill Joy, the ca founder and chief sa-

commurucable diseases, sparked by a spate of movies and bes:-selling boozs, Whas
are the chances that a new disease could hring about the extinction of humanity?
For instance, what if a 100% fatal disease such as HIV were spread as readily as the
common cold? And whal 1f suca a discase were used as a weapon? Biological war

£ 1.1 ] i | L L 3 il O 1] J F L3l
e TR IO At Waltal o o T ve (I o e e 1ol o Daincdr taaroThod O T

entisi ol Sun Microsystermns, in his chiiling 200 atticie Why the faluic Loestt
Need Us. As Moravec says, “Iln a completely free marketplace, superior robots
would surely affect humans, . - Unable to atford the necessities of l:fe, biological
hurnans would be squeezed ous of exislence.” Moravec foresess the fusion of &
Lumnarn being and a zabotic hody or being to produce « superintellgent hybrid of

human population 17 world war erupted. Most cisturbing mmay be the stockpiling of
diseases lor which we no longer are vaccinated (e.g., sma'lpox). and the genetic
engineering of new, virulent strains ol disease, the subject of countless movie and
boik plots.

some sort (as always, Sai Fi has been theve, done that, the Borg from Star Trek
beirg only the most recent entry into this genze). To Moraver, such a being would
succesd human'ty—and cause our extincilon soonert or later,

Why robeties? Part of the promise 1s a better way of lile for the organic mak-
ers—us. To du away with the mind-killing labor that bedevils most of hurnanity

Twa observations arue against 1he possibiiity Of A Species-ending epidemic,
First. there is no evidence that any single disease has ever killed off any species.
Second, humanily now has a lechnology that ca combat disease with increasing
efficiency each vear. Nevertheless, disease remains & potent method of reducing
human population mumbers, ard when combined with (or zesulting from) other

would indeed be a social and intellectua. breakthrough. But robotics holds an even
greater promise—the extensior of our individual intellezzs, if not our bodies. 1f we
can download our corsciotsness into a machine (and by machine | mean organ-
ically produced as we'l as purely inorganic artificial intelligence), we will indeed be
ontheverse of some sor ol immaortality Potat whar cost® As B Joy nites “If we

haman killers in syrergy, it could wel) bz a patent force leading to the extinction of
aur species, especially if global warming causes tropical d:seases to move into pre-

are downloaded into our technology, what are the chances that we will thereafter be

o T conrons

viously lefrperate regicus.

Death from the Robots

. | ar e ey rra e enere Ul that o robatic extstence
L ILLY | BRI TN YT T e I WSO oo Tt T EZ =¥

would not be Uke 1 human one in any sense 1hat we understand, and that robats
wou'd in no sec.se be our children, that on this path our humanity may well be lost.”

Gray Goo

1t 1s ditliceli to arrive at any scenaric of human extinction (or any scenario of any-
thing, tor tha: matler) that has not alzeady bzen teatured In some Hollywood
mavie. 30 too with our next potentia villain, artificially constructed machine intel-
ligence. In the famaus Terminator and Terminaior 2 movies (anc to some extert in

— The Masrix as well}, the near-futire worlc 1s run by malevalent robats that are try-

Of all threats facing humarity, perhaps nene is 5o dangerous— or 5o pootly under-
stood—as that posed by nanotechnology. Nano means “small,” and many technol -
ogists now see the future of technology as the manipulation and assembly of matter
at molecular and even atomic size scales. Such molecular-level assemmblers could
urserly trarsform uman society by creating extremely inexpensive products, med-

Ing Lo exlerminale the human species, o2 al least enslave 1L Suci 4 scenario seemed
highly lixely o Ted Kaczynski, the infamous Unabomber, who 1a1 his manifesto
published by The New York Times and The Washington Post, wrote, "Let ur postu-
late thut the computer s

Jentistz stcceed in developing intelligent machipes that

1
pezmitted o make all their own decisions . . . the fate of the human race would be

at the merey of the machines.”

icines, ard even energy through the construction of virtually free solar parels.
Because most of the new products would be created [rom organic rather than
metallic and other mineral material, there would he far less pollution and fewer
ataer environmental consequences of manufacturing.

