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The biotic crisis and the future of evolution 
Norman Myers*t and Andrew H. Knoll* 

*Green College, University of Oxford, Oxford OX2 6HG, and Upper Meadow, Old Road, Oxford OX3 8SZ, United Kingdom; and *Department of 
Organismic and Evolutionary Biology, Harvard University, Cambridge, MA 021 38 

The biotic crisis overtaking our planet is likely to precipitate a major 
extinction of species. That much is well known. Not so well known 
but probably more significant in the long term is that the crisis will 
surely disrupt and deplete certain basic processes of evolution, 
with consequences likely to persist for millions of years. Distinctive 
features of future evolution could include a homogenization of 
biotas, a proliferation of opportunistic species, a pest-and-weed 
ecology, an outburst of speciation among taxa that prosper in 
human-dominated ecosystems, a decline of biodisparity, an end to 
the speciation of large vertebrates, the depletion of "evolutionary 
powerhouses" in the tropics, and unpredictable emergent novel
ties. Despite this likelihood, we have only a rudimentary under
standing of how we are altering the evolutionary future. As a 
result of our ignorance, conservation policies fail to reflect long
term evolutionary aspects of biodiversity loss. 

H uman activities have brought the Earth to the brink of biotic 
crisis. Many biologists (e.g., refs. 1-5) consider that coming 

decades will see the loss of large numbers of species. Fewer 
scientists-witness the lack of professional papers addressing the 
issue-appear to have recognized that, in the longer term, these 
extinctions will alter not only biological diversity but also the 
evolutionary processes by which diversity is generated. Thus, 
current and predicted environmental perturbations form a 
double-edged sword that will slice into both the legacy and fu
ture of evolution. 

A simple consideration of time underscores the magnitude of 
the challenge to scientists and public alike (cf ref. 6). Episodes 
of mass extinction documented in the geological record were 
followed by protracted intervals of rediversification and ecolog
ical reorganization; five million years can be considered a 
broadly representative recovery time, although durations varied 
from one extinction to another (7). Suppose, too, that the 
average number of people on Earth during the recovery period 
is 2.5 billion (by contrast with the 6 billion today). Under these 
conditions, the total number of people affected by what we do 
(or do not do) during the next few decades will be in the order 
of 500 trillion-10,000 times more people than have existed until 
now. We are thus engaged in by far the largest "decision" ever 
taken by one human community on the unconsulted behalf of 
future societies. 

The question of how current threats to biological diversity will 
affect the future of evolution was first raised by one of us in the 
mid-1980s (8). It attracted virtually zero interest from fellow 
biologists. Thirteen years later, he revisited the question, this 
time with more detailed analysis, although still in exploratory 
form (9). This latter publication elicited attention from the 
National Academy of Sciences, which undertook to sponsor a 
Colloquium in March 2000. As a "scene setter" for Colloquium 
participants, we drafted an overview account of topics to be 
tackled, and that draft makes up the bulk of this paper. We hope 
that it may serve the same purpose for readers of this special 
section of PNAS. 

The Core Concept 
One of the first truisms absorbed by biologists is that evolution 
is not predictable. We can no more predict the future compo-

www.pnas.org/cgi/doi/10.1 073/pnas.09 1  092498 

sition of communities than some Ordovician ecologist could 
have foreseen the Great Barrier Reef. However, despite our 
inability to predict the products of evolution-the trajectories of 
future morphologies or the innovations of future physiolo
gies-we can make meaningful estimates about evolutionary 
processes as they will be affected by the depletion of biological 
diversity. We may have little basis for predicting what large 
mammals might look like two million years from now, but much 
better reason to suppose that there will be very few of them. 

The evolutionary dimension to the current biotic crisis has 
been vividly expressed by Michael Soule (10): "Death is one 
thing, an end to birth is something else." In other words, 
impending extinctions will be far from the full final outcome of 
current environmental disruption. At least as important will be 
the alteration of evolutionary process, and for a period that is 
difficult to estimate but must surely measure in millions of years. 

First-Order Effects. There will be several first-order effects stem
ming from the biotic crisis: (i) a major extinction of species within 
the foreseeable future, estimated by some to remove between 
one-third and two-thirds of all species now extant (1 ,  2, 5, 11); 
(ii) a mega-mass extinction of populations, proportionately 
greater than the mass extinction of species, within the foresee
able future (12); (iii) alien invasions and other mixings of biotas 
(13-16); (iv) progressive depletion and homogenization of bio
tas, with potential threshold effects on ecosystems (17, 18); (v) 
biotic impoverishment generally, possibly including a decline of 
global biomass (18-20); and (vi) gross reduction if not virtual 
elimination of entire sectors of some biomes, notably tropical 
forests, coral reefs, and wetlands, all of which have served as 
centers of diversification in the past (21-24). 

Further Evolutionary Effects. These first-order impacts will likely 
engender a series of further consequences, including although 
not limited to: (i) fragmentation of species' ranges, with disrup
tion of gene flow (25-28) ;  (ii) decline in effective population 
sizes, with depletion of gene reservoirs/pools (12, 29, 30); and 
(iii) biotic interchanges introducing species and even biotas into 
new areas, with multiple founder effects and novel competitive 
and other ecological interactions (13, 16, 3 1 ) .  These impacts, in 
turn, might disrupt food chains/webs, symbioses, or other bio
logical associations (32, 33). 

These consequences could lead to further repercussions such 
as the following six: 

An outburst of speciation. As large numbers of niches are 
vacated, in conjunction with a splitting off of disjunct popula
tions through habitat fragmentation, there may well be an 
outburst of speciation, even of adaptive radiation, albeit not 
remotely on a scale to match the extinction spasm (34-36). It is 
unlikely that speciation will be evenly distributed among surviv
ing lineages; it may be concentrated among particular clades or 

This i ntroductory paper was presented at the National Academy of Sciences colloquium. 
"The Future of Evolution," held March 16-20, 2000, at the Arnold and Mabel Beckman 
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ecological types that thrive in human-dominated ecosystems 
(37, 38)? 

Proliferation of opportunistic species. r-selected and generalist 
species, often appearing as opportunistic species, may prolifer
ate, especially if there is preferential elimination of K-selected 
species that include natural controls of r-selected populations 
(32, 38). Could this proliferation lead to what has been charac
terized as a "pest and weed" ecology (39, 40)? 

Depletion of "evolutionary powerhouses" in the tropics. Virtu
ally every major group of vertebrates and many large categories 
of invertebrates and plants originated in spacious zones with 
warm, equable climates ( 41, 42). In addition, tropical species 
appear to have persisted for relatively brief periods of geologic 
time, implying high rates of evolutionary turnover and episodes 
of explosive speciation (21, 43, 44). According to Jablonski (22), 
the tropics have been "the engine of biodiversity" for at least 250 
million years. Today, we face the prospect of severe depletion if 
not virtual elimination of tropical forests, wetlands, estuaries, 
coral reefs, and other biomes, with their exceptional biodiversity 
and ecological complexity. Because some of these biomes ap
pear, in some senses at least, to have served in the past as 
preeminent "powerhouses" of evolution ( 45, 46), their decline 
could entail severe consequences for rediversification as the 
biosphere emerges from environmental crisis. 

Decline of biodisparity. Elimination of species is not the only 
measure of an extinction event. There can be declines, as well, 
in biodisparity, the biota's manifest morphological and physio
logical variety (47-49). Biodisparity impoverishment can be 
assessed through the surrogate measure of loss of higher taxa or 
guilds, and, over the past 2000 years, the preferential elimination 
of species-poor genera has reduced biodisparity at rates even 
greater than those of species loss ( 48). Will the same pattern of 
non-random culling persist in the future? 

An end to speciation of large vertebrates. Even our largest 
protected areas will prove far too small for further speciation of 
elephants, rhinoceroses, apes, bears, and big cats, among other 
large vertebrates (30, 50, 51). What knock-on consequences and 
ripple effects could there be for smaller species, indeed for biotas 
as a whole given, for example, the depauperizing impacts of the 
present-day decline of elephants (52)? 

Emergent novelties. There may be many emergent novelties, 
although these are especially difficult to predict. For instance, 
there could be an explosive radiation within certain higher taxa, 
notably small mammals and insects able to thrive in human
dominated ecosystems. The question is not whether persistent 
lineages can evolve in unexpected ways, but rather to what extent 
the environmental constraints humans place on surviving pop
ulations will channel innovations toward properties we associate 
with pests. 

Lessons from the Past? 

The geological record is replete with extinction events, their 
intensity ranging from the small and local to global mass 
extinctions that shattered Earth's biological order. Inevitably, 
extinctions were followed by rediversification, directed in the 
case of the largest events by ecological reorganization. What can 
we learn from paleobiology, other than the oft-quoted observa
tion that recovery proceeds slowly in the wake of grand scale 
biotic disruption (40, 53, 54)? Can we find generalities among 
extinction episodes that can guide thinking about our own 
future? Or, is it the differences among extinction events that 
should command our attention? As David Jablonski (63) asks in 
these proceedings, should we even focus on the five great mass 
extinctions that capture most attention, or do the more numer
ous, smaller events scattered throughout the geological record 
provide closer analogs for the present? 

The geologic record contains much evidence of bounce-back 
processes ( 49, 54-59), but how far will these serve as analytic 
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blueprints for what lies ahead? How can we estimate time frames 
at issue? Should we anticipate a minimum period of several 
million years [perhaps as much as 10 million (56)] before 
evolution can reestablish anywhere near the biological configu
rations and ecological circuitry existing before the current 
crisis? Will some recovery processes operate in some sectors 
of the biosphere, others in others, and with widely varying rates 
(55, 58, 60)? 

In some major extinctions, for example the Cretaceous
Tertiary boundary event, environmental perturbation was swift 
and sure, but also short-lived. Recovery began soon after 
disruption. In the present biotic crisis, it is hard to envision a 
scenario under which the factors that are driving the biosphere 
toward grand scale biodiversity loss will be mitigated in the wake 
of such loss. On the contrary, on any time scale we can envisage 
(and any scenario that does not involve early mass mortality for 
humankind), the situation becomes bad and then stays bad for 
some time to come. Thus, on the time scale of the human species, 
environmental disruption (or at least aspects of it) is permanent. 
Under these circumstances (which may, to some degree, be 
approximated by the persistent environmental discord after the 
Permian-Triassic mass extinction), the prospects for rediversifi
cation are limited. 

Recovery Processes 

How will ecosystems function in a world of diminished biodi
versity? Does ecosystem function necessarily decay as diversity 
declines, and if so, by how much and in what manner? Can 
biodiversity and humans alike prosper in a world where most 
biological diversity will be confined to relatively small parks and 
reserves? 

If biodiversity is indeed critical to ecosystem function, do we 
know enough about the principles of evolution to intervene in 
the recovery processes? To the extent that the answer to the first 
part of this question is probably "yes" and the answer to the 
second part is almost certainly "no," what would we need to learn 
to attempt evolutionary interventions that will do more good 
than harm? 

More realistically, do we know enough to mitigate the loss of 
biological diversity? As David Western writes in his colloquium 
contribution, mitigating strategies will likely be carried out 
predominantly in ecosystems dominated or influenced by hu
mans and other species that thrive when humans are present. 
How we think about our evolutionary future depends directly on 
how successful we can hope to be in preserving biodiversity and 
biodisparity. 

Which taxa are likely to play prominent parts in recovery 
processes? What "survivorship" traits (ecological, biogeo
graphic, evolutionary) can we use to define those taxa that may 
prove more successful in surviving current events? At the same 
time, which taxa might [to cite Erwin's graphic phrase (55)] "win 
the extinction but lose the recovery?" Might certain biotas 
already be "stressed" by Pleistocene climatic oscillations, making 
them more vulnerable to depletion (61, 62)? Or are they 
"hardened" -purged of their most vulnerable members by Pleis
tocene events (63)? 

Should we in fact speak of "recovery"? What is it that is 
supposed to be recovering (the dinosaurs didn't)? Should we not 
view the recovery phase as more like a transition to new and 
novel departures of multiple sorts (55)? Plainly there is much 
scope for pioneering research in response to the many questions 
raised (54). We need to consider planning priorities. What 
research is most pressing? What is readily achievable? What is 
already underway? What deserves most financial or institutional 
support? What potential is there for interdisciplinary research, 
for instance that which combines genetics and restoration ecol
ogy, or paleontology and conservation biology? 

Myers and Knoll 
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Conservation Responses 

Should we be content simply to safeguard as much as we can of 
the planetary stock of species? Or should we pay equal if not 
greater attention to safeguarding evolutionary processes at risk 
(cf. refs. 64-66)? Consider, for instance, biodisparity: to cite 
Jablonski (49), "If we are concerned with avoiding the loss of 
particular functional groups, or with maximizing the potential 
source pool for evolutionary recovery, then biodisparity mea
sures may provide a more appropriate assessment, beyond sheer 
numbers of taxa, of how priorities should be set." 

Following on from these considerations is the question of 
whether we should seek to maintain the evolutionary status quo 
by preserving precise phenotypes of particular species, or 
whether we should prefer to maintain phylogenetic lines that will 
enable evolutionary adaptations to persist, thereby leading to 
new species (67, 68). Is it sufficient for us to maintain, for 
example, just the two elephant species we already have, or should 
we try to keep open the evolutionary option of further elephant
like species in the distant future? 

This is an unusually significant question, with unusually sig
nificant implications for conservation strategies. Elephants, 
along with many other large mammals, are inclined to move 
around a good deal, a trait that enables them to maintain gene 
flow across large areas. As a result, their gene pools often tend 
to be fairly uniform [an elephant in East Africa may not be so 
different from one 4,000 km away in South Africa (68)]. Re
grettably the remaining populations of elephants, substantial 
and extensive as they are, albeit fragmented and declining fast, 
are probably already below the minimum numbers to keep open 
the possibility of speciation (69). 

In marked contrast to elephants, with their slow breeding 
rates, many insect species have immense breeding capacities and 
rapid turnover rates. These latter attributes offer quick adapt
ability to environmental shifts, whereupon genetic changes are 
passed along promptly. These attributes not only leave many 
insect species well suited to survive the environmental upheavals 
of human activities, but they offer exceptional scope for specia-
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tion in comparatively short order. By contrast, elephants, to
gether with other large-bodied species that reproduce slowly and 
hence possess restricted capacity for genetic adaptation, will be 
at an extreme evolutionary disadvantage. Does this factor imply 
that they should therefore receive all of the greater attention 
from conservationists-or that, in a triage situation, they should 
rank lower in our priorities? Although this is a fundamental 
question, it has hardly been addressed. 

An even more important consideration arises concerning 
those origination centers and radiation lineages that serve as 
"evolutionary fronts" (67). From the standpoint of future evo
lution, it is surely more appropriate to safeguard the main 
potential for diversity generation than to emphasize the primary 
focus of many current conservation programs, viz. individual 
taxa and, especially, endemic taxa (70, 71) .  Much the same 
applies with respect to those functional groups that increase the 
potential for evolutionary recovery (49). 

All in all, the prospect is that, in the wake of the present 
biodiversity crisis, we shall find that many evolutionary processes 
that have persisted throughout the Phanerozoic Eon will be 
slowed if not depauperized for an extended period. This is not 
to say, of course, that evolution will come to a halt, or even that 
speciation will be suspended (except for the large vertebrates).  
In fact, there may be enough creative disruption in certain 
environments to foster some extremely rapid microevolutionary 
changes, attended by (localized?) bursts of speciation. But there 
will surely be reduced scope for speciation on the scale that has 
characterized the past many millions of years. 

These, then, are some of the issues that we should bear in mind 
as we begin to impose a fundamental shift on evolution's course. 
We are "deciding" on evolution's future in virtually a scientific 
vacuum-deciding all too unwittingly, but effectively and in
creasingly. Hence the importance of the Colloquium's findings as 
set out in this special issue of PNAS. 

We thank David Jablonski for helpful comments on an early draft of this 
paper. We also thank the United States National Academy of Sciences 
and the MacArthur Foundation, Chicago, for funding support. 
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Mass extinctions have played many evolutionary roles, involving 
differential survivorship or selectivity of taxa and traits, the dis
ruption or preservation of evolutionary trends and ecosystem 
organization, and the promotion of taxonomic and morphological 
diversifications-often along unexpected trajectories-after the 
destruction or marginalization of once-dominant clades. The fossil 
record suggests that survivorship during mass extinctions is not 
strictly random, but it often fails to coincide with factors promoting 
survival during times of low extinction intensity. Although of very 
serious concern, present-day extinctions have not yet achieved the 
intensities seen in the Big Five mass extinctions of the geologic 
past, which each removed 2:50% of the subset of relatively 
abundant marine invertebrate genera. The best comparisons for 
predictive purposes therefore will involve factors such as differ
ential extinction intensities among regions, clades, and functional 
groups, rules governing postextinction biotic interchanges and 
evolutionary dynamics, and analyses of the factors that cause taxa 
and evolutionary trends to continue unabated, to suffer setbacks 
but resume along the same trajectory, to survive only to fall into 

a marginal role or disappear ("dead clade walking"), or to undergo 
a burst of diversification. These issues need to be addressed in a 
spatially explicit framework. because the fossil record suggests 
regional differences in postextinction diversification dynamics and 
biotic interchanges. Postextinction diversifications lag far behind 
the initial taxonomic and morphological impoverishment and ho
mogenization; they do not simply reoccupy vacated adaptive 
peaks, but explore opportunities as opened and constrained by 
intrinsic biotic factors and the ecological and evolutionary context 
of the radiation. 

To the conservation biologist, there is little positive to be said 
about extinction. From an evolutionary perspective, how

ever, extinction is a double-edged sword. By definition, extinc
tion terminates lineages and thus removes unique genetic vari
ation and adaptations. But over geological time scales, it can 
reshape the evolutionary landscape in more creative ways, via the 
differential survivorship of lineages and the evolutionary op
portunities afforded by the demise of dominant groups and the 
postextinction sorting of survivors. The interplay between the 
destructive and generative aspects of extinction, and the very 
different time scales over which they appear to operate, remains 
a crucial but poorly understood component of the evolutionary 
process. 

The fossil record is rich in extinction events at all intensities 
and spatial scales, and thus provides the essential raw material 
for an extremely important research objective: the comparative 
calibration of evolutionary responses, both positive and negative, 
to perturbation. Despite limits on direct comparisons to present
day and future events, discussed below, paleontological data 
afford the opportunity to test the evolutionary impact of such 
factors as the initial state of the system, the nature, duration, and 
magnitude of the perturbation, and postextinction physical and 
biotic conditions. Comparative analysis of the Big Five mass 
extinctions (1, 2) is just beginning, as is work on the myriad 
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smaller-and sometimes more localized-events manifest in the 
geologic record, and so this paper is as much a research agenda 
as a review. One approach to the problem is through the related 
issues of extinction selectivity and evolutionary continuity across 
mass extinction events in the geologic past. Recent work on the 
geographic fabric of extinction events and their aftermath sug
gests that the spatial dimension of diversity dynamics also will be 
an important component of a rigorous theory of extinction and 
its evolutionary consequences, and so although data are sparse 
I will raise some of these issues as well. 

Selectivity and Loss 

Mass extinctions would be important evolutionary agents even if 
they simply intensified variations in clade survivorship seen in 
times of low extinction rates. For example, if mass extinctions 
primarily removed lineages in decline or in the early stages of 
diversification, truncating the time span available to those and 
other clades for the acquisition of evolutionary novelties, then 
they would significantly reinforce the stability of the status quo. 
The fossil record shows, however, that the major extinction 
events of the geologic past have played a larger and more 
complex role, by removing not just marginal players but also 
dominant incumbents, owing at least in part to extinction 
selectivities that are partly independent of those seen under 
"normal" extinction regimes. For example, factors such as local 
abundance, species richness, and species-level geographic 
ranges, all apparently significant during times of low extinction 
intensities (3), played little role in the survival of marine 
invertebrate clades during the end-Cretaceous (K-T) mass ex
tinction, where the data are most extensive (2, 4, 5, t), and have 
been unimportant in at least some of the other mass extinction 
events as well (2, 6). At the same time, broad geographic 
distribution at the clade level, regardless of species-level ranges, 
significantly enhanced survivorship at all of the major extinction 
events (2, 4, 7) (note that this discordance across hierarchical 
levels means that surviving clades need not consist of generalized 
or opportunistic species, contrary to some oversimplifications of 
these results). These analyses suggest that clades or adaptations 
may be lost not because they are poorly adapted to the pre( or 
post) disturbance settings, but because they lack the broad 
geographic deployment or other traits that favor survival during 
the extinction bottleneck-a pattern of "nonconstructive selec
tivity" (8) that yields differential survival among clades without 
promoting the long-term adaptation of the biota (2, 6, 9). 

This is not to say that traits favored under low extinction 
intensities were never advantageous during mass extinctions: 
resting stages in phytoplankton, occupation of unperturbed 
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habitats or regions, physiological tolerances that happened to 
match the extinction-driving stresses, and perhaps particular 
ecological strategies, all might play a role in survivorship (10-
12). Further, the broad correspondence between survivorship 
during mass extinction and long-term clade volatility (variance in 
standing diversity, i.e., net diversification rates rather than 
per-taxon origination or extinction rate) ( 13-15) suggest that 
other intrinsic biotic factors ( 6) carry over from low to high 
extinction-intensity regimes. Little has been done to explore this 
possibility, however, or the alternative that taxa with high 
per-taxon turnover rates have a lower threshold for crossing into 
the mass-extinction selectivity regime. 

Given that some clades show consistently severe or mild 
responses to extinction events, which suggests that intrinsic biotic 
factors are important determinants of survivorship, why does the 
vulnerability of other clades appear to vary significantly among 
extinction events (6, 16)? This question bears critically on the 
evolutionary consequences of extinction events but has received 
little attention. Potential explanations range from long-term 
hardening of clades by the removal-and failure to re-evolve
extinction-prone constituents, to contrasting forcing mecha
nisms in the different extinction events, to fortuitous trait 
combinations evolved under "background" extinction regimes. 
Such analyses also are needed to make better biological sense out 
of apparent selectivity against major clades (e.g., ammonites, 
mosasaurs, dinosaurs etc. at the K-T boundary) when other 
selectivities appear indifferent to clade membership [e.g., wide
spread vs. restricted-range bivalves and other taxa at many 
extinction events (2, 4)]. 

I should note that the terms background and mass extinction 
should be used carefully: major extinction events stand out in 
geologic time series as maxima against a local background of 
lower rates, but the overall frequency distribution of extinction 
intensities is a highly skewed, unimodal continuum (9). Contrasts 
in selectivity between the major extinction events and times of 
relatively low extinction suggest a threshold effect (2, 5), but the 
position and taxonomic generality of that threshold is uncertain; 
comparative analyses that encompass smaller extinction epi
sodes such as the Cenomanian-Turonian and Eocene-Oligocene 
events would be valuable. 

The likelihood of clade- or ecosystem-specific thresholds for 
the onset of mass-extinction selectivities underscores the com
plexity underlying extinction time series in the fossil record, a 
point sometimes lost in the general focus on a few of the most 
massive events. The direct comparability of the Big Five mass 
extinctions to present-day biodiversity losses remains unclear. 
Although present-day losses are severe and appear to be accel
erating ( 17), they have yet to approach the scale of the Big Five 
extinctions of the geologic past. For example, the K-T extinction 
removed 50% of the marine bivalve genera globally ( 4 ), and 97% 
of the photosymbiont-bearing coral species (and 83% of those 
genera) (18), and the sampling biases inherent to the fossil 
record virtually require that these victims were drawn from the 
more abundant and widespread components of the biota (2, 9). 
Viewed in this light, these are shocking statistics that exceed even 
the most severe estimates for present-day losses, although long
term projections eventually can approach such magnitudes. 
Further, over the past 2,000 yr species-poor clades and geo
graphically restricted species have been the overwhelming ma
jority of losses (19), corresponding to an intense version of the 
"background extinction" regime rather than the mass extinction 
selectivities of the fossil record. 

This is neither to belittle the violence being wrought on today's 
biodiversity, nor to imply that the fossil record offers few insights 
regarding the future of evolution in the face of human activities 
and other stresses. It does suggest, however, that the most useful 
comparisons must go beyond absolute extinction intensities to 
involve such factors as: relative extinction intensities among 
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regions, clades and functional groups; long-term effects of 
geographic variation not only in extinction but also in postex
tinction biotic interchanges and evolutionary dynamics; patterns 
of biotic continuity, lag times, and innovation as reflected in 
postextinction evolutionary rates and patterns. Also important, 
of course, are the looming questions of what causes the transition 
to selectivities seen under paleontological mass-extinction re
gimes, and whether that threshold can be avoided in the near 
future. Still unknown, for example, is whether that threshold is 
simply a function of the spatial scale and intensity of the forcing 
perturbation, of the quality of the perturbation [see, for example, 
the apparently more severe biotic effects of increased seasonality 
as opposed to simple changes in mean annual temperature (20)] 
or whether feedbacks involving, for example, the compounding 
of perturbations (21 ), or the disruption of biotic interactions or 
community structures come into play. 

In principle, threshold effects should be detectable in time 
series around mass extinction events, and this would be especially 
valuable in light of the cumulative extinction processes operating 
today. The demonstrable selectivity of extinctions raises the issue 
of weakening vs. hardening of the biota if unfavorable conditions 
are imposed over a protracted interval: as the most vulnerable 
taxa such as endemic species are lost, under what circumstances 
will the extinction-resistant residue withstand further stresses, 
and when will they give way to the mass-extinction regime? A 
hardening process may underlie the pulse of extinction near the 
onset of Pleistocene glaciation and the dearth of extinction 
thereafter (22) (the end-Pleistocene megafauna! extinction is 
probably a different issue), and we need a better understanding 
of exactly what separates such events from the major mass 
extinctions, and to what extent such hardening processes under
mine linear projections of present-day extinction estimates to 
future losses. We can simply appeal again to the spatial scale, 
intensity, or quality of the perturbation, or to the quality of the 
perturbation, but this leads us back to the uncertain nature of the 
threshold, whether it is graded or a step-function, and its 
potential variation among taxa, communities, and regions. 

Spatial Patterns 
Most paleontological analyses of mass extinctions have neglected 
the spatial dimension, tending to focus instead either on single 
stratigraphic sections or regions, or on synoptic global databases. 
Both scales have been extremely productive, but the global biota 
is spatially complex, with diversity gradients and hotspots (e.g., 
refs. 23-26) and concomitant variation in the generation and 
persistence of evolutionary novelties and higher taxa (27) [ al
though the relation to species-level evolutionary dynamics is still 
unclear (28, 29)]. Paleontological analyses that contain a spatial 
component, for example regarding regional extinction events at 
all scales (30) or the biogeographic fabric of postextinction 
evolutionary patterns, therefore would be especially valuable 
with reference to present-day and future processes. Biotic in
terchanges in the paleontological record, such as the late Ce
nozoic responses to the joining of North and South America after 
the final uplift of the Panama Isthmus, or the opening of 
transpolar interchange between Pacific and Atlantic, clearly 
document asymmetries in biotic interchanges that correspond to 
regional differences in extinction intensities (31, 32). These 
paleontological findings that regions suffering greater losses 
were more heavily invaded is an important verification and 
extension into deep time of observations made in modern 
communities (33). 

Geographical analyses of mass extinctions and their after
math, however, show that more complex dynamics may some
times operate. For example, although K-T extinction intensities 
were statistically homogeneous for marine mollusks on a global 
scale (except perhaps for shallow, clear-water tropical plat
forms), the evolutionary and biogeographic response was decid-
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edly inhomogeneous. Of the four regions analyzed as time series 
(34), only the North American Gulf and Atlantic Coastal Plain 
showed a prolific but short-lived burst of diversification by 
several clades [termed "bloom taxa" (35)] that were quiescent 
elsewhere and was significantly more subject to postextinction 
biotic invasions. Although further analyses are desirable, partic
ularly from a phylogenetic standpoint, these patterns are likely 
to be robust: they hold whether the bloom taxa are treated as a 
proportion of the biota or as raw species numbers when the K-T 
bottleneck is taken into account (34). Furthermore, neither burst 
nor excess invasion appears in an extensive new analysis of an 
important fauna in the earliest Tertiary of northern Europe (36), 
which is the region most likely to conform to North America by 
reason of proximity and climatic similarity. 

Understanding these paleontological patterns is particularly 
pressing in light of the massive biotic interchanges that are 
currently being directly or indirectly mediated by human activ
ities. Why was North America subject to more intense invasion 
after the K-T event despite its unexceptional (if severe) extinc
tion intensities? This response implies a nonlinear between 
extinction and invasion intensities, or perhaps simply a threshold 
above which the relation breaks down. Another possibility is that 
when losses approach paleontological mass-extinction levels 
(that is, 50% of the relatively abundant and widespread genera) 
or are globally both severe and homogeneous, qualitative as well 
as quantitative losses determine the probability of the evolu
tionary excursions and invasions seen in North America: the 
identity of the victims and not just their numbers becomes 
particularly important. The functional role of taxa lost from each 
of the regional biotas will be difficult to assess rigorously, but 
divergent regional responses to homogeneous extinction inten
sities provide a natural experiment sufficiently rich in potential 
insights to demand further investigation. Lockwood's analyses"�" 
showing no relation between abundance and survivorship in this 
fauna undermines one of the simplest hypotheses: that prefer
ential removal of abundant and thus dominant taxa was masked 
by a strictly taxonomic approach (although a detailed parallel 
analysis of other regions is required for a definitive test, of 
course). 

The evolutionary effects of biotic homogenization may de
pend in part on how it is achieved. Homogenization via elimi
nation of endemics will leave a residue of already widespread 
taxa that may be relatively resistant to geographic isolation and 
rapid diversification, whereas homogenization via range expan
sion may more readily promote the origin and diversification of 
new endemic taxa. Invaders are not drawn randomly from the 
source biota, however (34, 37), and this bias could itself channel 
subsequent evolution into narrower pathways among regions 
than would otherwise be expected. 

Spatial effects may be important in finer scales as well. For 
example, in North America within-habitat molluscan diversity 
appears to recover within a few million years after the K-T 
extinction (38), but total regional diversity evidently does not 
reach preextinction levels until roughly 10 million years after the 
event (34, 35) .  Although this result needs to be verified else
where, and tested more rigorously for sampling artifacts, it 
suggests that beta diversity, the differentiation of local faunas 
among habitats and along environmental gradients, takes longer 
to recover than alpha, i.e., local, diversity. 

Continuity and Creativity 
Mass extinctions have never entirely reset the evolutionary clock: 
even the huge losses at the end of the Permian, which appear to 
have permanently restructured marine and terrestrial commu
nities, left enough taxa and functional groups standing to seed 
the recovery process without the origin of new phyla (39) . One 
key to understanding the past and future evolutionary role of 
extinctions will involve the factors that permit the persistence of 

Jablonski 

certain biological trends or patterns-e.g., net expansion or 
contraction of clades or directional shifts in morphology-in the 
face of extensive taxonomic loss and ecological disruption. 
Besides extinction, at least four evolutionary patterns can be seen 
in the fossil record. These are: (i) unbroken continuity, (ii) 
continuity with setbacks, (iii) survival without recovery ("dead 
clade walking"), and (v) unbridled diversification. 

Unbroken Continuity. Some large-scale patterns withstood one or 
more of the Big Five extinctions with little disruption. These 
include the continued dominance of reefs by rugose and tabulate 
corals and stromatoporoid sponges across the Ordovician
Silurian boundary (40, 41) , the escalation of morphological 
responses seen in molluscan shells to increased predation inten
sity across the K-T boundary (42), the prolonged Paleozoic 
decline of trilobites ( 43 ), and the onshore-offshore expansions 
and retreats of a number of post-Paleozoic marine orders (44) . 

Continuity with Setbacks. Other trends suffer setbacks
presumably owing to the contrast between mass extinction and 
"normal" selectivities-but then resume their long-term trajec
tories. These include rising cheilostome bryozoan dominance 
relative to cyclostomes ( 45) , the ecological expansion of angio
sperms ( 46, 4 7) although this may be more an ecological than an 
evolutionary setback, and the spread to greater burrowing 
depths by veneroid bivalves,* all at the K-T boundary, the early 
Paleozoic spread of suspension-feeding bivalves to offshore shelf 
environments ( 48) , and the overall Paleozoic increase in suture 
complexity in ammonoids ( 49) . An important open question 
amenable to direct testing and simulation is whether such 
setbacks are generally a simple byproduct of high extinction 
intensities (if the extremes of the morphospace volume are 
sparsely occupied, for example, then random extinction could 
clear those portions), or represent selection against the traits 
being maximized under low extinction intensities. 

Dead Clade Walking. Clade survival is no guarantee that preex
tinction trends will persist or be reasserted in the postextinction 
setting. Each extinction has examples of clades that survived the 
extinction event only to fall into a marginal role or eventually 
disappear (dead clade walking). These include bellerophontid 
snails (7) and prolecanitid ammonoids at the Permo-Triassic 
boundary (50) , the brachiopod order Spiriferoida after the 
end-Triassic extinction (5 1) , and the planktic foraminiferal 
Zeauvigerina lineage after the K-T event (52) . Such lingering 
demises need to be tested against stochastic attrition, of course 
( 43). My preliminary, unpublished analysis suggests that the 
intervals after mass extinctions tend to be significantly enriched 
in taxa that failed to cross the next stage boundary, relative to 
other intervals before the extinction event; in other words more 
clades that survived a mass extinction tend to dwindle or 
disappear shortly after the event than would be expected by 
chance. Also intriguing is the geographic variation in the pro
portion of dead clade walking taxa across the K-T boundary, with 
values highest not in North America (which makes an interesting 
statement on the impact of the greater influx of invaders 
there-they followed extinctions but did not drive them), but in 
the tropical Indian Ocean. 

These diverse postextinction trajectories again demonstrate 
that analysis of the evolutionary role of extinctions must include 
much more than taxonomic survivorship at the event itself. We 
need to understand why some clades, and some polyphyletic 
trends such as escalation of antipredatory defenses, persist 
uninterrupted across the extinction event, why others stumble 
but recover their preextinction trajectory, and still others survive 
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but never recover. All of the patterns discussed so far strongly 
attest that postextinction evolutionary processes involve not 
simply unbridled radiation (see below), but a sorting of survivors 
in the postextinction world. At this early stage, many alternative 
hypotheses are feasible and the relative power of the alternatives 
may vary among different situations. The most obvious is the 
taxonomic breadth of the trend: all else being equal, any 
evolutionary trend that advances along a broad ecological or 
taxonomic front is less likely to be halted by extinction. Although 
this is surely a factor, it is unlikely to be sufficient in all cases, 
because many trends are fairly circumscribed phylogenetically, as 
in the bryozoan and veneroid examples given above. 

Given the discordance in selectivity between times of high and 
low extinction intensities, another factor in the persistence of 
trends is likely to be the strength of association between traits 
involved in trends and those related to survivorship. The role of 
this macroevolutionary linkage in promoting the long-term 
persistence of trends is virtually unexplored. A final potential 
explanation is even more context-specific, that the differential 
persistence of trends depends less on the intrinsic traits of clades 
than on the strong variation recorded in postextinction recovery 
(i) among ecosystems, e.g., the more rapid recovery of diversity 
in oceanic plankton vs. marine benthos (53, 54) (with potentially 
important implications for the relative persistence of mineral 
and nutrient cycles); (ii) across ecological scales, e.g., discor
dances in the time to recovery of local vs. global diversity (as 
mentioned above, with potentially important implications for the 
accumulation of biological diversity and the development of 
spatial structure); and (iii) among regions in clade dynamics and 
biotic interchanges, e.g., the concentration of bloom taxa and 
postextinction invasions in particular areas (with potentially 
important implications for the persistence and recovery of local 
biotas and intrerregional source-sink dynamics). 

Unbridled Diversification. The most dramatic and creative evolu
tionary role of mass extinctions is the promotion of postextinc
tion diversifications, typified most vividly by the exuberant 
radiation of the mammals after the demise of the dinosaurs and 
other reptilian clades at or near the K-T boundary. Postextinc
tion bursts of diversification have been extensively discussed and 
documented for many extinction events, both morphologically 
and at several taxonomic levels (6, 39, 41, 55-58). Therefore, 
before returning to the need for further analysis of geographic 
variation in evolutionary dynamics, I will make only two further 
points, on predictability and time scales. 

Predictability. Although the evolutionary response to mass ex
tinction has sometimes been depicted simply in terms of the 
reoccupation of preextinction adaptive peaks ("reinventing the 
ecological wheel," ref. 59), evolution is both too opportunistic 
and too constrained by inherited body plans for this to be wholly 
true. Striking convergences in form and habit are, of course, a 
major theme in evolution, but postextinction dynamics are 
complicated by near-simultaneous radiation of multiple clades 
[with the powerful incumbency advantage at stake (32)], the 
distinct ecological context of each postextinction interval, and 
the raw material provided by surviving lineages. These effects 
can be seen in the incomplete congruence of successive occu
pations of morphospace after extinction events (60, 61). 

To drive home these important but somewhat abstract points 
on the long-term prospects for evolutionary replacements, con
sider the Cenozoic history of birds. The large, flightless pho
rusrhacid and diatrymid birds, probably the top carnivores of 
early Cenozoic terrestrial communities (62, 63), interfered with 
the triumphant mammalian ascent to center stage in the post
dinosaurian world, and probably were not replaced by an exact 
mammalian analog once they disappeared. Note also that these 
carnivorous birds opportunistically converged on theropod di-
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nosaurs rather than adhering to the pterosaur models that might 
have been the most likely targets for convergence given a flying 
avian starting point (62). Over the course of Cenozoic diversi
fication, other birds did assume modes of life similar to those 
vacated by pterosaurs: skimmers may roughly correspond to 
Tropeognathus with its keeled jaws, swallows and swifts to 
Pterodactylus with its similar size and wing proportions, flamin
gos to Pterodaustro with its bristling array of fringe-like teeth, and 
perhaps even condors to the enormous Quetzlcoatlus (64, 65). 
This does not mean, however, that birds-or even birds plus 
bats-managed to occupy the full range of pterosaur habits (66). 
Equally important, the granivorous habit so important in mod
em birds evidently represents a novel expansion of bird ecospace 
relative to their supposed pterosaur models (see ref. 66 on the 
avian trophic diversification). There may be good functional or 
ecological reasons for this (e.g., was the Mesozoic seed bank as 
rich and dependable a resource as in the angiosperm-dominated 
Cenozoic?), just as there seems to have been for the absence of 
baleen-like filter-feeding in Mesozoic marine reptiles (67), but 
such constraints and contingencies are precisely the factors that 
prevent a given set of clades at a given time from fully overlap
ping the evolutionary pathways of their predecessors. Attempts 
to predict evolutionary behavior after major extinction events 
can only operate in broad generalities, and always with the 
caveat, "expect the unexpected." 

Time Scales. The fossil record shows that destructive and gener
ative aspects of extinction generally operate in different time 
frames, as many authors have pointed out (2, 41, 68). The biotic 
impoverishment and homogenization necessarily precedes the 
evolutionary response, and there is surprisingly little hard evi
dence for major evolutionary innovations within a major extinc
tion episode. Even for apparently protracted or multistep ex
tinctions that see origination within the extinction interval, such 
as the end-Ordovician or end-Permian episodes, "little biolog
ical innovation is apparent" (41). 

Recoveries of different biomes, clades, or communities may 
have different postextinction lag times; for example, broadly 
defined "reef' systems lag behind oceanic plankton systems (see 
ref. 2 for discussion). Whether these lags reflect a general 
property of large-scale diversity dynamics (13, 69), sampling and 
other biases (6, 70), the duration or intensity of environmental 
stresses (71), a protracted process of assembling new ecological 
communities (2, 72), or evolutionary waiting times set by intrinsic 
diversification rates (73) awaits further comparative analysis. 

Geography. The spatial dimension is important not only to 
extinction selectivity and postextinction interchange, but to 
long-term evolutionary dynamics in a postextinction world. 
Certain habitats and regions, such as onshore marine settings 
(44), and the tropics in both marine (27) and terrestrial (74-76) 
settings, appear to be important sources of postextinction evo
lutionary novelty, but the implications of this nonrandom cre
ativity have only begun to be explored. On finer geographic 
scales, a systematic search for diversity hotspots in the geologic 
record to test for their long-term persistence and evolutionary 
significance would be valuable. For example, is the end
Ordovician extinction of brachiopods and other benthic taxa in 
North America a potential case study in the destruction and later 
refurbishment of a diversity hotspot? North America straddled 
the equator and harbored a rich biota of endemic taxa in the 
epicontinental sea that occupied the center of the continent. 
Oscillating climates and fluctuating sea levels virtually elimi
nated this and other interior seaways and their biotas, and the 
postextinction interval saw an invasion pulse as taxa from outside 
the region expanded to occupy the returning favorable habitats 
(77, 78). 

Tracking such hotspots and other crucibles of biotic novelty 
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over evolutionary time might help to prioritize targets for both 
research and conservation efforts in the near future. Do rela
tively localized hotspots primarily contribute taxonomic richness 
to the global biotic inventory, or are they also important 
reservoirs of biodisparity, that is morphological richness? The 
evolutionary importance of the answer will depend in part on the 
mean lifetime of such hotspots, and the extent to which novelties 
that arise in hotspots tend to spread elsewhere, as has been 
documented for novelties that originated in onshore environ
ments or within tropical latitudes (27, 44, 74-76). For these and 
many other questions, paleontology can be a rich source of 
natural experiments in macroevolutionary dynamics before, 
during, and after perturbations of widely varying intensities and 
durations. 

Conclusion 

I would not go far wrong in saying that the most dramatic 
evolutionary effects of mass extinctions can be epitomized in just 
four words: they remove successful incumbents. But going 
beyond what amounts to a concession to contingency, what are 
the lessons of the past that transcend the specific mechanisms, 
intensities, and participants of earlier events? 

(i) Mass extinctions happen. The fossil record provides ample 
evidence that even the more widespread and species-rich clades, 
ecosystems, and biogeographic provinces are not infinitely re
silient. Biogeochemical and other data are accumulating on the 
concomitant breakdown of nutrient cycling and other ecosystem
level processes (53), and the links among the collapse and 
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recovery of taxonomic diversity, morphological, or functional 
disparity and ecosystem function should be a high priority. 

(ii) Survivorship during mass extinctions need not be closely 
related to many aspects of biological success as measured during 
"background" times. An understanding of the evolutionary role 
of mass extinctions requires continued analysis of why well
established incumbents are lost, surely at least in part a function 
of the spatial scale of perturbations, and the long-term conse
quences of such losses. 

(iii) Extinction itself promotes biotic interchange. Asymme
tries in ancient biotic interchange generally appear to reflect 
geographic differences in extinction intensity. The K-T extinc
tion shows, however, that although biotic interchanges pervade 
the postextinction world, simple linear relationships can break 
down to produce unexpected source-sink patterns. 

(iv) The evolutionary response to mass extinction is slow on 
human time scales, difficult to predict owing to the contingencies 
of postextinction conditions including the identity and evolu
tionary dynamics of the survivors, and geographically heteroge
neous. Each of these complications, however, is amenable to 
comparative paleontological analysis and modeling, with the 
attendant opportunities for detecting patterns, testing hypothe
ses, and drawing lessons relevant to the future of evolution. 
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Although mass extinctions probably account for the disappearance 
of less than 5% of all extinct species, the evolutionary opportuni
ties they have created have had a disproportionate effect on the 
history of life. Theoretical considerations and simulations have 
suggested that the empty niches created by a mass extinction 
should refill rapidly after extinction ameliorates. Under logistic 
models, this biotic rebound should be exponential, slowing as the 
environmental carrying capacity is approached. Empirical studies 
reveal a more complex dynamic, including positive feedback and 
an exponential growth phase during recoveries. Far from a model 
of refilling ecospace, mass extinctions appear to cause a collapse of 
ecospace, which must be rebuilt during recovery. Other generali
ties include the absence of a clear correlation between the mag
nitude of extinction and the pace of recovery or the resulting 
ecological and evolutionary disruption the presence of a survival 
interval, with few originations, immediately after an extinction 
and preceding the recovery phase, and the presence of many 
lineages that persist through an extinction event only to disappear 
during the subsequent recovery. Several recoveries include numer
ous missing lineages, groups that are found before the extinction, 
then latter in the recovery, but are missing during the initial 
survival-recovery phase. The limited biogeographic studies of 
recoveries suggest considerable variability between regions. 

H owever much one may mourn the passing of trilobites, 
conodonts, ammonoids, richtofenid brachiopods, and even 

dinosaurs, there is no denying the profound evolutionary impe
tus mass extinctions have provided to the history of life. Mass 
extinctions create new evolutionary opportunities and redirect 
the course of evolution. During the past two decades, paleon
tologists have focused great effort on the patterns, rates, and 
causes of various mass extinctions. Our understanding of these 
events has improved greatly, but postextinction rebounds have 
received far less attention. This lack of attention is unfortunate, 
for the available detailed empirical studies of recoveries have 
revealed great complexity to postextinction rebounds, raising 
questions about the applicability of many models of evolutionary 
dynamics. Analysis of these extensive biotic disturbances pro
vides detailed information about how ecosystems respond to 
perturbations and the processes underlying diversification, and 
insights into what we might plausibly expect from our current 
biodiversity crisis. In this paper, I will place recovery studies 
within the context of models of biodiversity dynamics, review the 
results of both modeling work and empirical studies of specific 
postextinction recoveries, consider the general patterns that can 
be derived from a comparative study of recoveries, and close 
with a discussion of the evolutionary significance of biotic 
recoveries. 

Recoveries and Biodiversity Dynamics 

Paleontological discussions of postextinction recoveries have 
been heavily influenced by models of evolutionary dynamics, 
particularly competition-driven models governed by the Lotka
Volterra equations and the equilibria! models from MacArthur 

www.pnas.org/cgi/ doi/1 0. 1 073jpnas.091 092698 

and Wilson's theory of island biogeography (ref. 1, reviewed in 
ref. 2). Coupled logistic models have been applied to the 
dynamics of clades from the fossil record and the patterns of 
recoveries after mass extinctions (3-6). The models suggest that 
recoveries will follow a sigmoidal increase to a new equilibrium 
as survivors radiate into a now-empty ecospace. The sigmoidal 
shape of such a pattern will produce an apparent lag before an 
exponential increase, with paleontologists noting the exponen
tial phase as the onset of recovery. The duration of the lag should 
be proportional to the magnitude of the diversity drop (3, 4). 
Empirical studies have recognized that many mass extinctions 
are followed by a survival interval, of variable duration, during 
which little or no diversification is evident, followed by rapid 
diversification during a recovery phase (7). 

Such equilibrium models give rise to the most common definition 
of postextinction recoveries: the interval of exponential growth 
immediately after the end of the extinction, and ending with a 
decline in origination rates to normal levels as a new equilibrium is 
approached (7-9). Other definitions have been used, however. 
Paleoecologists focus on the reappearance of apparently normally 
functioning ecosystems and emphasize community diversity, struc
ture, and complexity (10). Geochemists have invoked carbon 
isotopes as a proxy for ecosystem behavior (11).  Additionally, 
different clades may recover at different rates during the same 
event, and the same clade may recover at different rates in different 
regions. This ecological and biogeographic texture of biotic recov
eries robs many definitions and models of their generality but 
underscores the complexity of the phenomenon. 

Although most analyses of biotic recoveries have focused on 
individual events, a recent paper involves a time series analysis 
of the offset between origination and extinction peaks and 
suggested an approximately 10 million-year lag between the two, 
irrespective of the magnitude of extinction (12) .  This lag was 
found even when the five great mass extinctions were excluded 
from the analysis. Defining recovery as the interval between a 
peak in extinction intensity and the subsequent peak in origina
tion is novel, and a lag of this magnitude is not immediately 
evident after any of the great mass extinctions. The time series 
analysis is plagued by a number of potential problems, however, 
and the results will have to be confirmed by future work. The 
time scale used was not updated with recent information, and 
hence the 10 million-year lag should best be interpreted as a 
delay of one stratigraphic time unit before the onset of diversi
fication (13). A delay in the onset of recovery of about 5 million 
years (myr) has long been apparent in the Early Triassic, after 
the end-Permian mass extinction, and Sepkoski (14) noted the 
same pattern after other mass extinction events. He suggested 
several possible explanations, including preservational artifacts, 

This paper was presented at the National Academy of Sciences colloquium, "The Future of 
Evolution," held March 1 6-20, 2000, atthe Arnold and Mabel Beckman Center in Irvine, CA. 

Abbreviations: Ma, mil l ion years ago; myr, million years; KIT, Cretaceous-Tertiary. 

*E-mail: erwin.doug@nmnh.si.edu. 

PNAS I May 8, 2001 I vol. 98 I no. 10 I 5399-5403 



Copyright © National Academy of Sciences. All rights reserved.

(NAS Colloquium)  The Future of Evolution 

an artifact resulting from mixing clades with different intrinsic 
rates of origination (although he discounted this), or a delay in 
the reestablishment of ecological communities. Variability in 
origination rates between clades could also produce a synergistic 
effect in the data (14). 