the extinc-ion of humankind. Tt s this vision that is most starkly Muminated ‘n Bill
Joy's cautiorary 2000 essay. Joy views narotechnology as the most dangerous of
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the new trim or ~echnnlogies, dubbed CINER, 167 T1Enelcs, (vanoechnoony, and

Robotics. As e notes, “Molecular electronics—the new subfizld of nanotach-

e 1 1 - * 1 hd 4+
=vili7afions sec their way (hTougl, place HImits an wiat Ty A wTat Trrst ot e

done, and safely pass through the time of perils. Others, not su lucky or so prudent,

rology where individual uolecules are cizewt elerments should mature quickly
and become enormously lucrative within this Cecade, causing a large incremental
wnvestment 10 al) nanoterhnologies, Unfortunately, as wish nuclear technology, it is
lar casier 10 create destructive uses for nanatechnology than constructive ones.
Nanotechnology has clear military and terrorist uses.”

perian.

My own view is thal we will successfully negotiate the hazards threatering our
specizs. We will not <ill curselves of . We will not die ott from disrase. We will wax
and wane in numbers as the long roll of fme still facing this planet buffets our
species with all manner of climate changes, asteroid impacts, runaway lechnology,

Joy sees the military applications of narotechnology as polentially cangerous
to the existence of our species. Moreover, Just as the nonmilizary vse of atomic
energy holds undeniable thrzats to human life from nuclear power plant accidents,
30 too does the polential exist for industrial accidents in commeroial nanotechnel -

opy applications. Yet while one cannot imag ne any scenario in which the release ot

and evil robots. We will persevere. But the animals and plants along Zor the ride on
this planet that we have so cockily co-opled will net be so fortunate.

Perhaps this view thar we are unkillable—at least as a species  is natve. But
between 1 and 3

even if we are to lve as Jong as an average mammalian species
' ion vears—we s:ill have huge stretches of time left, for our species s barely a

rad oactivity from an industrial application of nuclear power would threaten the
entire human species, a ' runaway”’ nanotechnology could. Such a case is cescribed
iz Eric Drexder's book Engines of Creation:

e 1 . 1
IOOg OrTriIvoT oS T

quarter of 4 million years cld. And who says we are average’ My bet is that we will
stick araund until the very end of plane-ary habitability (or this a'ready nld Farth.

like blewing pollen, replicare swiftly, and reduze the biosphere to dust in a

TCNber 0f Uays. L algerous lepl.calors codid easily be too tougty, stalf, and
rapidly spreading to stop—at least 1l we make no preparation. We have trou
ble anough contralling fruit fliss.

Amotig the copnoscenti of nanotechnology, this threat has become known as

the “gray gon prohlem.”” Though masses of uncontrolled replicators need not be
gray or gooey, the term “gray goo’” emphasizes tha: replicators able to obliterate life
might be less tnspiring than a single species of crabgrass. They might be superiorin
an evolutionary sense, but this need not make them valuable. The gray goo threat
makes one thirg perfectly clear: we cannot afSord certain kinds of accidents with

replicating assemblers.

No End?

Although the litany of dangers facing our species seems daunting, none 15 an

unambiguous death sentence. Fach can be dealt with :f our species shows fore-
sight. These dangers must conizont any race that c.iimbs the evolutionary Jadcer
ty intellipence. As Car. Segan savs in 2is book Pale Blue Dot: "bBome planstary
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DEEP TIME,

FARTUTURE

K

The Time Traveler (forso itwill be comvernen: 1o speak of hirn
was exprourdding a recondite matter to us, His pray eves shone and
twinkied, and Ris usually pale fare was fushed and animated. The

Lre burnt brightly, and the: sofi radiance of the meandescent Fghts
12t Lhe: s of silver Caught the Hubbles thai Hashed and passed 5

car glasses.
—IL 3 WELLR, The Time Machine

aere 1s bul one place thal Tknow of where time s suspended.
High above the Coral Sea in a 747 bound for Australia, I sit with pose
squashed against the fripid window, a bright moon and Southern Hemi-
sphere stars starkly visible. All around me fellow passengers try to sleep, crarmmed
inzo Lthis silver cigar suspended above the Earth, chasing the night as we head west,

tae endless night. What time is 1t: what is time? A Quantas cabin atiendanl passes
amang the cuiet throng, and unbidden, -ells the passenger in front of me that there
iz o time up here, just distance. T shrug at this in affirmation; how can she be

wrong, veteran of a twusand traus Pacific vovages? It's 4 A M. according to my
watch, West Coas o rrean e, b A here according to my calcula-

Surituors at the tuilight of the plane:.