If the results of (12) are valid, they suggest the recovery 
involves positive feedback, and the active creation of ecospace 
(12, 13), similar to that recently proposed on the basis of a recent 
analysis of the delayed recovery of forests in the Early Triassic 
after the end-Permian mass extinction (15). This pattern of 
positive feedback is a likely feature of biotic recoveries, irre
spective of the validity of ref. 12. 

Postextinction Recoveries: Case Studies 
In describing extinction-recovery events, I have found it useful 
to distinguish between rapid perturbations to the system during 
which no adaptive response is possible and longer-term pertur
bations during which some lineages may experience adaptive 
evolution. By analogy with some ecological discussions of dis
turbance, the former is termed a pulse extinction and the latter 
a press extinction (16). Sepkoski (2) noted that if perturbations 
are sufficiently rapid, recovery may begin before the ecosystem 
fully relaxes to the new expected equilibrium diversity; this 
pattern is also likely during press extinctions. Continuing per
turbations will allow at least some groups to accommodate and 
potentially diversify while other groups may still be declining 
(e.g., ref. 17). Several mass extinction episodes, particularly 
during the Late Devonian, fall into this category. 

Five great mass extinction have traditionally been recognized 
by paleontologists, although there is growing evidence for at 
least one more event in the Early Cambrian. Recoveries from 
several other less significant biodiversity crises have also been 
studied. 

Early Cambrian marine faunas are quite distinct from Middle 
and Late Cambrian assemblages and, although still poorly defined, 
there is a significant extinction in the latest Early Cambrian (18), 
possibly in two pulses (19, 20). The reef-building archaeocyath 
sponges were virtually eliminated, along with calcareous algae and 
many of the small shelly fossils. Although metazoans do not again 
play a prominent role in reef formation until the Ordovician, algal 
and cyanobacterial reefs are common in the Middle and Late 
Cambrian (21), suggesting that reef ecosystems rebounded rela
tively quickly but without a significant metazoan component. Other 
aspects of recovery have not been studied. 

Three or four smaller biotic crises during the Late Cambrian 
and earliest Ordovician are associated with the elimination of 
many shallow-water trilobites (as well as brachiopods and con
odonts) followed by rapid incursions and diversifications of 
trilobites lineages from deeper waters. Although debate contin
ues over the relative importance of falls in sea level, temperature 
changes, and other possible causes, the earliest recovery phase 
is dominated by clades with broad environmental distribution 
but low relative diversity (number of taxa). Recovery to diverse 
and specialized faunas occurs within 3 myr (22), with an asso
ciated increase in morphologic breadth (23). To the extent 
that deep-water environments are viewed as refugia, the pat
tern is consistent with repopulation from refugia followed by 
diversification. 

The end-Ordovician mass extinction [ 439 million years ago 
(Ma)] was the second largest of the Phanerozoic but had a far less 
significant ecological impact than several smaller events. Glaci
ation and drop in sea level during the first phase of this two-part 
extinction produced a low-diversity, eurytopic, cool-adapted 
assemblage that was in turn wiped out during the second phase 
of the extinction (24). The refined biostratigraphy of this extinc
tion has yielded detailed data on patterns of recovery, empha
sizing the independent histories of different clades. Conodonts 
began expanding from deep water environments, which again 
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served as a refuge, onto the shelf during the interregnum 
between extinction pulses and formed a low diversity assemblage 
the earliest Silurian (25). Low-diversity, high-abundance assem
blages with broad geographic range are found in the earliest 
Silurian among graptolites, corals, brachiopods, and some other 
benthic marine clades (24, 26-28). A number of brachiopod, 
cystoid, trilobite, and other genera have no fossil record during 
and immediately after the extinction but then reappear later in 
the Early Silurian (28-31).  These "Lazarus taxa" (32) reveal the 
persistence of many groups at small population sizes through the 
extinction and may be significant contributors to the survival 
fauna. They also serve as a cautionary reminder of the often 
fragmentary nature of the fossil record of postextinction recov
eries. A broad diversification occurs among most groups later in 
the Early Silurian (24, 26-29). Surprisingly, despite the number 
of families and genera that disappeared, the extinction had 
limited ecological effect on reef ecosystems (33). 

The Late Devonian extinctions extend from the Givetian 
through the Devono-Carboniferous boundary, although the 
major event has been associated with the Frasnian-Fammenian 
(Late Devonian) extinction (33-36). These repeated extinction 
pulses complicate the pattern of recovery during this interval, 
but the general pattern of survival interval followed by diversi
fication appears to hold true for most groups. Sponges, corals, 
and brachiopods evidently survived in deeper and temperate 
waters, from which they rediversified (33, 34). Rugose corals are 
virtually absent from most localities during the early Famennian, 
followed by a mid-Famennian radiation. A few deep-water 
Lazarus genera have been recognized, but the new Famennian 
forms are distinct from those of the underlying Frasnian and 
their origins obscure. Rugose corals suffer another extinction in 
the late Famennian but reappear quickly in the earliest Carbon
iferous and were widespread but of low diversity through much 
of the Tournasian (37). 

There is considerable biogeographic complexity to the recov
ery (21 ,  38, 39). A lengthy reef gap evident in North America and 
western Europe (33) is missing in Asia and Australia, where 
Famennian reefs were initially dominated by microbes rather 
than coral or sponges (38). In the Canning Basin of Australia, 
Wood has described a diverse early Famennian reef composed 
of surviving calcimicrobes, bryozoans, brachiopods, and an array 
of sponges ( 40), casting further doubt on the existence of a reef 
gap in the aftermath of this extinction. An exquisitely preserved 
echinoderm fauna from the Fammennian Hongegulung Forma
tion of northwestern China demonstrates the rapid, extensive 
innovation among blastoids and crinoids (39). These groups did 
not migrate into Europe and North America until the early 
Cabroniferous; the delayed migration, probably influenced by 
the Devono-Carboniferous extinction, produced what appeared 
to be a long lag before recovery. Such biogeographic studies 
suggest that apparent delays often reflect biogeographic differ
ences in postextinction habitats, and claims of a global survival
recovery pattern should be approached with caution. 

The end-Permian mass extinction (251 Ma) provides perhaps 
the classic example of a delay before the onset of biotic recovery 
( 41, 42). Paleoecological studies reveal that other than am
monoids, conodonts, and some bivalves, most of the Early 
Triassic is characterized by low-diversity assemblages of oppor
tunistic forms. Not until the end of the Early Triassic, perhaps 
5 myr after the end of the extinction, did signs of broad recovery 
appear ( 42-45).  Lazarus taxa are particularly notable during the 
Early Triassic, including up to 30% of the gastropod lineages 
(16). Gastropods illustrate that surviving the mass extinction is 
not sufficient to assure continued success. Several lineages, 
including bellerophontids and subulitids, survived the extinction 
with little difficulty but quickly disappeared as origination rates 
increased and other Lazarus forms reappeared. Thus survivor
ship alone may reveal little about success during the recovery. 
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The Lazarus taxa return in the latest Early Triassic and Middle 
Triassic, coincident with diversification among other clades. The 
Early Triassic recovery lag is the longest documented for any 
mass extinction, but the causes remain unclear. A continuation 
of harsh environmental conditions ( 44-46) (the "environmental 
damping" of ref. 47), ecological disturbance, and preservation 
failure have all been implicated (46, 47). The formation of 
extensive sea-floor carbonate cements into the late Early Triassic 
supports claims of environmental damping ( 46), yet the return of 
stable isotopes and the presence of stenotopic echinoids in 
shallow waters earlier in the Triassic suggest the lag may in part 
be ecologic. A potential explanation of delayed recovery that has 
not been widely explored in the context of biotic recoveries is 
ecosystem function. One might propose that a prerequisite for 
recovery would be the rebuilding of sufficient within-trophic
level biodiversity and other aspects of ecosystem function. The 
relationship between biodiversity and ecosystem function is 
actively debated, although a recent metanalysis found little 
support for the idea ( 48). 

Recovery of plants followed a pattern similar to marine 
groups. The weedy lycopsid lsoetes diversified rapidly and dom
inated many Early Triassic assemblages ( 49). Looy et a/. (15) 
documented a long period of dominantly opportunistic lycopsid 
pollen into the Spathian stage, when a rapid diversification 
occurs in Europe. The recovery of this equitorial conifer assem
blage corresponds to the recovery of higher latitude peat forests, 
ending the "coal gap" (50, 51) .  Retallack (51) has suggested that 
a pervasive short-lived greenhouse climate could explain the 
data from plants and paleosols; it may also explain the apparent 
anoxia in shallow marine settings (35, 45, 46). 

The end-Triassic mass extinction (200 Ma) is one of the most 
significant during the Phanerozoic for both marine and ter
restrial groups, but the recovery has been poorly documented. 
Bivalves, ammonites, brachiopods, crinoids, foraminifera, and 
ostracodes in Europe show no survival interval but simply a 
steady diversification over several myr (52), although qualita
tive data for reefs suggest an early Jurassic interval with 
missing reefs (21). 

Several smaller biotic extinctions and recoveries during the 
Mesozoic and Cenozoic have received attention, including a 
recent comparative study of the Early Jurassic Toarcian event 
and the Late Cretaceous Cenomanian-Turonian bioevent (53). 
Both extinctions are press extinctions of similar magnitude and 
involved marine anoxia during relatively high sea level and a 
greenhouse climate. The biotic recoveries share many charac
teristics as well: planktic and nektonic clades experienced little 
extinction and display only limited postextinction diversification. 
Epifaunal bivalves were well adapted to the anoxic con
ditions responsible for the extinction and were relatively un
affected. Although there is a clear survival interval after the 
Cenomanian-Turonian biotic crisis followed by a recovery in
terval, almost 80% of the species during the recovery interval 
represent surviving lineages, so there is no evidence for an initial 
dominance by opportunists (54) except among foraminiferal 
assemblages in Spain (55). A detailed study of the Andean Basin 
in South America suggests that the extinction may be exagger
ated by a pulse of short-lived endemic taxa (56). Detailed 813C 
data show a drop during the anoxic episodes, with the end of the 
excursions closely correlated with the onset of the recovery 
interval (ref. 53, but see ref. 55 for a different interpretation). 
The stratigraphic acuity possible for this event has allowed a 
detailed reconstruction of the recovery of the pelagic food chain, 
which has not been possible for other events (57). The calcareous 
nanoplankton reappear quickly, followed by pelagic foraminifera 
then benthic foraminifera and dinoflagellates. 

The catastrophic nature of the Cretaceous-Tertiary (K/T) 
extinction (65 Ma) and the abundant early Paleogene sections 
have yielded an excellent record of biotic recovery. Low-
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diversity high-abundance opportunists dominate the early 
record of planktonic foraminifera. A single species of Guembe
litria is the only species found in the earliest Danian, and all 
younger planktonic foraminifera are derived from this and one 
other species. As the recovery progressed, Guembelitria gave rise 
to a number of other opportunistic forms as environmental 
conditions ameliorated (58, 59). The radiation into diverse 
habitats is still not well understood (59). Benthic foraminifera 
from the El Kef section in Tunisia shows a pattern similar to the 
pelagic forams. The immediate postextinction assemblage is low 
diversity with shallow-water affinities. This brief survival interval 
is followed by a gradual increase in the species diversity of the 
assemblage (60), although this scenario is not accepted by those 
who question the role of impact in causing the extinction (e.g., 
ref. 61). 

Benthic organisms experienced considerable extinction at the 
K/T boundary but diversified quickly during the Paleogene. At 
the Nye Kl0v locality in Denmark (62), the first several meters 
of post-Cretaceous deposits are virtually barren of most groups 
of fossils other than bourgueticrinid crinoids (this interval 
corresponds to the very low diversity foram assemblage zone 
described above). Gradually a more diverse faunal assemblage 
appears, including many bryozoans and some other echino
derms, and the relative importance of the crinoids wanes. A 
similar burst of opportunistic molluscan clades has been de
scribed from the earliest Danian of the Gulf Coastal Plain (63). 
But extension of such studies to three other well-studied regions 
reveals no opportunistic forms at all (64), emphasizing the 
extreme geographic variability in recovery patterns. Because the 
level of extinction is similar in all four regions, heightened 
extinction does not explain the higher number of opportunists in 
the Gulf Coastal Plain. 

Although cheilostome bryozoans gradually replace cyclostomes 
during the Cretaceous and Tertiary, this long-term pattern is briefly 
reversed by the greater resilience of cyclostomes to the effects of the 
K/T mass extinction (65). This resilience appears to reflect not 
ecological opportunism but a difference in the response to the 
extinction, which is evident only through analysis of abundance 
data, rather than simply taxonomic diversity. 

Plants have received considerable attention (66-69). A barren 
interval is found immediately above the extinction horizons in 
terrestrial sections in western North America, followed by abundant 
fern spores. Angiosperm-dominated floral assemblages gradually 
recover over the succeeding 1.5 myr, but an increase in precipitation 
and a decline in temperature at the boundary complicates analysis 
of the recovery. Extinction is less apparent in the southern hemi
sphere, with fewer changes during the recovery. 

The complexities of interpreting carbon isotopic studies are 
evident from recent work on the K/T extinction (11  ) .  In contrast 
to most earlier mass extinctions, the presence of planktic and 
benthic foraminifera provides a ready means of determining 
both deep- and shallow-water isotopic signals. The collapse in 
the differential between the two signals indicates a productivity 
crisis during the extinction interval. The differential does not 
appear fully in marine settings until 3 myr after the extinction, 
but the delayed isotopic recovery evidently does not mean that 
productivity was reduced for this entire interval. Instead, the 
evidence suggests that marine productivity recovered within a 
few hundred thousand years, but the flux of organic material to 
the deep sea was reduced because of a reorganization in the open 
ocean ecosystems. The formation of a new ecosystem with 
multiple trophic levels marked the final recovery of the ecosys
tem and the final reappearance of the isotopic differential. 
Analysis of the organic carbon isotope record of C3 plant 
cuticles, in contrast, has shown that recovery of the terrestrial 
carbon cycle (and thus atmospheric carbon as well) occurred 
within about 130,000 years (69). 
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Postextinction Recoveries: General Results 

Several generalities emerge from this review of postextinction 
rebounds. Initial postextinction faunas often are of low diversity, 
with abundant eurytopic taxa. This pattern has been docu
mented among late Cambrian trilobites (20), earliest Silurian 
corals (26), and other groups (27, 28), Late Devonian corals (37), 
various Early Triassic groups (15, 42, 43, 49), and a number of 
early Tertiary groups, including pelagic and benthic foraminifera 
(58-60), some benthic forms (62), and molluscs from the Gulf 
Coastal plain (63). No apparent survival interval or low-diversity 
opportunistic assemblages are documented for the end-Triassic 
mass extinction or the smaller early Jurassic and Cenomanian
Turonian events [with the exception of one locality in Spain 
(55)). Jablonski's biogeographic analysis of earliest Tertiary 
benthic molluscs demonstrates that the opportunistic bursts in 
one area should not be interpreted as a global signal (64). The 
ecological and evolutionary influence of the various mass ex
tinctions differ considerably, with no clear connection between 
the magnitude of extinction and impact. Guild structures were 
dramatically reduced during the Permo-Triassic extinction ( 43), 
and, at least for open-ocean ecosystems, during the Cenoma
nian-Turonian (57) and end-Cretaceous extinctions (11) .  A 
change in guild structure is not evident during the late Cambrian 
events, although this absence likely reflects a limited under
standing of guild structure in late Cambrian ecosystems (22). 

Support for the intuitively attractive hypothesis that mass 
extinctions preferentially remove morphologically complex 
forms comes from a recent analysis of trends toward increased 
sutural complexity in Paleozoic ammonoids (70). Sutural com
plexity increased steadily during this interval, but this trend was 
reset during the Late Devonian and Permo-Triassic mass ex
tinctions. The simple surviving forms then resumed the trend 
toward increased complexity. A significant trend among post
Paleozoic molluscs is toward the acquisition of predator-resistant 
morphologies. In contrast to the ammonoid study, Hansen et al. 
(71) found no evidence for resetting of trends toward less 
predator-resistant morphologies during the K/T extinction or 
three other Cenozoic extinctions. 

Reefs have been a central focus of much work on mass 
extinctions and subsequent recoveries. A recent review of reef 
evolution (21) proposes that the apparent greater susceptibility 
of reef ecosystems to mass extinctions may actually reflect the 
greater susceptibility of carbonate platform ecosystems to per
turbation. In this view, the apparent lag in reef recovery may 
reflect a delay in reestablishing an appropriate carbonate plat
form environment rather than an inherent lag in reef ecosystems. 
This view is sure to be controversial, in part because not all reefs 
are found on carbonate platforms, and there may be great 
practical difficulty in distinguishing between the emergence of 
carbonate platforms and reef ecosystems. The Frasnian
Fammenian mass extinction and recovery does provide an 
example of this phenomenon, with diverse reefs reappearing 
quickly in Canning Basin, Australia but a reef gap is present in 
North America and Europe (40). This study, and a recent 
analysis of corals across the K/T event (72), have raised ques
tions about the existence of the widely discussed postmass 
extinction "reef gaps." Moreover, they suggest that the forma
tion of reef communities is more individualistic than often 
supposed, and thus any apparent gap is not because of an 
ecologically imposed delay in recovery. 

These results can be compared with proposed models of the 
recovery process (10, 73). The detailed studies of individual 
recovery events have demonstrated the variety of roads to 
success, and these models have explored the possible range of 
ecologic strategies that could aid in survival and trigger the 
recovery process. Although both empirical and modeling studies 
usefully emphasize that all survivors are not eurytopic, gener-
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Fig. 1 .  Expectations from different models of the recovery process. (A) A 
logistic increase in diversity beginning immediately after the end of the mass 
extinction. (B) A postextinction rebound with a lag, followed by positive 
feedback. (C) A logistic diversity increase after a lag survival phase before the 
onset of recovery. 

alized, opportunistic taxa (54, 73 ), the range of proposed survival 
patterns in the models goes beyond what can be reliably deter
mined from the fossil record. More importantly, such pattern
based models provide few insights into the processes driving the 
survival and recovery process. There is also substantial doubt 
about the applicability of even multiphase logistic growth models 
as explanations for evolutionary recoveries. Although the exis
tence of equilibria is an important issue in diversity dynamics 
(3-6, 74), it is beyond the scope of this contribution. The 
apparent inapplicability of logistic growth models to postextinc
tion recovery indicates the need for development of a new class 
of process-based models involving the synergistic interaction 
between components of the ecosystem (Fig. 1) .  In such models, 
the creation of new species would trigger the creation of new 
opportunities, producing a positive feedback process. 

Clear directions for future research are evident from this 
overview. Recoveries are still poorly known from almost all of 
the mass extinctions, and detailed carbon isotope records, useful 
as a proxy of the health of the carbon cycle, are available for only 
a few events. There is also a need to expand the repertoire of 
biogeochemical and environmental proxies for biotic recovery. 
Nitrogen isotopes, biomarkers, and techniques used by modern 
ecologists are all worth exploring. Collecting data on the bio
geographic structure of recovery is tedious but critical to the 
development and testing of general recovery models, and the 
limited biogeographic data clearly illustrate the great spatial 
variation in recoveries. Virtually absent are detailed phyloge
netic studies through extinction, survival, and recovery intervals, 
yet these are vital to understanding the role and fate of survivors 
and the locus of recovery. Harries and Little's (53) study of early 
Jurassic and Late Cretaceous mass extinctions is the only 
detailed comparative study of biotic recoveries available. Finally, 
most studies either are paleoecologic or focus on taxonomic 
diversity. The analysis of ammonid sutural complexity (70) and 
Foote's studies of crinoids (75) are among the few to explore the 
changes in morphospace associated with biotic recoveries. 

Evolutionary Significance of Postextinction Recoveries 

That some mass extinction events have changed the course of 
evolution is clear, but it is equally obvious that there is no 
apparent relationship between the magnitude of an extinction 
and its ecological or evolutionary impact. The end-Permian 
extinction produced a complete transformation of marine com
munities, yet even the elimination of perhaps 95% of all marine 
species did not result in a complete resetting of the evolutionary 
clock (76). Simulation studies confirm that 80% of the phylo
genetic structure can survive a 95% species loss (77). Thus the 
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primary significance of mass extinction may lie in the new 
ecological patterns that arise during recovery events. 
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Loss of speciation rate will impoverish 
future diversity 
Michael L. Rosenzweig* 

Deptartment of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721 

Human activities have greatly reduced the amount of the earth's 
area available to wild species. As the area they have left declines, 
so will their rates of speciation. This loss of speciation will occur for 
two reasons: species with larger geographical ranges speciate 
faster; and loss of area drives up extinction rates, thus reducing the 
number of species available for speciation. Theory predicts steady 
states in species diversity, and fossils suggest that these have 
typified life for most of the past 500 million years. Modern and 
fossil evidence indicates that, at the scale of the whole earth and 
its major biogeographical provinces, those steady states respond 
linearly, or nearly so, to available area. Hence, a loss of x% of area 
will produce a loss of about x% of species. Local samples of 
habitats merely echo the diversity available in the whole province 
of which they are a part. So, conservation tactics that rely on 

remnant patches to preserve diversity cannot succeed for long. 
Instead, diversity will decay to a depauperate steady state in two 
phases. The first will involve deterministic extinctions, reflecting 
the loss of all areas in which a species can ordinarily sustain its 
demographics. The second will be stochastic, reflecting accidents 
brought on by global warming, new diseases, and commingling 
the species of the separate bio-provinces. A new kind of conser
vation effort, reconciliation ecology, can avoid this decay. Recon
ciliation ecology discovers how to modify and diversify anthropo
genic habitats so that they harbor a wide variety of species. It 
develops management techniques that allow humans to share 
their geographical range with wild species. 

E instein pointed out that the essence of science consists in 
connecting state variables to their derivatives. This is true of 

the state variable called species diversity and the derivative 
called speciation rate. We must study them together. And no 
examination can succeed if it does not pay at least passing 
attention to the other derivative involved-the extinction rate. 
What determines the number of species alive in a biological 
province, such as the Neotropics? Answer: The cumulative 
difference between the creative process of speciation and the 
destructive process of extinction. 

In this paper, I will restrict my attention to the species level of 
biodiversity (although I do not thus mean to imply that no other 
level is worthy or interesting). Furthermore, I will use an 
old-fashioned definition for species-i.e., a collection of organ
isms that can exchange genes. I know that this definition does not 
deal adequately with bacteria or interspecies hybrids or jumping 
genes. But it will lead us to principles that will illuminate the 
status of an important portion of diversity. And, perhaps, 
successfully using it may guide us into the world of the multi
myriads of species whose diversities we all too often ignore. 

Further restricting myself, I will focus on diversity at the grand 
scale, that of the entire biogeographical province. A biological 
province is a self-contained region whose species originate 
entirely by speciation within the region (1) .  Scales smaller than 
a province get their species through some form of dispersal, 
echoing provincial diversity (2). Most probably, every real 
province has obtained a small proportion of its species by 
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immigration, so  the definition constitutes a mathematical ideal. 
But percentages in excess of 90% are often found, and that 
should be enough to allow speciation dynamics to dominate the 
rate processes of a region. 

Speciation results from a number of processes, in all of which 
species are nurseries for other species. Ultimately, that is why the 
future of speciation is bound up inextricably with the future of 
species diversity itself. But the connection is even more inter
esting than that. Both rates-speciation and extinction-depend 
in part on the geographical range sizes of species. Larger ranges 
tend to increase the speciation rates and decrease the extinction 
rates of otherwise similar species. That gives us a parameter to 
examine-the area of the biogeographical province available to 
life. Other things being equal, the larger the provincial area, the 
larger the average species range and speciation rate and the 
smaller the extinction rate. 

What leads evolutionary ecology to its conclusions about 
range size and the components of diversity dynamics? 

• Larger ranges offer larger targets for geographical isolating 
barriers. The formation of geographical isolates begins the 
sequence of events leading to allopatric speciation, probably 
the source of most new species. Thus, a range that is more 
readily subdivided by geographical barriers will spawn more 
isolated populations per unit time and have a higher rate of 
speciation. 

• Widespread species also have more genetic variability than 
narrowly distributed species (3). This may also contribute to 
the rate of speciation. 

• Larger ranges contain species with more subpopulations of 
their metapopulation ( 4 ). Ecologists believe that a complex 
metapopulation offers some protection from extinction. Al
though this question continues to be addressed (5), the basic 
idea seems straightforward and intuitive. When a metapopu
lation unit becomes extinct, recolonization may occur from 
surviving units (6). Each unit may survive or become extinct 
independently of the others. So, the more units, the smaller 
the probability that all will vanish simultaneously. (Notice that 
I am not concerned here with the usual question: How does 
increasing fragmentation of a species range effect extinction 
probability? Instead, I assume a constant degree of fragmen
tation and focus on how more fragments alter extinction rate.) 

• Larger ranges are more difficult to contain entirely in the area 
covered by any climatic change or anomaly. Any finite climatic 
change (such as global warming) or anomaly (such as a severe 
storm) will affect a finite amount of the earth's surface. If the 
change covers a species' entire range, and degrades all its 
appropriate habitat, the species will vanish. And if the anom
aly destroys all of the individuals that live within its swath, the 

This paper was presented at the National Academy of Sciences colloquium. "The Future of 
Evolution," held March 16-20, 2000, atthe Arnold and Mabel Beckman Center in Irvine, CA. 

Abbreviation: my, million years. 

*E-mail: scarab@u.arizona.edu. 

www.pnas.org/cgi/doi/1 0.1  073/pnas. 101  092798 



Copyright © National Academy of Sciences. All rights reserved.

(NAS Colloquium)  The Future of Evolution 

species will also vanish. Thus, the larger the area covered by 
a species' range, the less chance that range will suffer perma
nent or temporary obliteration. Again, a larger area dimin
ishes extinction rates. 

• Larger ranges produce species with greater total population 
sizes. And, larger populations may have both lower extinction 
(7) and higher speciation rates. Many conservation biologists 
take its effect on extinction largely for granted. They see it as 
the outcome of the improbability of the simultaneous, sto
chastic demise of an entire large population. Much work 
modifies that theory substantially without, however, challeng
ing the relationship (8-12). In addition, evidence from islands 
supports it (13). Yet, a recent investigation suggests that the 
literature needs substantial revision to achieve a reliable 
estimate of how long such extinctions take (14). It concludes 
that such extinctions may take much less time than we once 
thought. 

No one denies that population size influences speciation rate. 
However, the direction of its effect is in doubt. At one time, many 
evolutionists, led by Ernst Mayr (15), believed that small isolated 
populations provide the crucible for evolution. They believed 
that getting speciation started is a matter of breaking up 
coadapted complexes of genes in geographical isolates. If that is 
correct, small populations would speed up speciation by enhanc
ing statistical sampling accidents. But an alternative view exists. 
Called "centrifugal speciation" ( 16), it claims that large popu
lations speed up speciation. Centrifugal speciation also begins 
with geographical separation of sister populations. But after 
separation, the larger isolates-not the smaller ones-do the 
changing. The small ones remain as evolutionary relicts. 

According to the centrifugal model of speciation, even the 
small population sizes of small areas work against evolution. 
Some theoretical evidence from population genetics supports 
the idea that small populations cannot evolve quickly (17). So 
does some (but not all) evidence from real populations (18, 19). 
And today we know that large populations foster novel gene 
functions ( 17). Certainly, genetic variability correlates positively 
with the total population size of species (3). 

We should not allow our unfinished scientific debates to 
distract us from noticing what we have already learned. Both 
centrifugal speciation and Mayrian speciation are allopatric 
modes and emphasize the importance of isolate formation. 
Isolate formation should proceed faster in larger areas. Finally, 
no biogeographical patterns suggest that "small" is more pro
ductive. Instead, small is a recipe for choking off the speciation 
process. 

The fossil record supports the conclusion that extinction rate 
and geographical range are inversely related over long periods 
(20-23). It does not however test the independent significances 
of the various separate theoretical influences that I mentioned 
above. The relative importance of these factors remains un
known. Moreover, no one has yet tested the relationship of 
speciation rate to range size in the fossil record. Although more 
restricted in time scale, studies of modern areas do support both 
the correlation of speciation rate with area (24), and the inverse 
correlation of extinction rate with area (1) .  

Interprovincial Patterns in Steady States of Species Diversity 

The influence of diversity on average species' range size pro
duces a negative feedback system in which species diversity is 
self-regulating (1) .  The difference between the speciation and 
extinction rates of a province ought to approach zero. The net 
result is a steady-state value of diversity at which new species 
evolve as fast as established ones become extinct (1) .  

The steady state of such systems might be only theoretical. The 
environmental background within which it must be achieved 
might be too fickle and variable for life ever to attain it. Or its 
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rates could be so slow that it has never been consummated. But 
paleontological evidence strongly suggests that diversities of 
regions are often not very far from such steady states (1 ,  25-27). 
Alroy's analysis of Cenozoic mammals in North America goes 
even farther (27). He shows that the dynamic elements of a 
steady state have been present and active during this time. As 
diversity fluctuated, speciation rate and extinction rate re
sponded, keeping diversity within narrow bounds. In addition, 
the two rates intersected over a diversity that did not change 
significantly during the 65 million year (my) period. Finally, 
although the per-taxon extinction rate did not vary significantly 
with diversity, the per-taxon speciation rate did, declining with 
increases in S and implicating variations in speciation rate as the 
most responsive component of the system's dynamic stability. 

Certainly, periods following a mass extinction are exceptions 
to the rule of steady states, and so are periods following any 
major increase in the value of the steady state. During both types 
of periods, diversity tends to rise more or less monotonically. 
Nevertheless, during the Phanerozoic Eon, the Earth has expe
rienced only five mass extinctions and a similar number of major 
increases in steady state (e.g., invasion of the land, invasion of the 
muddy sea floor, radiation of angiosperms). Each such event 
appears to have generated no more than 10 my of response in 
species diversity. Most of the rest of the Phanerozoic Eon is a 
record of long plateaus interspersed by quick episodes of ex
tinction and recovery (28, 29). Thus, I estimate that species 
diversity has spent at least 90% of the past 500 my near some 
steady state. (It would not surprise me to learn that the true 
proportion is closer to 95% or even 98%.) 

The Three Scales of Species-Area Relationships 

The theory of provincial diversity predicts that larger provinces 
will have higher steady state diversities. And they do. But in the 
power equation that describes species-area curves, their z-values 
hover near unity (30). Thus, species-area curves among prov
inces-quite unlike those of islands or of subsamples of a single 
province-exhibit a lack of curvature in an arithmetic coordi
nate space. 

Other scales of the species-area relationship exist (31). 
Among islands of an archipelago, species diversity is governed by 
the dynamics of immigrations to islands-often a slow process, 
but rarely as slow as speciation. Thus, they have more species 
than would an equivalent-sized province. This reduces the 
z-values among islands of an archipelago; they vary between 0.25 
and 0.55. Among sample areas within a biogeographical prov
ince, species diversity is governed both by the sample of habitats 
in the area and by rates of local dispersal to sink populations. 
Such rates are quite high compared with those of immigration. 
Consequently, they have more species than would an equivalent
sized island. Having more species further reduces the z-values of 
areas within a single province compared with those of islands; 
they vary between 0.1 and 0.2. In summary, we see a multiscale 
picture of species-area curves with regularly varying z-values 
(Fig. 1) .  

No mathematical theory explains or predicts the fact that 
diversity among provinces should be approximately a linear 
function of area. Yet, several lines of evidence bolster our 
confidence that the interprovincial z-value is close to unity. First, 
the linear pattern also exists deep in the fossil record, as we can 
see from examining some unusually good data about seed plants 
in the northern hemisphere. 

Tiffney and Niklas (32) compiled the numbers of seed plant 
species known from 1 1  periods during the past 408 my. The last 
of them (mid-Miocene) ended some 1 1 .3 my ago. These periods 
have two characteristics. We know their fossils rather well and 
we also know the extent to which shallow seas flooded the land 
during their tenure. The 1 1  periods have durations from 3.1 to 
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Fig. 1 .  The three biological scales of species-area curves. Interprovincial 
curves have z-values near unity; archipelagic curves have z-values that vary 
from about 0.25 to 0.55; intraprovincial curves have the shallowest logarith
mic slopes: their z-values vary from about 0.1 to 0.2. After Rosenzweig (1): Fig. 
9 . 1 1 .  

40 my, and cover a total of 225.6 my. (The rest of the 408 my is 
too poorly known for reliable analysis.) 

Displayed against time, these data indicate a substantial rise 
in species diversity (Fig. 2). The most thorough analyses would 
also note the long period of little change (ca. -330 my to - 140 
my) and infer the dominance of a steady state during that 
interval, at least. But area also has a significant effect on these 
data. The multiple linear regression: 

logS = 1 .78 + 0.33 logt + 1 .00 logA 

(R2 = 0.94; p, = 0.00 1 ;  PA < 0.05) 

where t is the amount of time since -408 my. 
The most remarkable feature of that equation is the coeffi

cient of area. It is unity, just as it is (approximately) for 
regressions of modern provincial diversities. 

The linear response of diversity to area among provinces 
appears to explain the total absence of certain groups of native 
species on small continents, such as ponerine and cerapachyine 
ants on Hawaii. Two studies give us a picture of the diversity of 
these subfamilies in tropical southeast Asia, Oceania, and New 
Zealand (33, 34). These fall nearly on a straight line in arithmetic 
space (logS = -4 + 0.94 logA) and enable us to estimate the area 
of a province that would have a single species (Fig. 3). It is 18,354 
km2• Hawaii, having only 10,378 km2, falls short. 

A similar problem faces bracken-eating insects (35). None live 
in Hawaii, although the fern does grow there, occupying a range 
of roughly 1 ,500 km2• Based on the species-area curve of such 
insects in five other provinces, I estimate that one bracken-eating 
insect species cannot be sustained on less than 10,361 km2• 
Obviously, with so few data, such an estimate can give only the 
order of magnitude of the surface required. However, this is one 
order greater than what is available. 

Finally, echo patterns of species diversity provide additional 
confidence that we understand the scale differences among 
species-area relationships. Echo patterns relate local diversity to 
regional diversity. (In ideal case, regional diversity is equivalent 
to the diversity of a biogeographical province, although the ideal 
is rarely met in published examples of the phenomenon.) Based 
on the scale differences of Fig. 1, theory predicts near-linear 
Echo patterns (2). Most often, that is what we see (36). 
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Fig. 2. Species of known fossils of seed plants in the northern hemisphere. 

Diversity in Shrunken Natural Provinces 

Ecologists question the amount of the earth's nonglaciated 
terrestrial surface that people now use. Myers et al. (37) find that 
some 88% of the world's richest habitats have been taken. 
Huston (38) gives a figure of 95% for the world's nonglaciated 
habitats; Vitousek et al. (39) estimate only 40 or 50%. Some of 
these differences arise from disparate definitions of use, and they 
are all honest attempts to deal with a somewhat amorphous 
quantity. But no ecologist would disagree with the qualitative 
judgment that we are taking a lot. 

What does the pervasive impact of civilization do to wild 
species? It shrinks the area of their province that they can use for 
themselves. Will that reduce their diversity? Many careful ecol
ogists are not so sure. To explain their doubt, they point to two 
real phenomena-biotic reserves and diversity hot spots-and 
the hope associated with combining them. 

Biotic reserves constitute a collection of relictual habitats 
scattered all over the world. They vary greatly in size, but all exist 
to preserve a remnant of a once vast network of Edens. As an 
ensemble, they are hyperdispersed in biotic space. That is to say, 
they form a deliberately varied collection. We spend our limited 
resources to save the dwindling last bits of long-leaf pine forest 
or tall-grass prairie or Arizona riparian bottomland. We delay 
reserving that which is presently common. Later, I will explain 
that this approach has indeed given us precious time, although 
it cannot forever avert the evil decree. 

Fig. 3. The interprovincial species-area relationship for cerypachine and 
ponerine ants extrapolated to the area of a province that would sustain a 
single native species. That area is 1 8,354 km2. Hawaii has only 1 0,378 km2 and 
has no native species of these ants. 
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Fig. 4. The three phases of mass extinction that fol low a severe reduction 
in area. Endemic extinctions occur because species lose all their habitat. 
Sink species disappear because all their source populations lose their 
habitats. Accidental extinctions remove species that suffer a run of bad 
luck despite being able to sustain their populations during an average 
generation. 

What is the apparent significance of hot spots of diversity? 
They tantalize us with the promise that we can minimize the 
amount of reservation needed to prevent a mass extinction. For 
example, about 44% of all vascular plant species and 35% of all 
species of mammals, birds, reptiles, and amphibians live confined 
to only about 1.4% of its land in 25 hot spots (37). Clearly, this 
1 .4% is critical. If it goes, so do all those species. But, it is very 
tempting to reverse that argument: Let us save the 1.4%. 
Perhaps, then, we will save all those species now living in it. That 
is the combination of reservation and hot spots that offers hope 
to some conservation biologists. 

Unfortunately, the interprovincial pattern of diversity ques
tions that hope. It underscores the fact that diversity is the 
outcome of dynamical processes, whereas hot spots constitute a 
static view of diversity. The differences among the scales of 
species-area relationships and their z-values provide a dynamic 
basis for predicting what will happen to species diversity and to 
speciation in the future. 

Following a reduction in province size, the three species
area relationships predict a mass extinction in three phases 
(Fig. 4). First, we lose the endemics-those species whose 
habitat gets entirely expropriated ( 40). These extinctions will 
be deterministic and virtually instantaneous. Second, we lose 
the sink species-those which get restricted to marginal hab
itats (i.e., habitats in which their death rates exceed their birth 
rates). These extinctions will also be deterministic (41, 42); 
however, they will take a while because some individuals of 
sink species not only survive, but may also reproduce. Third, 
we lose not particular species, but the diversity in excess of the 
new steady state. These extinctions will be stochastic, and 
predicting their rate-even their average rate to an order of 
magnitude-may not be possible as I will soon point out. 
Nevertheless, it is possible to say that the diversity lost because 
of these extinctions will be deterministically and irreplaceably 
lost-after all, the predicted loss constitutes however many 
species it takes to restore a steady-state diversity to the earth. 

Stages I and II: The Deterministic Extinctions 

The coefficients of species-area equations at smaller scales 
permit us to estimate the proportions of species that are en
demics or sink species. The prediction that we lose the sum of 
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Fig . 5. Decl ining area reduces the proportion of species maintained at 
steady state. The amount ofthe reduction depends on the z-va lue. This figure 
shows the result for z-values of 1 . 5  (- - -), 1 (-), 0.9 (- · · · -}, and 0.3 (- - -). 
Assuming the latter, which is a typical archipelagic z, we would predict the 
least severe losses. But data show that interprovincial z-values are close to 
unity. 

these is the well known and often cited equation of island 
biogeography: 

where S and A are proportions of diversity and natural area that 
remain. I plot this relationship in Fig. 5. 

Some impatient types have complained that these predicted 
extinctions have not happened. In some cases, no doubt, their 
analyses have been flawed ( 43). But another factor has been at 
work. Conservation's two strategies have stayed the imposition 
of the island equation, and may even have reduced its severity. 
Focusing on preserving the habitats most likely to vanish 
entirely, we considerably reduced the likelihood that any 
species would lose everything, including its sink habitats. That 
transferred some extinction of endemics to the category of 
extinction of sink species. And, although the island equation 
assumes so, we have not lost natural area randomly. Instead, 
we diversified our biotic reserves, making them a stratified 
sample of our habitats and the species they harbor. Although 
we still have no analytical theory to predict the power coef
ficient of the island equation, a stratified sample has to have 
preserved more habitats and their species than a random 
sample would have. That is the good news. 

Other news is more upsetting. Extinction, like speciation, is a 
dynamical process. Extinction, like speciation, takes time (44). 
Relaxation to island equilibrium is likely to take a number of 
human generations (see ref. 37 and references 34-43 therein). 

We know that the past 10,000 years have not sufficed to allow 
mammals on newly formed islands to attain new steady states 
(e.g., Fig. 6). Lizard species diversity in the wheatbelt reserves of 
Western Australia has declined to a z-value of 0.26, but has yet 
to reach the value of 0.36 found among the state's true islands 
(Fig. 7). And on new islands in the Sea of Cortez, lizard species 
diversity continued to decline for at least 12,000 years ( 45). We 
must not be too impatient. 

Stage Ill: The Stochastic Extinctions 

A true island reaches its steady state as a result of the balance 
between immigration and extinction. But our shrunken natural 
world will see no immigrations. Species that become extinct 
cannot immigrate from the past to recolonize the world of the 
future. So, even after our new world reaches its levels of 
island-like diversity, its diversity will continue to diminish. 
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Fig. 6. Mammal d iversity o n  Sunda Islands (circles) and southwestern U.S. 
mountaintops (triangles). These isolates formed about 1 0,000 years ago at the 
end of the Pleistocene. I n  both archipelagos, larger islands have experienced 
proportionately less extinction. After Rosenzweig's ( 1 )  figure 6.5. 

Relaxation below the island-like steady state will come from 
inflated extinction rates. But the species of our shrunken island 
world will all begin with at least one source population. They will 
all have enough habitat to keep them going in perpetuity
provided that nothing ever changes in those habitats. But 
something always changes. So, species will vanish simply because 
they lose one roll of the dice. Global warming may push their 
remaining habitats out of all reserves and into cornfields or the 
sea ( 46). New parasites and diseases will appear to take their toll. 
A series of bad weather events may be too much for some 
dwindled populations. 

The Depauperate Steady State 

Accidents that eradicate successful species have always accom
panied life. However, in ordinary times, life has replaced such 
losses by speciation. Not this time. This time the loss of area will 
have also depressed the speciation rate curve. Constricted 
geographic ranges will have fewer isolates. Many species will be 
restricted to a single reserve with no chance of further allopatric 
speciation. The loss of ecological theater will change the evo
lutionary play. New speciations will not be able to keep up with 
the losses. 

Fig. 7. Lizard species diversity in the 22 isolated reserves of Western Aus
tralia's wheatbelt (triangles) and its marine islands (circles). The reserve species 
area curve shows some decline from what would be expected in pre-European 
times as its z-va lue is 0.26. But it has not yet reached the value of 0.36 found 
among the true islands. 
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Fig. 8. Diversity dynamics of three provinces of d ifferent area: 5 (small, - · · · -); 
M (medium, -); and L (large, - - -). Extinction rates have positive second 
derivatives; speciation rates have negative second derivatives. The steady 
state of each province is ind icated at the point where speciation and extinction 
balance (diamond, small; box, medium; circle, large). 

Yes, eventually, a balance will be restored. But before that 
happens, the total extinction rate must decline to the level of the 
total speciation rate (Fig. 8). Thus, at the steady state of the 
future, when life is replacing its losses by speciation, it will not 
build back the diversity it now enjoys. The new balance will occur 
with life decimated of its richness. 

Like any evolutionarily independent province, our future 
world must seek its steady state along the interprovincial spe
cies-area curve. The z-value of this curve is approximately unity, 
so our losses of species should be approximately linear (Fig. 5). 
Lose 10% of the natural world's surface and we save about 90% 
of its species. Lose 95% and save only 5% of the species. 
Diversity in provinces appears to have been following such a law 
for hundreds of millions of years. We have no evidence to 
indicate that law has been repealed. 

This prediction is much more severe a decree than the usual 
proclamation of doom. The usual bad news predicts the loss of 
about half the world's species. But such rosy predictions rest on 
the z-value of island species-area curves, which is only about 0.3. 

How long does it take to restore a steady state in species 
diversity? Perhaps a very long time-although, in truth, we do 
not know. One thing we can say. The process of re-achieving a 
steady state after this biotic crisis will not resemble any previous 
recovery from a mass extinction. 

• First, as we have seen, life will not recover anything like its 
previous levels of diversity. 

• Second, some taxa will vanish forever. The new world's area 
will fall below the threshold they require for any speciation 
(24), and so it will be unable to sustain even one of these 
species, just as Hawaii cannot sustain even one species of 
native insect that specializes in eating bracken, or even one ant 
of certain subfamilies (see above). 

• Third, previous mass extinctions were a violent interruption 
and perturbation of steady-state diversities. Afterward, 
background conditions returned and life recovered its steady 
states through the action of speciation. In this case, however, 
the mass extinctions represent a gradual relaxation to a new 
steady state dictated by the shrunken area available to 
nature. Thus, recovery of steady-state dynamics will occur as 
soon as the mass extinction is over-i.e., after complete 
relaxation. The trajectory of extinctions-not the trajectory 
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of originations-will determine how long the process will 
take. 

We can determine an upper limit to relaxation time by realizing 
that, as a dynamic process, its time scale should resemble its flux 
rates. Most of the time speciation-extinction flux is glacial. Esti
mates of background rates come from both the fossil record and 
modern phylogenetic reconstructions. Mammal species appear to 
turn over on a scale of lOS yr. Shelly marine invertebrates on a scale 
of 106 yr. But these are normal background rates. 

Human pressure may greatly accelerate the relaxation process 
by increasing accidental extinction rates. Various human activ
ities suggest this. We increasingly commingle evolutionarily 
separate provincial biotas, creating the New Pangaea and intro
ducing native species to predatory and competitive threats from 
exotics ( 47). We rapidly transport novel diseases and parasites 
around the world. We simplify biotic temporal regimes (for 
example by limiting disturbances such as fire). And we are 
warming the globe. The National Research Council (44) impli
cates exotic species or lack of adequate disturbance as the root 
cause in endangering a significant proportion of threatened U.S. 
species. But global warming may constitute the worst threat of 
all: by altering the basic abiotic conditions of reserves, it can 
destroy their ability to do much of their job. When the earth was 
covered with contiguous tracts of natural habitat, species could 
track such changes, moving to keep up with the shifts in location 
of their favored habitats and so avoiding extinction ( 48-50). But 
today, with natural habitats restricted to patches of reserves, this 
is not possible. Meanwhile, we show little sign of abandoning 
the destruction of habitat that brings deterministic extinction 
to species. 

So, how long could it take to achieve a world so poor in species 
that its speciation rates once again counterbalance its accidental 
extinctions? Perhaps a million years, perhaps a hundred. 

Reconciliation Ecology 

Not all species are losing ground to us. Some live with us and 
prosper. In German, they are known as kultuifolger-cu!tur

_
e 

followers. One might dream that these kultuifolger would speci
ate rapidly and take up the slack. But the population isolates of 
kultuifolger cannot make much evolutionary headway. To do so 
would be to adapt to local circumstances, and that adaptation 
requires time. Thus, it requires that the isolates face some 
stability in the environmental challenges we cast at them. But 
Technological Man does not allow stable intervals; we constantly 
change our habitats and exert new pressures on the kultuifolger. 
They may not disappear, but they are also unlikely to radiate into 
a wide variety of new species. 

Can we find a way to change all this? In the felicitous metaphor 
of Norman Myers, can we find a way to save Darwin's Genie and 
the treasures it has given us? We can. But not if we accept today's 
dominant strategy of conservation biology. For historical reasons, 
conservation biology has become mired in an attitude of confron
tation: The green forces of nature versus the green forces of money. 
Conservation divides the world into pristine habitats and ruined 
habitats. It tries to save and restore the former while preventing 
further loss. 

Let us ignore the fact that all of us must live in one world, 
accepting both its economic environment and its ecology. Let us 
also ignore the fact that if we view nature as an embattled victim, 
we are ultimately consigning her to defeat at the hands of the 
superior forces of human population pressure, human guile, and 
human greed. Let us instead concentrate on the science. 

Science insists that area is an intrinsic property of natural 
ecosystems. To maintain their diversity, they must have their area. 
Thus, conservation biology has to address itself to the habitats in 
which human beings live, work, and play. Conservation biology has 
to learn how to share anthropogenic habitats with wild species. It 
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needs to discover how to modify and diversify those habitats so that 
they harbor a wide variety of species. I call this sort of conservation 
biology reconciliation ecology. 

Reconciliation ecology seeks techniques of management that 
turn more species into kultuifolger, giving them back their 
geographical ranges without taking away ours. It takes advantage 
of the fact that the earth remains as large as ever, but that we 
have devised new habitats in which most species cannot function 
at all. If we meet wild species half way, many will adapt to our 
world. They will spread in it and reestablish their potential for 
speciation and their resistance to extinction. 

A growing number of examples demonstrates that reconcil
iation ecology can work. Countryside biogeography is showing 
that some styles of land use are already compatible with the 
needs of many species (51-53). Projects devoted to particular 
species are bringing them back in anthropogenic, economically 
productive habitats (54-56). Other projects focus on develop
ing and managing habitats (57-60). The examples I cite are but 
a small sample of those I have collected over the past 3 years. 