-ions, twelve hours into the flight. Three more hours o go (o arrive in Australia,
then three nore hours on a cold airport bench, then two more in anather plane to
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arrive 1 New (aledonia, my eventual destination. [s 1t past, present, or Tufure
Lere? Once again, H. C. Wells seems palpably present. On such a fight there seems

Tundted mileong is.and. I; was ouiside of 1at Teed fhat | had Thade the sennnd |
discoveries it laynched my scientific carser. [L was also in this same place that In

no possible endizg; all that came belore 15 bul memeory, all Lo come is speculation,
Reality is taz cramped seat, the tny wirdow, the suspension above a dack Larth
assurred to be below, and the baleful moon ir its sprinkling of stars. T w'll never be
closer to these stars, [ muse, A book, quiet reflection, attempts at. fit?ul sleap. The
uppusile of time,

my thirty-fifth year ome of my closest friends woulc die nmy arres IoLowing a dive
zogetaer along this reef, our bloud mingiing as I vainly tried 1o breathe lize back
into his rupsared young body. Following that hornific extinction T had no desire to
see tis latal shore agaln, but time eventually did its healing. It was to this same
place t1at [ finally returned, to the same stretch of reef where he had died, the blue

Ard then, somehow, against all expectation, the tlight dees end, and time
resumes, this vayaee hecomes memory, ending in a place where time, at least as
counted by evalution, is suspended as well.

[ had first come 10 New Caledonia in 1973, crossing the widest ocean frir the

fir(l Ii‘r‘nu' riT'I’-I”}’ ‘i—”-l\"ing fhﬁ‘ ]nno f]PT\ l’ll“-:(']'ll‘\r!] “FP I‘l'\'zl'] et 'Q"'If]\.’ AL irl'}n n[

sea finally purged of his red blood so long staining my meraotles of Lhis place.
Twenty-five years seemed to have {ashed by in an instant, and at the same
time had crawled by so slow'y. O1d friends I had vot seen for a decade and a half or
more, friends who greeted me so warm’y and wita such etmotion that | wondered
wihe that roan was thas 1]19}' had knawn, tn he remembered so [ondly, a man 1 oo

evolution arrested, the chambered nautilus, the antithesis to this book—not the
future of evolution, but an evolution ended. Then [ was amphibious, for T had
taken to the sea early in life. Donning scuba gear at 16, | became a salvage diver at
18 and an underwater instructer at 19. Being voung (and thus immortal), T nac no

longer was? A huge block o time as measured by the life of 4 man, yet invisibly
short a3 reckoned by the Farth’s timekeeper. and by tae clock of evalution, Yet as [
walked the old beaches and places T had known so long ago, | lound more changed
o this island than rot; [ found that a quarter century of human development had

y iy | Lo, T s + L | e 'y +1 i R I . 11
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creatures of air. Thus, for three months in my twenty-fi=h vear of existence, [ lived

splizting off durirg the Age of Dinosaurs to be carried by continental dr:ft to its
present tropical resting place, easl of the Great Barrier Reef in Australia. New
Caledoria became itz own laboratory of evolution, eschewing mammals, nstead
evolving a unique fauna of birds and ‘nsecss and “lora derived from ancient Gond-

buildings, roade, Zactories, the vastly increased human population so evident

everywiiere, but the took ot tie plave;, theair fessclemrthegarhage new elogging
beaches so pristive in my memory. | found myself yearning tor the clear warm
water of the reef, so far [tomn shore, to see once agair: the ancienl nautilus rising up
[rom its deep daytime keep Lo stealthily prow! the shatlows at night under the cover

of Carkness.

waraland, a flora clating back to the time of the mammmal-Tike rept:les of 250 mill.on
years ago. Cut off from: the test of the world, New Caledoria became a museum of
the ancient, with fully half of its plants found nowhere else on Earth, and many of
great antiquity. Fvolution seems to have taken a long vacation here. In the first
month of the rew millennium, in my fiftieth year of existence, [ returned to this

In this T was nol disappomted.