One project created a single patch of salt marsh at a critical 
point in the migratory flyway of perhaps a third of all of the bird 
individuals in Europe and western Asia. In doing so, it saved at 
least a fraction of the 257 species that use that flyway (61). Until 
30 years ago, a nearby 12-km2 natural salt marsh had done this 
job. But the natural salt marsh was totally destroyed by resort 
development. Today's patch of salt marsh little resembles its 
predecessor or any natural habitat. It is carefully built up, 
contoured, and planted on a refuse dump. And it is regularly 
irrigated with treated, nutrient-rich sewage water. 

Another project set out to save a long-leaf pine forest and its 
endangered species such as the red-cockaded woodpecker (62). 
Through novel, carefully studied, and continuous management 
in a large, important Air Force base, it has multiplied-by two 
orders of magnitude-the area covered by a sustainable long
leaf pine forest. Meanwhile, residential, recreational, timbering, 
and all military uses continue. This is not restoration. Never 
before has there been a long-leaf pine forest like this one. 

As the millennium changes, the media engorge on visions of 
the future. I have yet to hear one that does not involve technol
ogy. My own vision of the year 2100 is fundamentally different. 
We will have the technology, but we will be using it in magnif
icent surroundings that help to bring us peace and fulfillment, 
and to discharge our responsibilities to nature. I see my great
grandchildren opening their doors on a world of wonders. 

Perhaps this vision is mere fantasy. Perhaps it is my way to 
cope with the unthinkable, because, indeed, the alternative is too 
disheartening to contemplate. Evidence indicates that we cannot 
preserve the large scale at the tiny scale (63). Area constitutes 
a basic inherent property of every biome, a property crucial to 
the dynamical functioning of its components. So it is an oxymo
ron to imagine a pristine biome that retains only 2 or 5 or even 
10% of its original size. 

In particular, area helps set the provincial diversity of a ma
ture province. In turn, provincial diversity determines local diver
sity-local diversity can only echo provincial diversity. Thus, if the 
area available to native species remains very low or declines even 
farther, the loss of speciation rate will prevent even our biotic 
preserves from maintaining their diversities for very long. 

For an evolutionary ecologist, the year 2100 lies in plain 
sight, a short trip into the future. At the end of this path, we 
could find a splendid set of human environments, clean and 
brimming with a richness of life that will invigorate and restore 
our spirits. But this will happen only if we take advantage of 
the ecological opportunities we still have. 

Thanks to Norman Myers and Andrew Knoll for their vision. Useful 
suggestions came from Andrew Knoll, John Alroy, Harald Beck-King, an 
anonymous reviewer, and discussions at the colloquium itself. 
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Humans transformed Western Atlantic coastal marine ecosystems 
before modern ecological investigations began. Paleoecological, 
archeological, and historical reconstructions demonstrate incredi
ble losses of large vertebrates and oysters from the entire Atlantic 
coast. Untold millions of large fishes, sharks, sea turtles, and 
manatees were removed from the Caribbean in the 1 7th to 1 9th 
centuries. Recent collapses of reef corals and seagrasses are due 

ultimately to losses of these large consumers as much as to more 
recent changes in climate, eutrophication, or outbreaks of disease. 
Overfishing in the 1 9th century reduced vast beds of oysters in 
Chesapeake Bay and other estuaries to a few percent of pristine 
abundances and promoted eutrophication. Mechanized harvesting 
of bottom fishes like cod set off a series of trophic cascades that 
eliminated kelp forests and then brought them back again as 

fishers fished their way down food webs to small invertebrates. 
Lastly, but most pervasively, mechanized harvesting of the entire 
continental shelf decimated large, long-lived fishes and destroyed 

three-dimensional habitats built up by sessile corals, bryozoans, 
and sponges. The universal pattern of losses demonstrates that no 

coastal ecosystem is pristine and few wild fisheries are sustainable 
along the entire Western Atlantic coast. Reconstructions of eco
systems lost only a century or two ago demonstrate attainable 
goals of establishing large and effective marine reserves if society 
is willing to pay the costs. Historical reconstructions provide a new 
scientific framework for manipulative experiments at the ecosys
tem scale to explore the feasibility and benefits of protection of our 
living coastal resources. 

The persistent myth of the oceans as wilderness blinded 
ecologists to the massive loss of marine ecological diversity 

caused by overfishing and human inputs from the land over the 
past centuries. Until the 1980s, coral reefs, kelp forests, and other 
coastal habitats were discussed in scientific journals and text
books as "natural" or "pristine" communities with little or no 
reference to the pervasive absence of large vertebrates or the 
widespread effects of pollution. This is because our concept of 
what is natural today is based on personal experience at the 
expense of historical perspective. Thus, "natural" means the way 
things were when we first saw them or exploited them, and 
"unnatural" means all subsequent change ( 1 ,  2). As in Magritte's 
masterpiece, La Condition Humaine, we see the world through 
a model of our own creation that organizes and filters under
standing (3). In the present context, that filter is the sum total 
of anthropogenic change that took place in the oceans before we 
were born. 

Not all ecological change is anthropogenic, however. Natural 
conditions in the oceans fluctuate greatly and sometimes sud
denly on time scales that extend for decades to millennia. Thus, 
the filter of individual experience has two components. Changes 
caused by humans are the signal and natural variability consti
tutes the noise that obscures the human footprint ( 4-6). An 
important example of the potential magnitude of natural change 
comes from annually layered sediments of the Santa Barbara 
Basin (7). Abundances of fish scales of anchovies and sardines 
preserved in these sediments fluctuate more than an order of 

www.pnas.org/cgi/doi/1 0.1 073/pnas.091 092898 

magnitude and exhibit nine major collapses and subsequent 
recoveries over 1700 years. These data and shorter records of fish 
catches suggest population cycles of 50 to 70 years associated 
with alteration of warm and cold physical regimes ( 4, 8). These 
cycles exceed the longest instrumental temperature records for 
the region and greatly complicate management of fisheries. How 
can one determine a sustainable catch against a background of 
such extreme natural variation? 

Conventional ecological data are clearly inadequate to mea
sure the ecological impacts of fishing or any other long-term 
human disturbance ( 4, 5, 9). Most observational records are 
much too short, too poorly replicated, and too uncontrolled to 
encompass even a single cycle of natural environmental varia
tion. For example, detailed ecological observations of reef corals 
began only in the 1930s. There are a few "before and after" 
comparisons of community composition between surveys con
ducted up to a century ago and the present (10). However, the 
longest quantitative time series comprises only a few small 
intertidal quadrats on one small island over 30 years ( 1 1),  and the 
longest comparable subtidal records encompass less than 20 
years (12). In both cases, the interval studied is much less than 
the generation times of most common coral species and the 
intervals between some kinds of major disturbances in coral reef 
environments (13). Several kelp forests and rocky intertidal 
communities have been surveyed for about 25 years over scales 
of several hectares, so that the data approximate or exceed 
generation times of most important species, but not the period
icity of major climatic cycles (5, 6). Ecological data for oyster 
reefs, seagrass meadows, level bottoms, and virtually all other 
marine communities have similar limitations (14-18). 

Paleoecological, archeological, and historical data are the only 
means for extending ecological records back long enough to 
document the characteristic variability of marine ecosystems and 
the magnitude of earlier anthropogenic change. Here I review 
the transformation of five Western Atlantic coastal ecosystems 
over the past few centuries as a result of human exploitation and 
pollution. My goals are to demonstrate the extraordinary mag
nitude of ecological changes that have been largely forgotten and 
to show how awareness of these changes can benefit efforts for 
conservation and restoration of coastal ecosystems. My focus is 
on benthic communities because extreme overfishing of pelagic 
species such as Atlantic whales, tuna, salmon, and herring is well 
known ( 19, 20). Transformations of benthos are subtler and 
known only to a few specialists. I also focus on ecological 
extinction because the magnitude of ecological changes is not 
generally understood (1 ,  2, 5, 9), and documentation of actual 
extinctions of marine species is just beginning (21). More 
importantly, too great a focus on species detracts attention from 
the transformation and loss of habitats and collapse of natural 
ecosystems that drive the processes of extinction. 

This paper was presented at the National Academy of Sciences colloquium, "The Future of 
Evolution," held March 16-20, 2000, at the Arnold and Mabel Beckman Center i n  Irvine, CA. 

• Address reprint requests to: Scripps Institution of Oceanography, University of California 
at San Diego, La Jolla, CA 92093-0244. E-mail: jbcj@ucsd.edu. 
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Caribbean Coral Reefs 

Coral reefs are the largest durable biological constructions on 
earth. Reefs determine the physical structure of coastlines and 
adjacent ecosystems, including seagrass beds and lagoons. Coral 
reefs are the most taxonomically diverse marine ecosystems and 
provide complex habitat for myriad sessile and mobile organisms 
(22, 23). Recent discoveries of numerous sibling species suggest 
diversity is even greater than already described (24). 

Species composition of Caribbean coral communities was 
stable for at least 125 thousand years, until the collapse in the 
1980s (25-29). Different environments were dominated by dis
tinct species assemblages of the corals Acropora, Montastrea, 
Diploria, and a few other genera, and the composition of these 
assemblages was similar over tens of kilometers of coastline for 
tens of thousands of years. Within each habitat, community 
membership was more predictable than expected by random 
sampling of the habitat-specific species pool. Thus, there was a 
clear baseline of coral community composition that serves for 
comparison with today. 

Western Atlantic reef corals suffered catastrophic mortality in 
the 1980s (30-34). Live coral abundance declined to 1-2% cover 
from values of 50% or more. Dominant framework species of 
Acropora and Montastrea were severely affected. Besides overall 
reduction in coral abundance there was a shift in life histories of 
surviving species (13, 31-33). Western Atlantic Acropora and 
Montastrea are long-lived and reproduce by mass spawning of 
gametes that are fertilized and develop in the water column. 
These taxa are being replaced by smaller, shorter-lived Agaricia 
and Porites with internal fertilization and direct development, 
presumably because of selection for shorter life cycles in a regime 
of increased human disturbance. 

The principal cause of coral mortality was overgrowth by 
macroalgae that exploded in abundance after an unidentified 
pathogen caused mass mortality of the enormously abundant 
grazing sea urchin Diadema antillarum in 1983-1984 (33, 35, 
36). Increasing frequency of coral disease and bleaching were 
also major factors (30, 37, 38). A likely explanation for the 
formerly great abundance of Diadema is overfishing of major 
fish predators on Diadema and of large herbivorous fishes that 
had competed with Diadema for algal food (refs. 33, 36, 39-41; 
Fig. 1) .  

Overfishing allowed Diadema to increase in abundance and 
compensate for loss of herbivorous fishes that ate macroalgae 
before overfishing began. Then, when Diadema died out there 
were no other large grazers remaining to consume the algae. A 
key question is when overfishing began (9). Jamaican and other 
Caribbean reefs were so severely overfished in the 19th century 
that northern salt cod were imported en masse to stave off human 
starvation ( 42, 43). This early overfishing distorted ecological 
perspective to the point that reef fishes are described in the best 
modern textbook as small "aquarium species" rarely greater than 
20-30 em long ( 44). Most species of reef fishes are indeed small 
like other animals ( 45), but this says nothing about size
frequency distributions of communities of reef fishes before 
overfishing (and ecological investigations) began. Indeed, sev
eral of the earliest European explorers of the Caribbean ( 46, 47) 
carefully described large-scale native and early colonial fisheries 
of sharks, groupers, and other large fishes that have rarely been 
seen by most ecologists. Remarkably, the same modern textbook 
does not mention these species. 

The stage for the collapse of Caribbean reef corals was set by 
the loss of large fishes sometime in the 19th century (9). The first 
modern study of Caribbean coral reefs in the 1950s ( 48) de
scribed coral communities like those in the Pleistocene when 
humans were absent from the Americas (25, 49). Coral commu
nities did not change noticeably until the epidemic mortality of 
Diadema antillarum in the 1980s because ecological redundancy 
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Fig. 1 .  Model of the consequences for reef corals of the increase in the sea 
urchin Diadema antillarum caused by overfishing of large predatory and 
herbivorous fishes and the subsequent mass mortal ity of Diadema caused by 
disease. Reproduced with permission from ref. 41 (Copyright 1 994, The Royal 
Society). Plane A, pristine condition, with high ratio of corals to macroalgae 
because of intense grazing of macroalgae by fishes. Plane B, abundant Dia
dema grazed macroalgae formerly consumed by herbivorous fishes so the 
ratio of corals to macroalgae remained high despite intensive fishing. Plane C, 
mass mortal ity of Diadema caused by infectious d isease allowed macroalgae 
to proliferate and overgrow corals. 

of herbivores obscured the potential effects of the loss of large 
herbivorous fishes for well over a century (9, 33, 50). Macro algae 
were not able to overgrow corals until the last major herbivore 
was lost from the system. Lapointe suggested that nutrient 
enrichment might have tipped the competitive balance of mac
roalgae over corals (51), but this seems unlikely (40, 52, 53). 

In contrast to macroalgal overgrowth, outbreaks of coral 
disease are not understood (54). Climatic variability, humans as 
agents of dispersal of pathogens, habitat degradation, and 
pollutants have all been invoked as factors that favor increase of 
pathogens (55). However, there is no clear model or mechanism 
for how these factors could affect some species and not others, 
or consideration of the profound historical changes that previ
ously affected reef ecosystems. Outbreaks of disease may be 
increasing because of the reduction of other species that once 
kept specific pathogens in check. In contrast, increasing fre
quency of severe episodes of coral bleaching is strongly corre
lated with high sea surface temperatures, and may truly reflect 
changes in global climate (56). 

Caribbean Seagrass Meadows 

Tropical American seagrasses are less diverse than corals, but 
seagrass meadows cover much greater areas than coral reefs (18, 
57). Seagrass.es enhance sediment stability, decrease wave en
ergy, and increase water clarity as well as providing forage, 
habitat, and nurseries for diverse and abundant invertebrates 
and fishes (57, 58). The most common Caribbean species are 
turtle grass (Thalassia testudinum ), manatee grass (Syringodium 
filiforme), and shoal grass (Halodule wrightii) (57). Seagrasses do 
not fossilize as readily as corals. However, well-preserved fossil 
assemblages of bivalve mollusks that inhabit the rhizome mat of 
seagrasses (59) suggest the persistence of seagrass communities 
throughout the Pleistocene. Seagrass beds were also persistent 
features on nautical charts. 

Jackson 
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Seagrasses along the Florida coast experienced mass mortality 
in the 1980s because of a wasting disease (60, 61 ). Mortality was 
positively density dependent and correlated with high temper
atures and salinities, sulfide toxicity, self-shading, hypoxia, and 
infection by the slime mold Lahyrinthula sp. Ecologists search for 
causes of seagrass mortality in terms of recent changes in 
hydrography and pollution (55, 61 ). However, all of the above 
factors except salinity and temperature have changed greatly 
because of massive exploitation centuries ago of sea turtles and 
manatees that gave the seagrasses their popular names. 

Green turtles (Chelonia mydas) were extraordinarily abundant 
when Columbus arrived in the Caribbean (9, 62). Estimates of 
adult populations have been calculated, based on the assumption 
that population size was regulated by food limitation and by 
extrapolating from early hunting data from the Cayman Islands. 
Population sizes based on the carrying capacity of turtle grass 
range from 16 to 586 million 50-kg adults (62), whereas estimates 
based on early hunting data range from 33 to 39 million large 
nesting adults (9). Even the smallest estimate for green turtles 
exceeds the highest recorded wildebeest abundances in the 
Serengeti (63)! 

What were the effects on seagrass beds of such enormous 
numbers of turtles? Blades of turtlegrass grow upward from 
the base and can reach 30 em or more in length (57). Older, 
more distal portions are commonly heavily overgrown by 
microorganisms, fungi, algae, and invertebrates, and are bro
ken off and transported en masse during storms (64). Green 
turtles crop turtlegrass 2-4 em above the base, and individuals 
commonly return repeatedly to the same plots that are main
tained by continuously cropping grazed areas to feed on more 
nutritious new shoots of the turtlegrass (64). When density of 
turtles is comparatively high, individual grazing plots may 
merge so that the entire turtlegrass bed is closely cropped (65). 
Such close cropping matches Dampier's (46) description of 
turtlegrass blades as "six Inches long" ( 15 em) when turtles 
were abundant, in comparison with much greater lengths 
typically observed today (57). Grazing by green turtles also 
reduces 20-fold the flux of detritus and nitrogen to seagrass 
sediments and alters their microbial ecology (64, 66-68). This 
happens because turtles (i) consume more of the blades than 
fishes and invertebrates, (ii) metabolize cellulose of cell walls 
by microbial fermentation in their hindguts, and (iii) disperse 
feces and urine over large areas well away from seagrass beds. 
In contrast, fishes and invertebrates feeding on turtlegrass 
cannot metabolize the cellulose and do not migrate over such 
large areas (68). 

Now consider the potential significance of the ecological 
demise of green turtles for turtlegrass in Florida Bay. Green 
turtles were formerly very abundant in South Florida (69), and 
all of the factors identified in seagrass die-offs except changes 
in temperature and salinity would have been profoundly 
altered by abundant green turtles. Concentration of sulfides in 
sediments increases with accumulation of organic material that 
may also cause anoxia within sediments and hypoxia of 
overlying waters (70), but green turtles greatly decrease ac
cumulation of organic matter in sediments (68). Self-shading 
is due to the density and foliage height of the leaves, which also 
are greatly reduced by green turtles. Finally, infection by slime 
molds is positively correlated with density of turtlegrass (61) 
and probably depends on the amount of time senescing leaf 
tissues are exposed to the environment. Scientific descriptions 
of the sites of infections are vague, but leaf segments free of 
lesions caused by slime molds for use in experiments were 
always obtained from mid-to-basal sections of leaves (71 ) ,  
which are the youngest portions (57). In addition, infections 
illustrated in photographs occur along the distal portion of the 
blade (http:/  /www.floridamarine.org/). Thus infection begins 
on those older portions of leaves that were typically grazed 
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away when turtles were abundant. Elimination of green turtles 
is implicated on four counts as the ultimate factor in die-offs 
of turtlegrass; a hypothesis that could be tested by manipula
tive experiments of abundance of green turtles in turtlegrass 
beds on an appropriately massive scale. 

The demise of green turtles is better documented (9, 69) than 
that of manatees (Trichechus manatus), which feed on manatee 
grass and other submerged vegetation ( 46, 72) and can metab
olize cellulose as green turtles do ( 68). One- to two-ton manatees 
were sufficiently abundant along the low-lying and swampy 
coasts of Central America and northern South America to merit 
extensive and detailed descriptions of their natural history and 
how they were commonly hunted ( 46). Moreover, the much 
better documented and more recent demise of the dugong 
(Dugong dugong) in Australia suggests populations of these 
enormous relatives of the manatee of about 1 million along the 
Australian coast only a century ago (73). Dugongs plow through 
seagrass beds in Australia, reducing shoot density and biomass 
of by up to 90% (74). We will likely never know the equivalent 
ecological consequences of manatee grazing in pristine seagrass 
environments. However, once again Dampier ( 46) gives us a clue 
when he describes manatee grass as "7 or 8 Inches long" (20 em) 
compared with lengths commonly exceeding 20 inches (50 em) 
today (57). 

Chesapeake Bay 
Chesapeake Bay is the largest and historically most productive 
estuary in North America. During the 20th century, once very 
extensive meadows of seagrasses, oyster beds, clams, blue crabs, 
and fish declined precipitously, while abundance and production 
of phytoplankton, eutrophication, and episodes of hypoxia and 
anoxia correspondingly increased (75). Overfishing and increas
ing runoff of freshwater, nutrients, and sediment from the land 
seem the obvious culprits, but physical conditions are extremely 
variable (76) and hypoxia was first reported in the 1930s when 
modern ecological research was only just beginning (77, 78). 
Thus it is impossible to determine the extent of human influence 
solely on the basis of modern observations. 

The stratigraphic record of sedimentation, pollen, seeds, 
diatoms, and geochemistry in sediment cores was used to 
reconstruct the ecological history of the northern half of the 
watershed over the past 2,000 years (75, 78-80). Environmental 
and biological fluctuations since European settlement exceed all 
earlier changes severalfold. Sedimentation rate and concentra
tions of organic carbon, sulfur, and ragweed pollen increased 
suddenly at the end of the 18th century. Diversity of diatom 
species, the ratio of benthic to planktonic diatoms, and the 
occurrence of seeds of benthic macrophytes gradually declined. 
Altogether, the results from the cores demonstrate an ecological 
shift in the upper Chesapeake Bay from predominantly benthic 
to predominantly planktonic primary production that was well 
under way by the early 19th century. 

These results were corroborated by more recent observations 
of increasing phytoplankton biomass and decreasing submerged 
aquatic vegetation over the past 50-75 years (14, 81 ). Decline of 
the eelgrass Zostera marina was due primarily to wasting disease 
caused by the slime mold Labyrinthula sp., the same genus of 
pathogen affecting turtlegrass in Florida Bay (14, 82). Earliest 
reports of declines in eelgrass date from the 1890s, but mortality 
affecting >90% of eelgrass populations along the entire East 
Coast of North America occurred in the 1930s (14, 82). 

Increase in phytoplankton was compounded by massive 
overfishing and physical destruction of oyster beds in the 19th 
century ( 15, 16, 77) in addition to increased loading of 
nutrients, especially nitrogen. Like seagrasses, oysters stabilize 
the substratum and provide complex habitat for hundreds of 
other species ( 16).  Large oyster beds were a major hazard to 
navigation in bays and estuaries from New England to west 
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Florida until the midc 19th ceritury, when large-scale mecha
nized harvesting began. Both'tbe spatial extent of oy.ster beds 
and body sizy of individual oyster� diminished greatly by the 
mid"19th century (15,  16). Numerous shell middens,:at least 
one quarter of a million cubic metersin volume attest to long 
history of aboriginal exploitation, but t.hese great harvests 
were · apparently :· sustainable. ShellS' in ·middens commonly 
exceed 30 em, which agrees with colonial reports that oysters 
had to be cut in two to be eaten (16). 

The filtration power of so many suspension"feeding animals 
must have been truly enormous (83). Calculations suggest that 
oysters befpre the 1870s filtyred. the equivalent of all of the water 
in Chesapeake Bay in less than 1 week,compared with 46 weeks 
for · depleted modern-- stocks (84), a 50-fold difference! Suhse
quent model calculations suggest that . this intense filtration 
would have reduced phytoplankton and zooplankton to a small 
fraction of present abundance �ega�dless of increasesin nutrients 
(85). These calculations• are supported by striking reductions in , 
abundance of phytoplankton after population explosions of 
introduced clams in lakes and estuaries (16). · 

Overfishing of oysters, decreased sedimynt stability, reduced 
benthic oxygen production because of-loss of seagrasses, and 
increased nutrients from runoff acted synergistically to increas� 
phytoplankton production at the expense of benthic resources 
and habitat. Increased eutrophication, frequency and scope of 
hypoxia, outbreaks of toxic microbes, and exi'losioris of sea 
nettles and other noxious; gelatinous zooplankton that feed on · 
zooplankton and the larvae of invertebrates and fish are the 
iesult. Today Chesapeake Bay is a bacterially dominated eco". 
system with a totally different trophic structure from a century 
ago (86). Similarly intense eutrophication occurs in other estu
ariys like Pamlico Sound (87), as. well as along the continental 
shelf' near the outflow of . the Mississippi River (88). Oxygen 
deficiency is no longer restricted to bays and estuaries, but has 
spread to the open coastal ocean: 

Kelps and -Codfish in.the Gulf ()f !VIaine 

Kelp forests characterize large areas of warm :temperate to 
subpolar coastal waters worldwide (89). Kelps provide complex 
habitat fora great diversity of fishes and invertebrates, inchrding 
many commercially important species (89). Atlantic cod and 
other predatory ground fish were extremely abundant . in · blp 
forests all along the coast of New England and eastern Canada 
until this century, but have now been fished to exhaustion (90). 
Loss gf predatory fishes set off a series of complex ecological 
transformations that ary still going on (90-'-92). 

Large and'abundant cod were fished from the Gulf ofMaine 
for 5,000 years before the 1 9th· century ·with no evidence of 
decline (92, 93). Cod. remains cqnstitute 80:_g0% of the bo�e 
mass in middens in Maine dating frail} 500 to 2,50{) years ago. 

.· Vertebrae in middens suggest that cod commonly reached 1 Vz to ' 
2 m in length, a size in accord with early European illustrations · 
of drying cod the size of fishermen (19; 94}. Large cod remained 
abundant until the 1920s, wheri mechanized trawling replaced 
traditional · hook-and-line fishing: Cod abundance and size de
clined precipitously thereafter. Cod were virtually eliminated 
from:eoastalhabitats in the 1980s and the average size of the few 
fi.shes caught was less than 30 to 40 em. Today cod are so rare 
throughout the region that no cod were observed during hun
dreds of hours. of underwater observations by diving and video 
cameras in the 1990s ,(90). Remaining fisheS .include small 
sculpins, skates, and dogfish, .whereas cod has be:come ecolog-
ically extinct. ·· 

Elimination ofcod and other large predatory ground fish 
resulted eventually in great increases in lobsters, crabs, ·sea 
urchins, and other invertebrate grazers and predators .• during 
the latter half of the 20th century (90-97). Lobsters had been 
fished down in size and abun�ance before me.chaniied fish� 
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ing of . cod, but subsequently increased in abundance. with 
the elimination ,' of coastal predators other than humans. 
·Newly abundant sea urchins consumed all of the kelp, which 
was replaced by structurally "barren" substrata covered by 
encrusting coralline algae. Fishes and invertebrates c,lependent 
on kelps as habitat were also necessarily reduced. Subsequent 
"fisbing down the food web" (95) of sea urchins beginning in 
1987 resulted in rapid return of kelp forests, but without large 
populations of ground fishes. Humans are now the dominant 
predators in tbe Gulf of Maine coastal ec_osyst�m. Bunting and 
· fishing caused similar changes in kelp forests in Alaska and 
Southern California (5, 96, 97) . . 

· Bi!nthic �ommunities o,n Contin�ntal S�lves 

Dire'ct and indirect effects of dredging and trawling on subtidal 
benthiC . communities have been reviewed extensively else
where. (21, 98, 99): .Most studies are from th(} North Sea and 
around the I3ritish Isles or from New Zealand and Australia, 
but .similar effects are known from the Atlantic coasts of North 
America (99). Mechanized bottom fishing reduces abundance 
of echinoderms, mollusks, and worms by 10-90% each time the 
bottom is fished (98, 99), and the formerly abundant a.nd 
long-lived skate Raja laevis has been trawled to ecologipal 
extinction (100). Most areas are dredged many times per,ye,ar,, 
thereby ·flattening the bottom (98, 99). Large sponges, bryo
zoans, ' corals, worms, .. or bivalves · that .. provide important 
habitat for commercially important fishes. and numerous. 
smaller invertebrates are virtually eliminated (21 ,  98, . 99) . 
Latge species that form these habitats grow so slowly that they 
cannot recover for decades to centuries. 

· Except for Northern Europe, intensive trawling and dredging 
on continental shelves began more recently than the overfishing 
described previously for other habit11ts (21 ,  98, 99). Nevertheless, 
few of, the habitats affected were studied before mechanized 
fishing began, so. that the quariOtative effects of mechanized 
bottom fishing remain poorly documented in all but a few cases, 
The key point .is that bottom fishing is already so intensive and 
pervasive that it is now effectively impossible to find "control" 
systems to help identify .effects of fishing damage on natural 
communities. The only/alternative to waiting decades or centu
ries fot their recovery will be examination of changes · in taxa 
from old museum collections and i paleoecological analyses of 
Holocene .shelf communities. Modern benthic communities al
t:eady have been transformed beyond recognition on virtually the 
entire CoJltinental shelf .of eastern North America. 

Em�rging P�tterns 

.Five general patterns emerge from this brief review of Western 
Atl(\Jltic coastal ecosystems. The first three are well known from 
comparable effects of humans on terrestrial ecosystems. The last 
two patterns are less important in terrestrial environments 
because of differences in trophic levels harvested in the sea and 
on the land, and the insignificance .of farming and absence of 
domesticated specieS in the. oceans. 

Vulnerability of Large Verte.brates. Large, long-lived vertebrates 
such as· manatees, sea turtles, large fishes, and sharks were the 
first jo disappear from coastal ecosystems in response to human 

· activities because of their life history characteristics and large 
body size that attracted the most attention; Low fecundity, late 
maturation,.. and long generation times -greatly reduce speed of 
recovery after harvesting or disease for all these organisms. Age 
of first reproduction for female manatees is about 6;_10 years, 
after which they bear single. offspring with a gestation period of 
about lyear (72) . . Eemale sea turtles do not reach reproductive 
maturity for 1-30 years? after which they produce l to 7 clutches 
of.=l00-200 eggs every 1 to 3 years (101, 102). Moreover, these 
estimates of ageoffirst reproduction are probably too young, and 
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the true ages may range from as much as 40-60 years for some 
species (103). 

Age (as opposed to size) of first reproduction for female 
groupers is poorly known but is only 6-7 years for the jewfish, 
which is the largest species ( 104), and numbers of eggs spawned 
are in the millions (104, 105). However, groupers reproduce in 
spawning aggregations that previously numbered in the tens to 
hundreds of thousands and occurred only at specific places and 
times of the year (105-107). As for sea turtles nesting on beaches, 
dense spawning aggregations make groupers easy to fish just at 
the time when they have the greatest potential to contribute to 
future generations (108). 

Approximately 70% of living sharks and rays bear live young, 
and hammerheads exhibit placental viviparity (109, 1 10). Ages of 
maturation typically range from 6 to 18 years, but lemon sharks 
take 24 years. Gestation periods are long (6 to 22 months) and 
clutch sizes small (2 to 135). Thus, it is hardly surprising that 
sharks exhibit sudden collapse and slow recovery after relatively 
few years of intensive fishing ( 1 1 1, 1 12). 

Collapse of Sessile Ecosystem Engineers. "Ecosystem engineers" are 
species that modify, maintain, or create habitats, thereby mod
ulating availability of resources to other species (113). Reef
building corals, seagrasses, oysters, and kelps are among the 
most important ecosystem engineers in marine coastal environ
ments. Their massive physical presence and three-dimensional 
complexity help stabilize the physical environment and provide 
habitat to thousands of generally smaller associated species ( 6, 
22, 23, 50, 57, 58, 89, 91, 1 14). Once-vast populations of 
ecosystem engineers have now collapsed along the Western 
Atlantic coast from the southern Caribbean to the Gulf of 
Maine. The reasons range from complex shifts in competitive 
abilities of corals, seagrasses, and kelps after the removal of 
keystone consumer species or outbreaks of disease (refs. 1 8, 33, 
61, 90-92; Fig. 1)  to direct physical destruction of oyster beds and 
sponge-bryozoan gardens by mechanical dredging and trawling 
(15, 16, 98, 99, 1 14, 1 15). 

Once, great coral reefs, seagrass meadows, and oyster reefs 
were products of growth of dominant framework species and 
accumulation of sediments and skeletal debris. Dead skeletons 
remain partially intact for various periods after the death of 
corals and oysters unless removed by mechanized harvesting, 
whereas sea grasses and kelps do not produce such durable 
remains, so that three-dimensionality rapidly disappears (90). 
Loss of habitat structure decreases growth and larval recruit
ment and increases mortality of engineering species (12, 31, 1 15). 
Diversity and abundance of associated species also drops pre
cipitously ( 18, 1 16). 

Time Lags Between Effects of Overfishing and Collapse of Ecosystem 
Engineers. Lengthy time lags between initial harvesting and many 
of the resulting ecological consequences are pervasive in tropical 
forests (1 17). Similarly in the coastal ocean, time lags of decades 
to centuries occurred between initial harvesting or destruction of 
large vertebrates and subsequent collapse of ecosystem engi
neers such as reef corals, seagrasses, or kelps (9, 33, 61,  90). 
Similar lags are apparent between increased fluxes of nutrients 
and sediments into coastal environments and collapse of reef 
corals (1 18), submerged macrophytes (14, 76), or oysters (15, 16, 
85). Of course, oysters were intensively harvested by mining 
down the habitat, so their abundance declined much more 
rapidly than unfished corals and seagrasses. 

One likely explanation for time lags is ecological redun
dancy, whereby other species take over the ecological role of 
species removed by harvesting. This is presumably what hap
pened after overfishing on coral reefs (ref. 33; Fig. 1)  and 
extirpation of green turtles in the Caribbean (9). Ecological 
redundancy should increase with taxonomic diversity, which 
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may explain why time lags in the destruction of ecosystem 
engineers appear to decrease northward from corals and 
seagrasses in the Caribbean to kelps in the Gulf of Maine. 
Another important factor is widespread occurrence of thresh
old effects on human altered ecosystems (33, 1 19-1 22). These 
may involve simple thresholds in physiological tolerance to 
decreasing light or increasing sediments and nutrients, or more 
subtle density-dependent consequences of reduced abundance 
on fertilization, recruitment, or the ability to filter large 
volumes of water that reduces abundance of phytoplankton. 
Such negative feedbacks are exacerbated by the fact that both 
over-harvesting and increased nutrients and primary produc
tion work synergistically to reduce abundance of sessile eco
system engineers (9, 76, 85, 1 14). 

Fishing Down Food Webs. Top carnivores were never an important 
part of the human diet on land (123) but are the preferred large 
prey in the sea except for green turtles and sirenians. Smaller and 
smaller fishes, sea urchins, lobsters, and shrimps are replacing 
large fishes, turtles, and sharks as the remnant fisheries in all of 
the coastal ecosystems discussed herein (9, 33, 90, 95, 124). 
Free-living animals larger than 1 kg are increasingly rare and 
nearly absent on the reefs of Jamaica and many other sites 
throughout the Caribbean (33, 125). The process is reversible, 
but only by regulation of fishing. 

Farming of the sea, or aquaculture, is a possible alternative to 
fishing, but one that carries its own set of potentially harmful 
consequences to coastal ecosystems, including eutrophication, 
pollution, and the spread of disease (126, 127). Cultured species 
include a wide diversity of algae, oysters, shrimps, and various 
fishes from mullets to salmon. Most of the problems of aqua
culture of algae and herbivorous animals could be alleviated if 
goals were broadened to include ecosystem conservation and 
management, rather than only to produce food. For example, 
benthic algae could be farmed to remove excess nitrogen from 
the water column, and oysters and other suspension-feeding 
bivalves could be farmed to reduce algal blooms induced by 
eutrophication. 

Rise of Microbes. Fishing down marine food webs and increasing 
pollution from the land are resulting in increasing abundance 
and widespread dominance of ecosystem processes by microbes. 
Eutrophication is most apparent in bays and estuaries like 
Chesapeake Bay (86), but it has extended onto the continental 
shelf (88). Outbreaks of previously rare or unreported toxic 
microbes and diseases are another example of the increasing 
importance of microbial disruption of coastal ecosystems (30, 35, 
54, 55). 

General Model of Coastal Ecosystem Collapse. I summarized much 
of the above in the simple qualitative model in Fig. 2 showing the 
demise of large animals and ecosystem engineers and the rise of 
microbes since European colonization of the Americas. The 
model is based on Western Atlantic case studies reviewed in this 
paper, but I predict the same general pattern will obtain for the 
entire global coastal ocean. They-axes are logarithmic to capture 
the orders of magnitude changes in these variables. The time axis 
is deliberately general because onset of major changes depends 
more on timing of the onset of intensive harvesting or develop
ment of new fishing technologies than chronological age. 

Early ecological extinction of large mobile animals defines the 
first major transition in the history of coastal marine ecosystems. 
Extirpation of large vertebrates preceded ecological investiga
tions so that their absence has been uncritically accepted as the 
natural "baseline" condition. Their precipitous decline reflects 
greater economic desirability, ease of capture, and limited 
capacity for increase that is well documented for sea turtles, 
manatees, large fishes such as cod and groupers, and sharks. The 
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Fig. 2. Model of the collapse of Western Atlantic coastal ecosystems caused 
by overfishing. Arrows indicate the three major ecological transitions dis
cussed in the text. 

second major transformation reflects sudden collapse of sessile 
ecosystem engineers (reef corals, seagrasses, and kelps) caused 
by indirect effects of overfishing large vertebrates. Ecological 
dominance of microbes at the expense of macroorganisms (86) 
and increasing frequency of invasions of exotic species (128, 129) 
define the third major transition that is increasingly upon us (54, 
55, 86, 88). 

Why History Matters 

Oceans are not wilderness and no Western Atlantic coastal 
habitat is pristine. The same is almost certainly true of coastal 
oceans worldwide, but this assertion needs rigorous documen
tation. Neotropical forests are greatly threatened by human 
activities and may disappear entirely within this century (1 17). 
The facts about tropical forests are widely known and much 
discussed by governments, international agencies, and the gen
eral public. By comparison, Neotropical coral reefs are already 
effectively "deforested" throughout their entire range, but this 
fact received almost no comparable attention until the 1990s (33, 
130, 131).  Moreover, human activities leading to the destruction 
of coral and oyster reefs, seagrass beds, or kelp forests began 
early in the 19th century or earlier, long before comprehensive 
scientific study began. In general, we are more aware of the mass 
extinction of large vertebrates at the end of the Pleistocene (123) 
than what happened in coastal seas only a century ago! 

As in geology, the present is not always the key to the past, or 
to the future (132). Understanding what was natural is important 
not just for historical curiosity, but for rational management and 
conservation of coastal oceans in the future. I conclude with 
three basic points that emerge from comparisons of present 
conditions with historical baselines. 

(1)  No wild Atlantic coastal fishery is sustainable at anything 
close to present levels of exploitation. Coastal marine ecosys
tems already have been changed beyond recognition because of 
direct and indirect effects of overfishing. Most fishing is unsus
tainable because (i) inexorable growth of the human population 
drives increasing demand, (ii) development of mechanized fish
ing technologies severely damages the environment, (iii) cheap 
and rapid transportation makes even the most distant popula
tions vulnerable to exploitation, and (iv) management has con
sistently failed to conserve depleted stocks (9, 15, 1 6, 33, 43, 77, 
90, 98, 99). Evidence for ecological transformation and loss of 
fisheries resources on Western Atlantic coral reefs, seagrass 
beds, bays, estuaries, and the continental shelves is scientifically 
sound, and the burden of proof belongs on those who would still 
fish rather than the other way around ( 133). Monitoring is a basic 
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tool for management, but no more monitoring is required to 
know what we have lost. Scientific efforts should be redirected 
toward evaluating options for restoration of resources rather 
than perpetuating the myth of sustainable fisheries. It is hard to 
imagine how increasingly sophisticated and frequent environ
mental monitoring and micromanagement could do a fraction of 
the good of simply stopping fishing. There is no rational scient!fic 
basis to continue fishing of wild stocks along the Atlantic coast 
of North America or in the Caribbean for the foreseeable future. 

(2) Paleoecological, archeological, and historical reconstruc
tions of coastal marine ecosystems provide the best evidence for 
predicting ecological consequences of establishing very large
scale marine reserves and other forms of rigorous protection of 
fisheries. Formerly pristine conditions of seagrass beds and 
oyster reefs of Chesapeake Bay (14-16), or of Caribbean coral 
reefs and seagrass beds and the hordes of large animals that lived 
upon them (9), seem fantastic and unbelievable today. Scientists, 
as well as the general public, set goals and expectations for 
marine reserves that are too low because they cannot imagine 
how coastal ecosystems used to be only a century ago (1 ,  2). 
These great changes, and frequently nonlinear transformations 
among alternative ecosystem states (3 1 ,  33, 1 19-122), make it 
almost impossible to predict the outcomes of complete protec
tion from fishing and terrestrial inputs based on recent obser
vations alone. Fortunately, historical records tell us what is 
possible. Because few of the large apex predators and herbivores 
are extinct, we could restore coastal resources for ecosystem 
services and managed harvest. 

(3) Knowing the former abundance of large animals and 
ecosystem engineers makes it possible to design experiments to 
estimate per capita interaction strengths of ecologically extinct 
species (134, 135). The importance of such studies as a comple
ment to results of human exclusion experiments (136) cannot be 
overestimated. Even among dedicated advocates, discussions of 
potential benefits of marine reserves rarely mention swordfish, 
sharks, sea turtles, or manatees (1 37), because almost no scien
tists have ever seen these animals in abundance or contemplated 
their restoration (1 ,  2, 9). Large mammals are considered in 
management plans for the Pacific Northwest because effects of 
protected sea otters, gray whales, and walrus on benthic com
munities are well known (96, 138). Most of the time, however, 
scientific debate revolves around species far down the original 
food webs, and former top predators and grazers are forgotten 
or ignored. 

But to ignore these large animals is to give up most of what is 
attainable before we start. Very-large-scale experiments (enclo
sures of hundreds of hectares) with surviving large green turtles 
could be carried out in Florida Bay, for example, to determine 
how their presence affects mass wasting of seagrasses and losses 
of associated species (60, 61). Even such enormous experiments 
would probably cost less than increasingly sophisticated moni
toring we are doing in so many places for want of a better idea 
( 139). The same would be true for extensive reseeding followed 
by total protection of oyster beds in entire sections of bays and 
estuaries, or in entire embayments for cod. It is time scientists 
began an aggressive series of experiments involving large key
stone species on the largest possible spatial and temporal scales. 
The alternative is absolute microbial domination of coastal 
ecosystems in 20 to 30 years. Is that the future of evolution in the 
oceans? 

Much of this paper was the basis for a proposal to the National Center 
for Ecological Analysis and Synthesis (NCEAS) to reconstruct the 
human footprint on coastal marine ecosystems. I thank the members of 
the resulting NCEAS Marine Records Working Group for excellent 
discussion and criticism. Suggestions by Michael Graham, Michael Kirby, 
Nancy Knowlton, Hunter Lenihan, Pete Peterson, and Enric Sala greatly 
improved the manuscript. To all I am very grateful. 
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Coral reefs. with their millions of species, have changed profoundly 
because of the effects of people, and will continue to do so for the 
foreseeable future. Reefs are subject to many of the same pro
cesses that affect other human-dominated ecosystems, but some 
special features merit emphasis: (I) Many dominant reef builders 
spawn eggs and sperm into the water column, where fertilization 
occurs. They are thus particularly vulnerable to Allee effects, 

including potential extinction associated with chronic reproductive 
failure. (il) The corals likely to be most resistant to the effects of 
habitat degradation are small, short-lived "weedy" corals that 
have limited dispersal capabilities at the larval stage. Habitat 
degradation, together with habitat fragmentation, will therefore 
lead to the establishment of genetically isolated clusters of in
breeding corals. (iii) Increases in average sea temperatures by as 
little as 1 •c. a likely result of global climate change. can cause coral 
"bleaching" (the breakdown of coral-algal symbiosis), changes in 
symbiont communities, and coral death. (iv) The activities of 
people near reefs increase both fishing pressure and nutrient 
inputs. In general, these processes favor more rapidly growing 

competitors, often fleshy seaweeds, and may also result in explo
sions of predator populations. (v) Combinations of stress appear to 

be associated with threshold responses and ecological surprises, 
including devastating pathogen outbreaks. (VI) The fossil record 
suggests that corals as a group are more likely to suffer extinctions 
than some of the groups that associate with them. whose habitat 
requirements may be less stringent. 

Coral reefs are often called the rainforests of the sea, although 
calling rainforests the coral reefs of the land might be even 

more appropriate (1). As with rainforests, the importance of 
coral reefs lies not so much in the diversity of the corals 
themselves, but rather in the millions of species that live pri
marily or exclusively in association with them. Veron (2), for 
example, gives a minimum estimate of 835 species of reef
building corals, and estimates for the biodiversity of reefs overall 
range from 1-9 million (3). 

Unfortunately, modern human civilization and coral reefs 
make poor companions. Most activities of people (e.g., fishing, 
deforestation, nutrient enrichment, burning of fossil fuels, and 
use of toxic chemicals) either damage corals directly or damage 
them indirectly by adversely modifying interactions with their 
competitors, predators, pathogens, and mutualists. For example, 
Edinger and colleagues ( 4) document losses in coral species 
diversity ranging from 30-60% on reefs degraded by human 
activities, with a 25% loss in generic diversity on two of these 
reefs over just 15 years. Thus, although concerted efforts to 
protect reef habitats may slow their ongoing decline, it is difficult 
to be optimistic about the health of reefs globally over the short 
term in the context of increasing human populations and eco
nomic growth (5). 

As the world changes with growing human domination, eco
logical and evolutionary changes on coral reefs similar to those 
outlined for terrestrial and other marine organisms and ecosys
tems (e.g., refs. 1 16-1 18 and other articles in this colloquium) 
are inevitable. A few factors do work in the favor of coral reefs. 

www.pnas.org/cg i/doi/1 0.1  073/pnas.091 092998 

For example, the widely dispersing larvae and still large popu
lation sizes of many important reef builders probably provide 
some protection against extinction ( 6). The diversity of coral reef 
ecosystems may also make catastrophic invasions of exotic 
species less likely, although invasibility may increase with dis
turbance (7) and the degree to which diversity per se inhibits 
invasions remains unclear (8). The fossil record clearly shows, 
however, that marine species and ecosystems have their limits 
(refs. 1 19  and 120 and other articles in this colloquium), and the 
recent record indicates that these limits may be approached with 
little warning (9, 10). The broader ecological consequences of 
reducing biodiversity (11)  remain essentially uninvestigated for 
coral reefs. Indeed, our understanding of even the basic physical 
parameters of global change of relevance to reefs is inade
quate ( 12). 

Below I focus on some of the peculiar features of corals and 
other reef dwellers that are likely to affect their ecological and 
evolutionary futures. Many of the examples are drawn from the 
Caribbean, because change (and thus a possible glimpse of the 
future) has been much greater there over the last several 
decades. Nevertheless, the major points have applicability to 
reefs worldwide. 

Reproduction: Allee Effects, Inbreeding, and Hybridization 

Sessile marine organisms, with very few exceptions, depend on 
water to bring their gametes together; either eggs and sperm are 
both released into the water column or eggs are fertilized 
internally by sperm picked up from the water column. One 
immediate consequence is that low gamete densities caused by 
low population densities, asynchronous reproduction, or low 
reproductive output per individual can lead to reproductive 
failure (13, 14), a classic example of an Allee effect (15). 

Corals themselves are commonly hermaphroditic and exhibit 
two primary types of reproductive strategies: broadcasting and 
brooding (16, 17).  Physically large and long-lived coral species, 
the primary reef builders, are typically broadcasters that repro
duce once or twice a year during an event known as mass 
spawning. Buoyant bundles of eggs glued together with sperm 
are released in approximate synchrony on just a few nights of the 
year, when they float to the surface, break apart, and with luck 
achieve fertilization. The small larvae of broadcasting species 
typically disperse for at least 4 days (17) .  

As with other outbred marine invertebrates ( 18), species in 
this group do not generally self-fertilize successfully ( 17). Thus, 
eggs from one colony need to reach sperm from another for 
reproduction to succeed. For broadcasting corals, we know very 
little about critical gamete densities necessary for supporting 
successful fertilization. The best study is that of Oliver and 
Babcock (19), who showed that fertilization rates drop to low 
levels by 3 h after peak spawning and on nights other than the 
major night of spawning. This suggests that colonies spawning in 
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temporal or spatial isolation (measured on the scale of a few 
hours and tens or at most hundreds of meters) will often 
experience nearly complete reproductive failure. Adverse envi
ronmental conditions can also reduce fertilization rates inde
pendent of gamete density (20, 21) .  Moreover, nearby colonies 
may release few gametes and thus be ineffective mating partners 
if they are recovering from stressful conditions or damage 
(21-24) or are small for whatever reason [size rather than age 
determines reproductive output (25, 26), so that fragments 
typically have reduced fecundity or are infertile (22, 27)]. Thus, 
reef degradation may lead to sharply reduced reproduction, not 
only because of lowered gamete production, but also because of 
reduced rates of fertilization for those gametes that are released. 

However, eggs failing to encounter conspecific sperm will not 
necessarily remain unfertilized, even when self-fertilization is not 
feasible, because simultaneous or nearly simultaneous spawning 
provides potential opportunities for interspecific hybridization 
(2). The extent to which this happens is a matter of debate, 
because some species are clearly separated by either subtle 
temporal differences in spawning time or gametic incompatibil
ities (28). However, these barriers are likely to become less 
effective as opportunities for conspecific matings decrease. For 
example, mechanisms to prevent selfing often decline in efficacy 
after 4 h (29), and the same might happen with gametic barriers 
to interspecific fertilization. Similarly, subtle temporal differ
ences in spawning times between species whose gametes are 
otherwise compatible (28) would be less effective if, for example, 
unfertilized eggs from an early spawning species remained near 
populations of later spawning species. Laboratory experiments 
do clearly suggest that many species are capable of hybridization, 
including species with very different morphologies (30, 31) .  
However, the potential evolutionary impact of hybridization 
between morphologically and ecologically distinct taxa is diffi
cult to evaluate empirically, because of long generation times and 
the difficulty of maintaining corals in captivity for determining 
long-term survival and fertility of hybrids. 