Within a day of our arrival we were at sea. i a French vceanographic ve zsel
chartered by the television crew that was befind he entire adventure. We anchared
oLlside the basrier reef, 12 méles from shore, and startzd the chores necessary Lo
find Nauiilus.

ancient place, place of ancients.

Tropical, exuberant, gigantic as islands go, with high mountains and dark rock
ripped from deep within the Farth's martle and thrus: upward in the cataclysmic
breakup of Lmndwanaland New L aledo:ia log qu ike no ozher place on Farth. Ttis
-overed with for : relic Jesozoic Ira, and only
where hurrars have imported their plants and animals does it seem like the res: of
the world. Coral reefs stretch out far from land, and nne of the world's wonders, a
Great Barrier Reef as impressive as that of nearby Australia, surrotnds the three-

The television company needed to get film of this ancient living fossil, and left
nothing to chance. We set deepwaler crab traps latz one afternoon, a sure way to
catch Nawiilus, -nen spent the night wailing. At fizst hight in the morning we
winched tht heavy teaps up from their resting site 2,200 ‘eet below. Seven naut:lus

: amertal deepwater eels and crabs were fourd in the traps, and
we were ready 10 use these as stand-ins if, after all, we were unable Lo see wild ani-
mals in the night. With azimals in the bank, there was nothing to do but want for
nightfall. Qur bra was anchored right at the edge of the reec’s drop-off, and T could

170

[V



FUTL RE ZVOLUTION

LEEP TIME, FAR FUTURLE

see “he change of color from light to dark hlue as our boat drifted hack and ‘orth
over the drop-off. | spent the day snworkeling in this ancient ecosystemn  a habitat

security of the depths, and with this Tast vision Plerre Laboute and I headed back

toward our boat in a sea now convulsing in the rising wind.

now so threatened i maoy parts oF the globe.

The livid tropical sun ran its course, and the ceep, rich colors of the reef creat-
ed by the sun's equatarial light faded as the afternoon waned. Once again [ felt the
disorientation of a twilight ranming its course tos quickly, he transition from day

to oight so rapidly accormplished in this region of 1the globe, [n the de

gloaning I dunned old familiar gear, the museum pieces of equipment 1 had dived
in 50 long ago in this place, well maintained and still as efficient as 1t had heen a
quarter century earler. But it was not just my civing gear that seemed out of place.
| was an anachrorism among the younger civers with us on this expedilion, young
equipmnent.

The warm, dark night of the tropics finatly extinguisherd alt light, anc it was
tirne to dive. We splashed i a bit after 8 Py, imrmeciately tuming on boght
underwaler lights, and began seazching for Nautilus, by now presumably newly

T OIS ™ 3 AT 3 SAIVATIE WIE” yohmendan
fellow old man, Plerre Laboute, with whom I had seer miy first wild nautilus

But my memory of that dive now turns not on this nautilus, bus on time. Here
we were encountering an anirmal not much different from the nautilold cephalopods
of 500 mulion years ago, a time when anjmals— any animals  were new “hings on
thie planet. In the nauzilus it is not time, but evolution, thatl is suspended. And so,
i: that dack sea, T swam with joy av sesing tais ol¢ friend. but with confusion a:
the unexpected strength of the Zeelings that this encounter was producing in me,
ard with the realization of how ~ime had affected me as well: [ could not dive as
well, I svas not as comfortable in the water, 1 bad aged. There was a very good
chance that a turther twerty -[ive years would find me deac or, at seventy-five, cer-

time travelers.