Brooding corals exhibit a very different reproductive strategy. 
Only sperm are released, and fertilized eggs are retained within 
the colony and released as swimming planula larvae. These 
corals often reproduce on a lunar cycle for a number of months 
per year (25), and the large larvae that are released probably do 
not travel far, despite their physiological potential to do so 
without feeding, thanks to the zooxanthellae that brooded larvae 
contain (32). For example, Carlon and Olson (33) found that the 
average swimming time for the larvae of the brooding coral Favia 
fragum was only about 4 min. Such limited dispersal suggests that 
biparental inbreeding (mating between relatives) is not uncom
mon in brooding corals (17). Distances between potential mates 
are probably even shorter than they are for broadcasting species, 
perhaps as little as a few meters (34). However, brooding species 
are more likely to be able to self-fertilize (17, 35), probably as a 
consequence of regular biparental inbreeding ( 18). Thus, one 
likely consequence of habitat deterioration and destruction is an 
increase in selfing as distances between fertile colonies increase. 

Compared with the mass spawning species, brooding corals 
have many of the attributes of weeds: they often grow to smaller 
sizes, reproduce earlier, have shorter life spans, and are com
petitively inferior to larger and more aggressive broadcasting 
species (25, 26, 36). Moreover, their ability to self-fertilize would 
make them less vulnerable to Allee effects and allow them to 
persist even at low densities. Brooding corals have come to 
dominate many Caribbean reefs following disturbances of the 
1980s and 1990s (37), and they also succeeded disproportionately 
during the Oligocene-Miocene extinction event (38). Neverthe
less, brooding corals are very vulnerable to some forms of 
disturbance, including high-temperature disruption of their sym
biotic associations (39), to which I now turn. 
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Coral-Algal Symbiosis 

One of the striking features of coral reefs is the intimate 
nutritional symbiosis between the coral animal and single celled 
dinoflagellates, typically known as zooxanthellae. Corals pro
vide excretion products to their algal guests, which in turn 
provide photosynthetic products to their coral hosts ( 40). All 
reef-building corals are obligately dependent on their zooxan
thellae, which are probably responsible for the characteri
stically high rates of calcification that reef-building corals 
achieve ( 41) .  

The ecological balance between corals and their algal part
ners, and hence the success of corals as reef builders, is poten
tially very sensitive to environmental conditions. This stems 
from the fact that although we tend to think of mutualisms as 
cooperative relationships, they are often better viewed as recip
rocaliy selfish associations ( 42). That is, other things being equal, 
each partner tries to maximize its net gain from the association 
by minimizing costs and maximizing benefits. This selfishness has 
the potential to lead to ecological instability, because if stress 
makes it difficult for one partner to provide its normal comple
ment of benefits, the other partner may respond in the short term 
by terminating the relationship, a strategy that is normally an 
appropriate response to the ever present threat of cheaters 
[partners that receive but do not return benefits (42)]. 

The implications of this are more than academic in the context 
of the environmental changes to which reefs are subject today. 
When corals are exposed to elevated temperatures or UV 
radiation, for example, they "bleach" -that is, photosynthetic 
pigments are drastically reduced, typically because of algal death 
or expulsion ( 43). Bleached corals can survive without their 
normal complement of zooxanthellae for weeks or sometimes 
months, but their growth and reproductive output are reduced 
and eventually they die. Global warming is of particular concern, 
because temperatures as little as loC over the normal seasonal 
maximum can provoke substantial bleaching (44). Coral bleach
ing has increased dramatically over the last several decades ( 44), 
and 1998 (with its unusually strong El Nino) was characterized 
by massive bleaching on a worldwide scale ( 45) .  In some areas, 
reefs were decimated to unprecedented extents, based on the 
fossil record (39), and climate models suggest that temperatures 
sufficient to induce bleaching could become annual events 
within a few decades ( 45). 

Nevertheless, it remains unclear whether coral reefs as we 
know them will succumb to global warming, because coral-algal 
symbioses do have some capacity to increase their ability to 
withstand stresses such as high temperatures. For many years, 
physiological acclimatization was viewed as the primary mech
anism ( 46), and recent studies have shown, for example, that 
acclimation to high light can provide some protection against 
high temperature ( 47). There is also renewed interest in evolu
tionary responses with the realization that zooxanthellae have far 
more genetic diversity than previously realized. Pioneering 
studies by Trench ( 48) and Rowan ( 49) have shown that what was 
once viewed as a single species living in association with multiple 
invertebrate phyla, is in fact a diverse assemblage, now shown to 
consist of at least four major clades (50, 5 1 )  whose genetic 
differences are comparable to those exhibited between different 
families or orders of free-living dinoflagellates ( 49). Some coral 
species host just one type of symbiont, whereas other corals host 
multiple types, sometimes within individual colonies (49-51) .  

This diversity i s  of  particular significance with respect to  global 
change, because different types of zooxanthellae exhibit striking 
differences in their susceptibility to bleaching (52) and their 
ability to recolonize bleached hosts (53). Thus, reefs may be able 
to survive predicted increases in sea temperature and other 
coming environmental changes by shifts in the kinds of zoox
anthellae that are typically hosted by corals. Indeed, even 
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bleaching itself may be adaptive if it facilitates symbiont ex
change (54). 

Experimental bleaching does appear to result in novel asso
ciations (51 ,  53) but we know almost nothing about the long-term 
consequences of such shifts in symbiont associations. Symbionts 
that initially colonize bleached colonies are probably rapidly 
growing opportunistic genotypes (53) that may not be ideal 
partners from the coral's perspective. These may subsequently be 
replaced by stress-resistant mutualists (53), but again we do not 
know how these associations perform as mutualisms relative to 
those that were established before bleaching. Thus, although 
opportunistic or stress-resistant symbionts may provide protec
tion against outright mortality (51 ), the consequences for growth 
rates or reproductive output are unclear. 

Global warming is not the only aspect of global change with 
which corals and their symbionts must contend. Many aspects of 
the oceans' biogeochemistry are changing in response to human 
activities (55).  Rising levels of carbon dioxide that underlie much 
of global warming may be detrimental in their own right to 
corals. Coral reef growth depends on the net accumulation of 
calcium carbonate, which is affected by the saturation state of 
calcium carbonate in surface waters. Kleypas and colleagues (56) 
argue that by 2100, increased levels of carbon dioxide might 
cause calcification to decrease by 1 7-35% relative to preindus
trial levels. Such a decrease could result in weaker coral skele
tons, reduced growth rates, increased susceptibility to erosion, 
and perhaps even a reduction in the ability of higher latitudes (a 
potential refuge from higher temperatures) to sustain reef 
growth (57). 

Increased nutrients of the types associated with changing 
land-use patterns (58) may also directly harm corals. High 
nutrient levels can result in reduced rates of growth and calci
fication (59), as well as decreases in reproduction (60), probably 
because of their impact on the symbiotic association between 
corals and zooxanthellae ( 40, 59). Nevertheless, experimental 
manipulations of nutrient levels on corals often yield slight and 
sometimes unexpected results, particularly when done in the 
field (61) .  Thus, it remains unclear whether current levels of 
eutrophication are having a major, direct effect on the health of 
corals. However, nutrients may also have a variety of indirect 
effects that are discussed in later sections. 

Emergent Diseases 

Dinoflagellates are not the only important microbes on reefs. 
Although poorly known, pathogens probably greatly outnumber 
mutualists, and they are capable of completely transforming reef 
communities through their effects on ecologically dominant 
organisms. The most spectacular example of disease in the 
oceans is the decimation of the once abundant sea urchin 
Diadema antillarum throughout the tropical western Atlantic. 
Between 1983 and 1 984, more than 95% of these urchins died 
because of a still uncharacterized pathogen that swept through 
the entirety of the urchin's geographic range with the exception 
of the eastern Atlantic (62). Nearly two decades later, recovery 
is still limited (63), and in many places densities remain ex
tremely low, despite the relatively short generation times and 
high fecundity of Diadema ( 64 ). Although reasons for the 
failure of Diadema to recover may be complex, the ef
fect of low density on fertilization rates is probably a major 
contributor (64). 

Reef-building corals themselves appear to be increasingly 
affected by disease (65).  The ecological effects of coral patho
gens are likely to be especially severe because rates of mortality 
can be very high [up to 2 em of coral tissue daily (66)], whereas 
coral growth and recruitment rates are typically intrinsically low 
[e.g., annual growth rates of = 1  em per year in many massive 
corals (67)]. The Caribbean, once again, provides particularly 
troubling examples ( 68). Before 1 980, shallow-water reefs 
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throughout the region were dominated by the genusAcropora. By 
1 990, most stands of Acropora were reduced to scattered small 
patches by an unknown pathogen. Recovery has been slight (65), 
despite the relatively high growth rates that characterize the 
genus. Recovery from diseases of massive corals is likely to be 
especially prolonged because growth rates in these corals are far 
slower (67). Diseases that attack Montastraea (69) are perhaps 
the most threatening to Caribbean reefs, because of the domi
nance of this coral as a reef builder throughout the region. 

The direct evolutionary impact of disease on coral reefs 
remains unclear. Lessios (62) found no evidence for reduced 
genetic variation in Diadema following catastrophic mortality, 
perhaps because even 95% mortality does not result in small 
enough populations sizes in formerly abundant organisms. Al
ternatively, the bottleneck in population size may not have 
persisted long enough at the time of the study for genetic effects 
to accumulate. The ecological impacts of diseases on reefs are 
already substantial, however, via the direct effects of coral 
pathogens on coral abundance and the indirect effects of the 
demise of a dominant herbivore on seaweeds (discussed below). 
These ecological changes appear to be without precedent over at 
least the last several thousand years, based on examination of the 
extensive Caribbean fossil reef record (70-72). 

As with any recent change, evaluating the role of anthropo
genic effects is a challenge. This is particularly true for marine 
diseases, because there is almost no baseline information on 
earlier disease prevalence and even the pathogens responsible 
are largely unknown ( 65, 68). Harvell and colleagues ( 68) suggest 
that apparent increases in the incidence of disease in marine 
ecosystems generally could be at least in part the consequence 
of global climate change, and they note that terrestrial activities 
of man appear to have introduced at least one pathogenic agent 
to coral reefs via run-off. It has long been recognized that stress 
can make corals vulnerable even to normally benign microbial 
associates (73), and thus, disease seems likely to be a major 
player on reefs of the future. The ability of corals to respond 
evolutionarily to the threat of pathogens is probably fairly 
limited, given the enormous difference in generation times 
between corals and their microbial enemies. 

Shifting Ecological Balances: Competitors and Predators 
of Corals 

Pathogens are not the only biological enemies of corals; sub
stantial mortality is also associated with overgrowth by compet
itors and the feeding of predators. Evidence for increases in 
these sources of mortality in recent decades is accumulating, 
thereby suggesting that corals are currently waging a losing battle 
on this front as well. 

The most important competitors of corals today on most reefs 
are seaweeds (74). There is general agreement that the com
petitive balance between corals and macroalgae is shaped pri
marily by the magnitude of herbivory and nutrient availability, 
but their relative importance and how they interact continues to 
be the subject of debate (75-77). Small-scale experiments sug
gest, however, that herbivory is often likely to be much more 
important than nutrients in limiting algal growth (78). 

The histories of Kaneohe Bay, Hawaii (79) and Discovery Bay, 
Jamaica (37) illustrate many of the relevant issues on a broader 
scale. Concerns about eutrophication related to the explosion of 
the green bubble alga Dictyosphaeria cavernosa led to the 
diversion of sewage from Kaneohe Bay beginning in 1977, and 
the opportunity to monitor the response of the reef community 
to this major, albeit uncontrolled, experiment (79). By 1 983, algal 
abundance had dropped to 25% of peak levels and coral 
abundance had increased. Since then, however, algal cover has 
again increased and coral recovery has slowed or even been 
reversed. In the case of Discovery Bay (37), the uncontrolled 
experiment was the Caribbean-wide die-off of the herbivorous 
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sea urchin D. antillarum described above, which at any one site 
occurred over the course of only a few days (62). In Discovery 
Bay (which was in the process of recovering from a major 
hurricane several years earlier) dead substrates were quickly 
colonized by small ephemeral algae, but these were replaced 
over several years by larger, long-lived species capable of over
growing living coral. The result has been the decline of coral 
cover from 52% to 3%, and the increase in algal cover from 4% 
to 92% (37). Similar changes, albeit somewhat different in timing 
and extent, have occurred elsewhere (62). The general consensus 
is that the die-off of such an important herbivore, particularly in 
the context of low abundance of herbivorous fishes due to 
overfishing, was the primary cause of the shift from a coral
dominated to an algal-dominated reef (37, 75, 77). 

These events suggest that herbivory is often the more impor
tant regulator of competition between algae and corals, although 
eutrophication can also shift the balance toward algal over
growth, particularly when it is extreme (as in Kaneohe Bay). 
Algae are not the only competitors of corals that could be 
affected by eutrophication, however; nutrient enrichment and 
consequent increases in bacterial populations might also facili
tate the success of filter-feeders that have few natural predators 
and are capable of overgrowing corals. The ascidian Trididem
num solidum, which increased on reefs of Curac;ao by 900% 
between 1978 and 1993 (80), may be a case in point, although no 
data showing the cause of the increase exist. In any case, because 
the effects of both decreased herbivory and increased eutrophi
cation are likely to be augmented in the future, the future of 
corals will almost certainly include increases in mortality from 
competitors. 

The same anthropogenic factors that can affect the compet
itors of corals-eutrophication and overfishing-have also been 
implicated in some of the spectacular explosions in predators of 
corals ( corallivores) witnessed over the last few decades. The 
crown-of-thorns starfish, Acanthaster planci, is the most infa
mous of these (81, 82), but explosions of predatory snails, 
particularly in the genus Drupella, have also been noted (83). At 
least in the case ofAcanthaster, the extent of outbreaks appears 
to be unprecedented, because the size structure of corals pre
ceding the earliest documented outbreaks could not have existed 
if current magnitudes and frequencies of outbreaks were a 
long-term feature of reefs (84). Outbreaks also appear to be 
shifting in nature from episodic to chronic (82). As with the 
competitors of corals, fishing out of predators on corallivores 
(top-down control) may play a larger role than the enhancement 
of survivorship of corallivores in the larval stage by eutrophi
cation (bottom-up control; ref. 82). However, not all studies 
support the importance of the former (85) or the lack of 
importance of the latter (86). The factors contributing to 
Drupella outbreaks are even less well understood (83). 

Sea Level, Storms, and Bioerosion 

One of the most frequently discussed consequences of global 
climate change is rising sea level. Past rises in sea level have often 
been associated with global increases in reef development (87), 
but rapid sea level rise can also result in the drowning of reefs 
if it is too rapid, because of the light dependency of coral-algal 
symbiosis and declining light levels with increasing depth. Reef 
drowning is of potential concern because projected rates of 
future sea level rise come close to estimates of past sustained 
rates of reef accretion before the onset of anthropogenic effects 
(12). Although recruitment of newly submerged areas could 
keep many species from going extinct, the three-dimensional 
complexity of a true reef, on which other organisms depend, 
would be lost. 

Net vertical reef accretion is a balance between growth and 
destruction (88), so that any of the features discussed previously 
that slow coral growth have the potential to contribute to reef 
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drowning. However future global change is also likely to affect 
processes on the other side of the equation-in particular, reef 
destruction via storms and the activities of organisms that bore 
into or scrape the surfaces of calcium carbonate skeletons 
(bioeroders). Both bioerosion and storminess have been pro
jected to increase in response to anthropogenic global change, 
the former because of the association between eutrophication 
and the nutrition ofbioeroders (88), and the latter because of the 
association between high temperatures and cyclonic storms (12) .  
The likely extent of these changes remains subject to debate, but 
either could result in a slowdown of reef accretion (88). Such a 
slowdown increases the probability that reefs will not be able to 
keep up with rising sea levels. 

Increased bioerosion and storminess will probably have spe
cific evolutionary consequences in addition to their general 
effects on reef growth. Fragmentation can facilitate production 
and spread of asexual propagules, but it is often costly for the 
organisms involved because many fragments die and survivors 
have lowered fecundity (22, 27). Thus, increased bioerosion and 
storminess should favor strong skeletons or the ability to prop
agate effectively by fragmentation. On the other hand, rising sea 
level should lead to selection for rapid vertical growth. Some of 
these selective effects may operate within species, but most will 
probably favor some species at the expense of others. However, 
because coral species with very dense skeletons are often slowly 
growing, and fragmentation results in lowered three
dimensionality, reefs of the future may find themselves caught 
evolutionarily between the proverbial rock and a hard place. 

Threshold Effects, Multiple Stable States, and Metapopulations 
Reef biologists who have watched coral cover decline from 50% 
to 5% over the course of their careers are understandably 
distressed by the state of reefs today and their prospects for the 
future. But even more alarming than the magnitude of the 
decline has been its speed and the fact that few scientists saw it 
coming. For example, by 1980 the reefs of Discovery Bay, 
Jamaica had been studied for decades and overfished for cen
turies (89). Nevertheless, the implications of extreme overfishing 
for resiliency of these reefs to subsequent disturbances was not 
appreciated until recovery failed. 

Several common attributes of biological systems make pre
diction difficult. The first are threshold effects or breakpoints 
(90). These quintessentially nonlinear relationships are common, 
but nevertheless often surprising: when the thermostat is turned 
up one notch, people tend to expect one notch's worth of 
additional heat, not a house in flames. Responses to single 
variables can behave in this fashion; for example, calcification 
may remain constant over a range of saturation states, but then 
drop abruptly below some threshold value (56). Allee effects are 
classic threshold phenomena, because populations increase 
above a minimum population size but decrease below it (15). 

When two variables interact synergistically, threshold re
sponses and ecological surprises are probably even more likely 
(91, 92). For example, neither sedimentation nor high nutrient 
levels are good for corals, but their combined effect is far worse, 
because fine muds then aggregate into a smothering marine 
"snow" (93). Similarly, the collapse of reef ecosystems along the 
north coast of Jamaica seems to have resulted from the syner
gistic interaction of overfishing and disease (37). Unfortunately, 
our understanding of how multiple stressors interact remains 
limited (94, 95).  

Also coupled with threshold dynamics is the concept of 
multiple stable states (9, 90). The existence of multiple stable 
states implies that two different ecological communities can be 
stable under the same conditions, with history determining 
which community is present at any particular point in time. 
Multiple stable points are linked with threshold effects because 
it is often the case that the position of the breakpoint depends 
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on the direction in which the community is moving. For example, 
a switch from coral dominance to algal dominance might occur 
at specific levels of eutrophication and herbivory, but much 
lower nutrient levels or higher levels of herbivory might be 
required to shift the system back to its original coral-dominated 
state. This pattern of response is well known for lakes (96), and 
there is no reason in principle that it might not apply to coral 
reefs (9). 

Switches from coral dominance to algal dominance are dra
matic, but they are not the only cause for concern. As on land, 
potential coral reef habitat is being eliminated and fragmented 
with the spread of destructive processes both in the sea and on 
the shore. Models considering this aspect of changing spatial 
structure provide disturbing insights. For example, in a simple 
two-species model, habitat destruction (removal of suitable 
patches) can result in the extinction of a competitive dominant 
that disperses poorly at the expense of a competitively inferior 
species that disperses well, even when remaining patches un
dergo no intrinsic changes themselves (97). More elaborate 
versions of this idea predict a certain percentage of inevitable 
extinctions over time associated with a certain fraction of habitat 
loss-a so-called "extinction debt"-again affecting competi
tively dominant species first and rising sharply as habitat loss 
increases (98). Estimates of 40% reef habitat loss through 
irreparable damage over the next several decades (5) are sober
ing in this context, because the models imply that competitively 
dominant corals, which are often major reef builders, may not be 
able to persist even in areas not strongly impacted by the 
activities of people. 

Applications of these models to specific coral reef situations are 
limited and require careful consideration of how model concepts 
and terms relate to the biology of reef organisms. Stone (99, 100) 
analyzed a Red Sea reef flat and concluded that numbers of species 
extinctions associated with habitat reduction would be especially 
catastrophic because competitively dominant corals were already 
rare. However, this result reflects the fact that reef flats are 
regularly disturbed and, thus, always dominated by weedy corals. In 
contrast, the major reef builders on Caribbean reefs are (or were 
until recently) competitively dominant species, either via aggressive 
interactions or their ability to overtop their neighbors, whereas 
weedy corals are typically small understory forms. Here, the 
number of species extinctions might be smaller, but the ecological 
impact larger. Records of sea level changes in the fossil record are 
particularly interesting in this context. Pandolfi (101) has shown that 
habitat loss of 90% associated with a marked drop in sea level about 
18,000 years ago resulted in the rapid extinction of two coral species 
(which were, as predicted by the models, competitive dominants). 

The models (97, 98), as they have been applied to reefs to date 
(99, 100), assume that each patch is occupied by a single species. 
In this sense, the analyses describe the dynamics on single reefs, 
with patches being de facto the spaces occupied by individual 
colonies. Metapopulation models in the strict sense describe 
patches surrounded by uninhabitable area, with rates of colo
nization between populations being slower than the dynamics 
within populations (ref. 102, and papers in this colloquium). This 
structure is more appropriate for describing regional dynamics
for example, the many reefs of Caribbean islands and banks 
separated by uninhabitable deep water that is only occasionally 
crossed by propagules (103). Marine organisms with limited 
dispersal abilities that occasionally disperse long distances by 
rafting (104) almost certainly meet these assumptions, but even 
organisms once assumed to be too widely dispersing to conform 
to metapopulation models have recently been shown to recruit 
to parental populations to a surprising extent (105-107). We do 
not currently have nearly enough information to parameterize a 
regional metapopulation model for coral reefs in a quantitatively 
useful way (103). It is worth noting, however, that at this spatial 
scale the true weeds might not be corals at all, because broad-

Knowlton 

casting corals can potentially travel but rarely successfully re
cruit, whereas brooders regularly recruit, but not at long dis
tances. The weeds would instead be the rapidly colonizing 
ephemeral algae seen on reefs after hurricanes and other major 
disturbances. 

Broader Consequences for Biodiversity 

The extent to which degraded reefs and other habitats can 
support the associated diversity of healthy coral reef habitats
the current homes for the myriad crustaceans, worms, mollusks, 
bryozoans, and other groups that are found on reefs-is un
known. Given that reef associates have many times the diversity 
of the corals themselves, several issues are relevant: (i) Are reefs 
as ecosystems especially vulnerable to environmental change or 
slow to recover? (ii) Are reef dwellers less vulnerable than corals 
themselves? The fossil record of past extinctions provides the 
only real data for evaluating these questions. 

It is often stated that reef ecosystems are both more vulnerable 
to extinction and slower to recover, but rigorous analyses are 
surprisingly limited (87). Past extinction events appear to have 
had a diverse suite of causes, not surprisingly, because global 
change in any direction from the status quo is likely to accelerate 
extinction; this probably explains why there is no strong bias 
against tropical ecosystems overall. Within the tropics, however, 
it does appear that shallow-water, low-nutrient carbonate plat
forms have been more vulnerable than other tropical environ
ments, although there is no strong evidence that such ecosystems 
recover more slowly (87). There is also a limited amount of 
evidence suggesting that photosymbiotic organisms might have 
been more vulnerable to extinction than nonphotosymbiotic 
organisms, both at the end of the Cretaceous (87) and during the 
more minor Oligocene-Miocene extinction (108). Corals were 
also more vulnerable to the changes associated with the rise of 
the Isthmus of Panama; there are no living examples of closely 
related sister species among the zooxanthellate scleractinian 
corals on the two sides of the Isthmus, whereas such sister taxa 
are common in other groups (109). 

One possible explanation for this pattern relates to differences 
in distributions between the groups. Many organisms character
istic of coral reefs are not restricted to reefs (87). This is true of 
corals themselves, of course, which can be found growing as 
scattered colonies without creating the three-dimensional struc
ture and complexity that the term reef implies. However, 
extrareef distributions are likely to be even more characteristic 
of other groups of reef-dwellers, at a variety of taxonomic levels. 
In fishes, for example, all families considered typical of reefs 
have ranges that extend outside the boundaries of reefs (1 10, 
1 11) .  Similarly in bryozoans, more than 75% of reef-associated 
species of the Caribbean are also found in nonreefal settings 
( 1 12). Should this be a general pattern, which seems likely, then 
even elimination of most coral reef habitats would probably not 
result in the extinction of a comparable proportion of coral reef 
builders and dwellers (87). No taxonomically comprehensive 
analysis of obligate versus facultative reef associates exists, but 
the above suggests that even the loss of all true reefs would leave 
many facultative reef associates as survivors, and thus many of 
the deeper branches of the tree of life intact ( 1 13). 