T leit the rich nighttime reef with its cargoes of animals and climbed vp out of
Mother Ocean, the clumsy tanks still slung on my back, into the face of a video
camera, my face white and rubbery, nose rurning, a picture of a mechanically
pitching deck and similed at my companions, sad for these who had 1o stay on the

a.most exactly twenzy-Tive vears betore. We brought with vz twa ot the nautifus
that we nad caught earlier to be sure that the television company financing this
claborate and expensive expedition would gel the footage they needed. But they
proved unnecsssary, and I surreptitiously released taem back into their dark home,
for near theend of the dive we saw not a trapped nautilus, but one that had come up

boatduring our fong dive, those thas had Thissed a great privilege, | hoy asked what
we had seen, and | could unly answer, wonders,

Coral reefs, with their diverse inhabitants, rich plankton, huge fish in great
schools; indeed, these are wonders still here in this warm New Caledonian
neean. On the nearby land great flights of fruil bats swarm among the endemic

torus from its rerreat a thousand feet below to prowl these shuttered reef shallows in
this cark tropical nigal, Avd soagain two divers met in the dark, one a new species,
the other one of the hoariest survivors of our planet’s long history.

Once speared by aur lights, the nautilus swam i long arcs, and we followed it
for some time, two humans and a living foss1! engaged i a slow-mction chase

tree species In the Tush ranforests and dry furests, Tegacies of bygone pecloric
ages. Aleng he shores, spresding mangrove swamps guard a treasure trove of
species.

Wonders, ‘indeed,

WD those wonders continge?

aceoss the coral reel Jandscape w the dead ol mgh:. The whiie shell and magenta
stripes of (his nautilus seared brilliantly while transfixed by our powerful diving
lierhits, and I have no doubt that the animal inside was terr:fied, if zhat word can be
used for a creature with a very small brain, All afterncon the winc had been rising,

and with it the SENL '-"mr'inr_\" us tabe buffeted even gl tae fm"5 foot '1;'-1-\+'|-|-~ Wi TR

All that has gone beZare in this book has given us a peek into the future, but that
peek has beer: Umid and so far limited to the near future as measured in thousands,
ar at moat a palory few millions, of years. But here, at the end, let us try a longer
view. If the naulilus and iy [Tk can last 500 mi'lion years, persisting through trials

uf asteroid bombs c ; : - - .

swam through, but the nautilus simply motored through this swell, ard we in our
turn as well, Too quickly my a'r ran low, and my moments as a fish were aver.
When last seen, the nautilus was swimming in a seaward direction, bark toward the

reversal of the Earth's masnetic flelds, nearby supernova explosions, gamma ray
hursts, fluctuations in the intensity of the Earth’s magnetic field, ané surely much
mnare stil) unknowr: to us, why ot us? Wiy can't our species weather 500 million
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more vears! Or a million vears, for that matter? Surely we can nudge aside the
really large comets that head our way every million years or so.

mangrove swarmps, and meadows. The nceans are in the process of evaporating
away, and huge salt flats now stretch for untold miles alo ng their shores. There is

To conclude this book, let us go forward 1o tire until we reach that far-off Tand
first seen by H. G. Wells. Let us go 300 million years into the luteree, the length of
time that the naatilus has already existed, to a time closer <o the end of the Earth
thax, its beginring, and speculate about how the end of evolution—and o7 animal
life on this planet—may come about.

no ‘onger animal hife in the sea, save for crustaceans adupted to the very high sal-
content. The fish are gone, as are most mollusks and other animals wi.ihout elli-
cient kidney systems, such as echinoderns, brachiopods, enidarians, tunicales—all
the groups that were never guod at dealing with changes in the salt'ness of the sen,

By 500 million years from now the Earth, as a planet of hife, will have aged con-
siderably. Today, in tais dawn of the Age of Humanity, we are already on a planet
whose “habitability” has gone from middle to old age, a planet nearer the enc o7 175

e fur - s

creating a ~earguard action against the eventuality of our planel’s death, a slow
Lacking Loward the final accounting that old age, even the Earth's, buings. By abil-
Kon vears ftom now the Tarth will no longer be habitable. Somewhere, then,
hetween those two times will be a time wher life on this Earth wil! have to adapt to

' . 1 i - P 1., - S| i M N s oy L LUay oy
EVET-TIT.TEASNT TS Jlt.ﬁt A T U Il S el DL A T T T T T ‘L}lu. ilu. il—l‘LUL T

or at moving into (resh water There is still land Life, for animals can he seen along
the shores, Lut they are low. squat, heavily armored creatures, and -heir armor iz
aot for protection from predation, but for protection fram the ever present heat,
salt, and drying.

Tnland from the sea there is a different vision. Lichen, a lew squat low plants.
the rest of the world is a desert, a place ol heat and dying.

The birds are gone. S0 ton are the amphibians. Whole classes, even phyla, ave
now disappearing from the Earth like players from a stage when the play s en ding,
There are still lizards, and snakes, and seorpions and cockroaches.

ALl
[ P4 L P A T

that the types of animale and plants might finally prove ma be exotic compared with

All of humanity, or what s Ieft of it, now lives undergraund in the cooler

GUr present day biota.

The big problern, of course, will oe the sun. [ike all stars, it contains a finte
amount of fue!, and as the tank enzpries, the temperature will increase. The amount
of hydrogen heing converted to helium will decrease, and heavier material wilt
begin i accumulate. The sun will expard in size, and the Earth, the once equable

TeCeSSeN L tTe Larti 1Tis a5 1f ot [east part of M. Cr. Wells s vision has come brue, 1o
asense, humans havi become his Morlocks, a troglodyte species. There is too much
radiation (rom the growing sun for humans o last long on the surface of the planet.
Humanity, by necessity, has had to go underground, becaming the new ants of the
planet. But physically, hunians have not changed much. I'h ey know the end s near.

Earth, will face the prospect of becoming the nex- Yenus mn ot solar systerar a
degert without water, a place a seating heat, a burned cinder. That will be our Zate.
What will precede 1t?

Between 300 and 1,004 million years om row there will still be clinging sur
vivors of the Cambrian Explosion of 500 milllon years ago, the last twigs of the

L here 15 no way off, no path to other, younger worlds. Space turned out to be tan
vast, the other planets in the solar systemn tao inimical, the stars woo far, Their Plan-
et Harth is old and dying. They dn not mourn the many animals the Farth once had.
It 15 hard to remember things that happened 500 million vears ago.

Once there was a future to evolution.

once vigorous tree of life. Lel us imagine a stroll along the seashare in such a world.
The sun is gigantic, the aeat searing. The equatorial regions are already too hot tor
all but microhial lite, and it 13 only in the cocler polar latitudes “hat we can see the
ends of animal Llz on Earth. Plant life is stil] present, but the amount of carbon
diaxide in the atnosphere has saeunk co byt a trace of its level during the “irst evo-

lution of humanity, Only those plants evelved for 1ife in this low-carbon-dioxide
environment can be seen: low shrubbery with thick, waxy cuticles to withstand the
seaving heat and desiceation. There are na trees. Gione 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

raining ash and darkness on the planet for years



Although their turn 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 local fauna from 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.

loday 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 pt?'ri.\‘h.



Deforestation and fragmentation are the future—and bane—of post-industrial

ecosystems.
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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 fewes



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 thyvlacine, a prehistoric doglike marsupial once found

across much of Australia and Tasmania, was both actively hunted by humans and a
victim of competition from human-introduced wild dogs. The last thylacine died in a

zoo in 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 fossils. Good biostratigraphic markers are
those fossils that have a short temporal duration—and thus occur in only a few
strata—yet are at the same time widespread, common, and have sufficiently dis-
tinct morphological attributes that evolutionary change and new speciation
events are immediately apparent. Examples include trilobites, ammonites, and
mammals, among others. Other groups—sometimes called “living fossils”
show the opposite trends: they speciate slowly, and once originated, rarely go
extinct. They are thus useless for biostratigraphy, but fascinating evolution-
arily—what is it about such organisms that bestows the equivalent of near-
immortality?

A useful way of quantifying evolutionary rates is by arriving at an estimate of
doubling time, the average amount of time for a particular higher taxon to double
the number of species within it. Mammals, for instance, show a doubling time of



Whatever happens to life on Earth, one thing is certain: evolution will not stop. Here
is one possible scenario for the evolution of the rat.

impossible. The colors, habits, and shapes of the newly evolved fauna can only be
guessed at. There 1s 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, cactuslike, aquatic, arboreal, carivorous,
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.



One future cladogram for the pig (bottom to top): pig, genetically engineered, rhino

pig, aquatic pig, pygmy, giraffelike, garbage-eating.



The Cambrian Eva saw an astonishing explosion of diverse new body plans.



T'he most ubiquitous mammalian resource of the future: the human body



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



Survivors at the twilight of the planet.