The most relevant guides to the future are, of course, past 
extinctions associated with changes similar to those projected for 
the coming century. Unfortunately, we have little to guide us in 
this regard. Mass extinctions have been intensively studied, but 
they are remote in time and, hence, involve organisms whose 
phylogenetic affinities are distant from the organisms whose 
responses we wish to predict. Moreover, despite the alarming 
nature of the ongoing anthropogenic extinctions, they do not 
begin to approach the severity of these cataclysmic events (ref. 
1 19 and other articles in this colloquium); if they do, Homo 
sapiens will have a lot more to worry about than the future of 
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coral reefs. The most relevant comparisons are with the Oligo
cene-Miocene and Pliocene-Pleistocene extinctions (38, 1 08, 
1 14), but both of these events involved cooling episodes rather 
than global warming. The combination of nutrification, global 
warming, and loss of top members of the food chain (not to speak 
of novel, introduced chemicals) is unprecedented over the last 65 
million years. Thus, it is perhaps not surprising that many of the 
reef organisms that persisted and thrived during the most recent 
biological upheavals are those that are suffering the most now 
(1 14). Who the winners will be this time around is impossible to 
predict, but we may not be that happy with the outcome. 

The Camel's Last Straw? 

In the face of so many unknowns, qualitative analogies can 
provide an important complement to quantitative analyses. For 
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Humans affect biodiversity at the genetic, species, community, and 
ecosystem levels. This impact on genetic diversity is critical, be
cause genetic diversity is the raw material of evolutionary change, 
including adaptation and speciation. Two forces affecting genetic 

variation are genetic drift (which decreases genetic variation 
within but increases genetic differentiation among local popula
tions) and gene flow (which increases variation within but de
creases differentiation among local populations). Humans activi
ties often augment drift and diminish gene flow for many species, 

which reduces genetic variation in local populations and prevents 
the spread of adaptive complexes outside their population of 
origin, thereby disrupting adaptive processes both locally and 
globally within a species. These impacts are illustrated with col
lared lizards (Crotaphytus collaris) in the Missouri Ozarks. Forest 
fire suppression has reduced habitat and disrupted gene flow in 

this lizard, thereby altering the balance toward drift and away 
from gene flow. This balance can be restored by managed land
scape burns. Some have argued that, although human-induced 

fragmentation disrupts adaptation, it will also ultimately produce 
new species through founder effects. However, population genetic 
theory and experiments predict that most fragmentation events 
caused by human activities will facilitate not speciation, but local 
extinction. Founder events have played an important role in the 

macroevolution of certain groups, but only when ecological op
portunities are expanding rather than contracting. The general 
impact of human activities on genetic diversity disrupts or dimin
ishes the capacity for adaptation, speciation, and macroevolution
ary change. This impact will ultimately diminish biodiversity at all 
levels. 

B iodiversity has been defined at several levels of biological 
organization, including genes, species, communities, and 

ecosystems ( 1) .  Human activities are causing massive impacts on 
biodiversity at all these levels, but the impacts are most apparent 
to the general public at the species level and above as people 
witness loss of habitat, species extinction, disrupted communi
ties, and polluted or otherwise damaged ecosystems. The impact 
of human activities on genetic diversity within a species is the 
least apparent and hence is often ignored. Genetic diversity is at 
the lowest hierarchy in this biodiversity sequence, which enhanc
es-not diminishes-its importance. Without genetic diversity, a 
population cannot evolve, and it cannot adapt to environmental 
change. Environmental change is now occurring on a global scale 
because of human activities, and many species will have to adapt 
to this change or experience an ever-increasing chance of 
extinction. Moreover, as is common with many hierarchical 
systems, genetic diversity has an impact on the higher levels of 
biodiversity. Species, in their most basic sense, are evolving 
lineages (2-4), and the maintenance of their capacity to evolve 
requires the existence of genetic diversity (5). In this manner, 
species diversity emerges from genetic diversity over evolution-
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ary time. Species diversity is seen in diversity of habitat needs 
and responses to other species. These species attributes in turn 
are the basis for much community and ecosystem structure. 
Hence, the impact of genetic diversity percolates through all 
levels of biodiversity via the evolutionary process. 

Human activities can and do have dramatic effects on the 
amount and distribution of genetic diversity within species. As a 
consequence, human activities are directly altering the dynamics 
of evolution itself with respect to the fundamental evolutionary 
processes of adaptation and speciation. In this paper, examples 
are given of how human activities can disrupt the evolutionary 
potential for both adaptation and speciation. 

Factors Controlling the Amount and Distribution of Genetic 
Variation Within Species 

Genetic diversity is ultimately created by the process of muta
tion, which creates allelic diversity (alternative forms of genes at 
the same locus). This diversity is lost during the evolutionary 
process; some of it is lost at random (genetic drift in the species 
as a whole) and some because of natural selection (elimination 
of deleterious alleles and fixation of favorable alleles). The 
amount of allelic diversity in a species represents a dynamic 
balance among mutation, drift, and selection. 

Species exist in both space and time, and so does intraspecific 
genetic diversity. In some species, allelic diversity is widely 
distributed across a species' entire geographical range, and all 
local populations contain virtually the same alleles and at similar 
allele frequencies. At the other extreme are species in which local 
populations have little or no internal allelic diversity, but dif
ferent local populations can be fixed for alternative alleles. The 
forces that partition and create genetic hierarchies within a 
species are collectively known as population structure and 
include such factors as system of mating, genetic drift, and gene 
flow. The partitioning of allelic diversity within and among local 
breeding populations is primarily because of the dynamic bal
ance between local genetic drift (which causes the local breeding 
population to lose allelic diversity but causes an increase in 
genetic differentiation among local populations) versus gene 
flow (which brings new allelic diversity into the local population 
and reduces genetic differentiation among populations). The 
allelic diversity within a reproducing population is translated 
into genotypic diversity through the mechanisms of gamete 
formation and gamete union (system of mating). During gamete 
formation, alleles at different loci are put together into various 
combinations by the processes of recombination and assortment, 
which greatly augments the potential for genotypic diversity. The 
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Fig. 1. The fire history of Stegall Mountain, as reconstructed from fire scars 
on stumps between 1 640 and 1 800. 

system of mating determines the extent to which diploid indi
viduals will themselves carry allelic diversity (in the form of 
heterozygosity). 

Human-Induced Alterations in the Balance of Genetic Drift and 
Gene Flow 

One of the primary impacts of many human activities is habitat 
fragmentation; that is, human use of the landscape creates 
habitat "islands", and the species within them often have little 
or no genetic contact with conspecific populations inhabiting 
other such islands. As an example, consider the eastern collared 
lizard ( Crotaphytus collaris collaris ), a species restricted to glades 
in the portion of its range located in the Ozarks. Ozark glades are 
barren, rocky outcrops, usually with a southern or southwestern 
exposure on a ridge top that creates a desert or dry prairie-like 
microhabitat (6). Desert-adapted plants and animals (such as 
scorpions, tarantulas, cacti, and collared lizards) invaded the 
Ozarks during the Xerothermic maximum about 8,000 years ago 
(the period of maximum warmth in our current interglacial 
period) and were cut off from their southwestern ancestral range 
at the end of the Xerothermic about 4,000 years ago (7). After 
that time and until European settlement, the fragmented Ozark 
glades were mostly separated by savannas-open mixed wood
land and grassland areas (8, 9). Ozark savannas were a fire
maintained community, and before European settlement, fires 
occurred frequently in the Ozarks (10). For example, one of our 
field sites is in the Stegall Mountain Natural Area. Fig. 1 presents 
the fire history of this mountain from 1640 to 1800 as recon
structed from fire scar data on tree stumps (11 ,  12). As can be 
seen, the average interval between fires of sufficient intensity to 
produce fire scars was about once every 5 years, and no decade 
in this period had no fires. However, with European settlement, 
clear cutting occurred throughout most of the Ozarks, often 
followed by cutting of second-growth forest as well. The present 
forest grew during a time in which fires were suppressed, 
particularly from about 1950 to the present. This new forest is an 
oak-hickory forest with a dense understory. Although savanna 
was the dominant community type in the Ozarks in the early 
1800s, less than 100 acres of it survived this replacement by the 
dense oak-hickory forest ( 13). In addition to changing the 
nature of the forest that separates the glades, the suppression of 
fire also allowed the invasion of glades by fire-sensitive eastern 
red cedars (Juniperus virginiana), which in turn allowed succes
sional invasion by other woody species. As a consequence, many 
glades have been reduced in size, and some have disappeared 
completely (14). This destruction and increased fragmentation 
of glade habitats can be documented on Stegall Mountain by 
comparing a series of aerial photos taken in 1956 (graciously 
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Fig. 2. Glade habitat on Stegal l  Mountain in 1 956 versus 1 993 as inferred 
from aerial photos. 

provided by the Missouri Department of Conservation) to a 
glade map of the same area from 1993 (Fig. 2). 

These environmental changes had a drastic impact on the 
population structure of the collared lizard, particularly in the 
northeastern part of the Ozarks where European settlement first 
occurred. On the basis of microsatellite loci, the present popu
lations have extreme population subdivision (FsT = 0.40, which 
measures the proportion of the genetic variation in the Total 
population that exists as differences between Subpopulations), 
with little genetic diversity within any single glade population but 
many fixed genetic differences among even nearby glade popu
lations ( 15, 16). This pattern indicates a combination of small 
local populatidn sizes and little to no gene flow. The small 
population sizes are expected from the reduction in glade 
numbers and sizes and are confirmed by direct observations. For 
example, at Sandy Ridge, a glade with one of the more abundant 
and reliable collared lizard populations in the eastern Ozarks, 
tne adult population size fluctuated between 21 and 79 individ
uals in the period 1975-1985 (0. Sexton, personal communica
tion). Given that eigenvalue effective size (which measures the 
rate of loss of genetic variation) tends to be weighted most 
heavily by the smaller population size values when size fluctuates 
with time, the size fluctuations observed by Sexton imply that the 
Sandy Ridge population should be losing its genetic variation at 
a high rate. Most other glade populations in the northeastern 
Ozarks are even smaller. Hence, unless counteracted by gene 
flow, glade populations should experience intense genetic drift 
and an attendant loss of local population genetic variation. The 
genetic evidence indicates there is little to no gene flow among 
glade populations under present conditions. For example, fixed 
differences exist between populations separated by as little as 
50 m of intervening forest (16). This lack of gene flow has also 
been confirmed by field experimentation. In 1983, in coopera
tion with the Missouri Department of Conservation (MDOC), 
we began a translocation program for collared lizards (17). The 
initial releases of translocated animals were made on glades at 
the Peck Ranch, a 23,000-acre wildiife area owned and managed 
by the MDOC that contains the Stegall Mountain Natural Area. 
This area had been ecologically devastated, first by extensive 
clear-cutting of its primary pine and oak woodlands in the 1800s, 
followed by clear-cutting of the secondary oak-hickory forest in 
the early 1900s and then by the raising of hogs and cattle on an 
open range. Protection of this area began in 1953, shortly after 
its purchase by the MDOC, and that protection included effec
tive suppression of forest fires that unintentionally resulted in 
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Fig. 3. Map of glades and burn areas on Stegall Mountain. The glades with areas filled in black were the sites of release of translocated collared lizard 
populations in 1 984 (SM-7), 1 987 (SM-8), and 1 989 (SM-9). Different patterns within g lades indicate the first year in which collared lizards were observed in that 
glade for the period 1 984-1997. 

extensive destruction and reduction of glade habitat (Fig. 2). 
Nothing is definitively known about collared lizard populations 
before 1980, but in that year, an extensive survey revealed that 
no collared lizard populations could be found on the Peck 
Ranch. Three populations were translocated onto glades on 
Stegall Mountain (Fig. 3), one each in 1984 (glade SM-7), 1 987 
(glade SM-8), and 1989 (glade SM-9). All three translocations 
were successful in the sense that the lizards were able to live and 
reproduce on these three glades. However, there was no gene 
flow or dispersal among these glades. Glades SM-7 and SM-8 are 
separated by only 50 m of intervening forest (Fig. 3), but despite 
annual observation trips, no animals were observed to have 
dispersed between them (on the basis of mark/ recapture studies 
by using toe clipping to mark individuals) while the forest fire 
suppression policy was still in effect (up to and including 1993). 
Moreover, several empty glades existed in this area, the closest 
being only 60 m from glade SM -7. Several of these nearby glades 
were regularly monitored but were never colonized in the period 
1984-1993. These monitoring studies support the inference from 
genetic data of little to no gene flow among the fragmented 
populations. Overall, this combination of low population sizes 
and no gene flow explains the high FsT values observed in the 
northeastern Ozarks. 

The genetic data also suggest that the lack of gene flow is a 
relatively recent phenomenon. First, within the northeastern 
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Ozarks, there is no correlation between geographical distance 
with either pairwise FsT values or their variances ( 15). This is the 
pattern one expects when a relatively genetically homogeneous 
ancestral population is suddenly fragmented into many small 
isolated units ( 15). The validity of this explanation can be tested 
directly by altering the fire regime once again. A Biodiversity 
Task Force assembled by the MDOC and the U.S. Forest Service 
made several management recommendations, including the use 
of managed forest fires on a landscape level ( 13). An initial fire 
management area was designated on Stegall Mountain (Fig. 3), 
although the first burn, in Apri1 1 994, was primarily confined to 
the northwestern portion of the designated burn area (Fig. 3). A 
subsequent bum in 1 996 included the entire initial fire manage
ment area. In 1997, a second segment to the south of the 
1994/1996 management area was burned (Fig. 3). As of 1 999, all 
of the area shown in Fig. 3 and even beyond has been included 
in the fire management program, for a total of about 5,000 acres. 
After 1 997, the situation with the lizards has become more 
complex and will require genetic testing in addition to mark/ 
recapture data to sort out the dispersal among glades. These 
surveys are in progress, so for now we will confine our analysis 
to the initial response to the new forest fire management policy 
up to and including 1997. 

These bums had a dramatic effect biologically. Three transects 
through the burned area set up and monitored by the MDOC 
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Fig. 4. Summary of three vegetation transects taken in 1 993 (before the 
burn) and i n  1 994 (after the burn) in the fire management area on Stegal l  
Mountain by the MDOC. The transects are subdivided into three major habitat 
types: (A) glades and the transitional areas between the glades and the dry 
forest; (B) dry forest; and (C) mesic forest. 

revealed a marked change in woody vegetation (Fig. 4, on the 
basis of data kindly provided by T. Nigh and K. Kramer of the 
MDOC). The fire helped keep the glades clear of encroaching 
trees and saplings (Fig. 4 Top) and greatly altered the structure 
of the intervening forest. There was little impact on the canopy 
trees, but the understory was significantly thinned of saplings 
(Fig. 4 B and C) and became more open and dominated by 
grasses and herbaceous plants rather than woody species. The 
burns also had a dramatic effect on the population structure of 
the collared lizards. 

The 1994 and 1996 burn areas include two glades on which 
collared lizards were translocated in 1984 and 1987 (SM-7 and 
SM-8, Fig. 3). A third glade, SM-9, was the site of a collared 
lizard release in 1989 but was outside the areas burned by 1997 
(Fig. 3). Before 1994, a total of 63 lizards were marked on these 
3 glades, and 9 were recaptured, all on the glade of original 
capture. Between 1 994 and 1997, an additional 65 animals were 
marked in the burn area and 39 outside the burn area. Of 18  
recaptures in the burn area, 9 represent dispersal events. Of  34 
recaptures in the nonburned area, all 34 were on glade SM-9, the 
glade of initial capture. These data can be used to test the null 
hypothesis that burning does not affect dispersal, both tempo
rally (before and after April 1994 in the burn area, Table 1) and 
spatially (after April 1 994 in the burned versus unburned areas, 

Templeton et a/. 

Table 1. Recapture data on marked collared lizards in the areas 
burned between 1 994 and 1997 on Stegall Mountain before 
(1 g84-1993) and after the burns (1 994-1997) 

Time period 

1 984-1 993 

1 994-1 994 

Recaptured in glade 

other than glade of 

original capture 

0 
9 

Recaptured in g lade of 

orig inal capture 

9 

9 

A two-tailed Fisher's Exact Test is used to test the nu l l  hypothesis of no 
temporal effects. Two-tailed Fisher's Exact Test: P = 0.01 2. 

Table 2). Table 1 reveals a highly significant (P = 0.012) change 
in dispersal rates before and after the 1994 burn within the initial 
fire management area. Table 2 reveals a highly significant (P < 
0.001) difference in dispersal in the period 1994-1997 in the 
burned versus unburned portions of Stegall Mountain. Hence, 
interglade dispersal went from being nondetectable to being 
common in the areas that were burned. 

The burns also had a significant impact on colonization rate. 
Before the 1994 burn, no glades had been colonized in the 10 
summers that lizards were present in the area eventually burned. 
Between 1994 and 1997, 13 glades were colonized (Fig. 4), 
indicating a dramatic increase in colonization rate after the 
initiation of burning. Moreover, the colonization within burned 
areas has continued on Stegall Mountain, and 32 glades have 
been colonized between 1994 and 1999 versus no glades colo
nized between 1984 and 1993. For a spatial contrast, one glade 
was colonized in the unburned portion of Stegall between 1994 
and 1997, whereas 12 were colonized in the burn area (Fig. 3). 
The one glade that was colonized in the unburned area actually 
shows the importance of clearing the understory for dispersal in 
this species. As can be seen from Fig. 2, glade SM-9 and the glade 
colonized in 1997 in the unburned area were originally part of a 
single large glade. In anticipation of extending the burn area to 
include this southwestern part of the main ridge of Stegall 
Mountain, during the winter of 1996/1997, MDOC workers cut 
with chain saws much of the woody vegetation that separated 
these two fragments of what was formerly a single glade. 
Although the population on glade SM-9 was very dense, no 
lizards colonized this nearby fragment between 1989 and 1996; 
they did so only after the clearing by chain saws. This 1997 
colonization event indicates that the lizards' dispersal behavior 
is cued not by burning per se but rather by having an open 
understory. Therefore, the ability of collared lizards to disperse 
among and colonize glades depends strongly on the intervening 
forest structure, particularly the understory. These managed 
fires have established a gene flow and colonization regime today 
that is consistent with the inferred ancestral population structure 
before European settlement ( 15). Thus, human activities have 
had and continue to have a dramatic effect on gene flow in these 
lizard populations. 

There have also been dramatic increases in population sizes 
after fire management. The founder population on Stegall 

Table 2. Recapture data on marked collared lizards in the burned 
versus unburned areas between 1 994 and 1 997 on Stegall 
Mountain 

Area 

Unburned 

Burned 

Recaptured in glade 

other than glade of 

original capture 

0 
9 

Recaptured in glade of 

orig inal  capture 

34 

9 

A two-tai led Fisher's Exact Test is used to test the nu l l  hypothesis of no 
spatial effects. Two-tailed Fisher's Exact Test: P < 0.00 1 .  
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Mountain consisted of 28 adult animals (10 on two glades and 
8 on the third). Low recapture rates preclude a meaningful 
estimate of population size before the burns, but no obvious 
large increase in population size occurred at either of the glades 
in the area burned in 1994 and 1996, whereas the 1989 release 
population appeared to have achieved the greatest local popu
lation size, with 14 animals caught in 1993 on glade SM-9 in 
contrast to 4 apiece on glades SM-7 and SM-8 in 1993. In 1999, 
233 individual animals were captured on Stegall Mountain, 
consisting of 107 adults and 126 hatchlings. This number of 
captures indicates at least a nearly 10-fold increase in population 
size from the original release population of 28 individuals, and 
the high percentage of hatchlings indicates a rapidly expanding 
population. Most of this increase in population size is attribut
able to the postburn colonization of 32 new glades. Moreover, 
the fires are increasing both the area and the quality of existing 
glades (Fig. 4 Top) and are allowing the colonization of small 
glades. For example, two of the glades colonized in 1996 1ie well 
below the size range of 42 glades with natural populations of 
collared lizards in the northeastern Ozarks that we have sur
veyed since 1981. It is doubtful whether these small glades could 
maintain a viable population of collared lizards in isolation, but 
they are sufficiently large to provide good foraging territories for 
about two to five lizards. Now that lizards can disperse and are 
dispersing among glades, these small habitat islands are available 
for exploitation and help augment the total lizard population 
size. Interestingly, one of these smaller glades subsequently 
became unoccupied again, only to be recolonized later. Hence, 
metapopulation dynamics, defined by local extinctions and re
colonizations, has now become established after the burns. Thus, 
the restoration of forest fires in this area has dramatically altered 
the balance between drift and gene flow in a manner that should 
maintain much higher levels of genetic diversity at the local glade 
population level and at the total Stegall Mountain population 
level (because of less overall genetic drift caused by dramatic 
increase in the total population size). Although the lizards still 
live in fragmented glade habitats, the extreme fragmentation 
induced by fire suppression has been replaced by frequent and 
effective gene flow among glade populations. 

Disrupting the Evolutionary Potential for Adaptation 

The balance between drift and gene flow and its impact on 
genetic variation in the local population's gene pool is important 
for three reasons: (i) the possibility that genetic uniformity 
makes populations more likely to experience high infection rates 
and rapid spreads of pathogens; (ii) the possibility that loss of 
local genetic diversity will reduce a population's ability to 
respond to environmental change through the process of adap
tation; and (iii) the possibility that local adaptations will be 
unable to spread throughout the species from their local popu
lation of origin. Caro and Laurenson ( 18) questioned the im
portance of genetic variation with respect to increased risk to 
short-term extinction. (Note: Caro and Laurenson incorrectly 
state that it is loss of heterozygosity that may reduce a popula
tion's adaptive flexibility, but adaptive flexibility is bestowed by 
having genetic diversity in the gene pool-which may or not be 
in the form of heterozygosity at the diploid level.) Concerning 
point i, Caro and Laurenson (18) argue that the cases of 
increased epidemiological impact of pathogens in natural pop
ulations that are low in genetic variation are not definite proofs 
of the importance of genetic variation, although they are con
sistent with this conclusion (19, 20). However, the agricultural 
literature clearly shows the dangers of genetic monocultures with 
respect to pathogen epidemiology (21, 22). Given the consis
tency of the natural examples with agricultural work, it would be 
unwise to dismiss this role of genetic variation in mediating the 
intensity and ecological consequences of host/pathogen inter
actions. Greater epidemiological impact of pathogens can make 
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it more likely that small local populations will go extinct-the 
ultimate disruption in evolutionary potential. 

The lack of genetic diversity in local populations can disrupt 
adaptive evolution long before extinction. The need for genetic 
diversity as a prerequisite for adaptive evolution is well estab
lished theoretically and experimentally (e.g., ref. 23). There are 
also abundant natural examples of organisms using their genetic 
diversity to adapt to environmental, including human-induced, 
change (21). The importance of genetic diversity as a necessary 
component of adaptive evolution cannot be doubted, but adap
tive flexibility is realized only over evolutionary time. Hence, the 
criterion of short-term extinction risk ( 18) is inherently an 
inappropriate criterion for assessing the importance of genetic 
diversity on adaptive flexibility. Moreover, the adaptive flexi
bility associated with high genetic diversity is typically interwo
ven with ecological conditions that also diminish extinction risk. 
For example, the collared lizards on Stegall Mountain now have 
the capacity to maintain high levels of genetic diversity available 
for local adaptation because of the larger population sizes and 
large amounts of gene flow that unite many glades into a single 
effective breeding population. The increased gene flow is caused 
by the lizards' ability to disperse through recently burned forests, 
which, as we have already noted, also allows colonization of 
unoccupied glades (another buffer against local extinction), 
including glades too small to support an isolated viable popu
lation (allowing increases in total population size, another 
powerful buffer against extinction). In general, the factors that 
promote increased genetic diversity for local populations also 
provide an ecological buffer against local extinction. 

One area of potential confusion about the need for gene flow 
in facilitating local adaptive flexibility is Wright's shifting bal
ance theory (24). Wright argued that restricted gene flow 
resulting in population subdivision creates the optimal condi
tions for adaptive breakthroughs. However, it would be a mistake 
to interpret the shifting balance theory as implying that human
induced fragmentation facilitates adaptation. Wright's shifting 
balance process requires gene flow to be restricted but not 
eliminated. With complete isolation of small local populations, 
the shifting balance process grinds to a halt for lack of variation 
within local populations. Moreover, recent theoretical and ex
perimental work indicates that the shifting balance process works 
at higher levels of gene flow than Wright had first envisioned 
(25-29) ,  and that it works with metapopulation structures with 
local extinction coupled with recolonization (30-32), as is now 
occurring with the collared lizards on Stegall Mountain. Thus, 
when gene flow is reduced to extremely low levels, as had 
occurred in the lizards during the period of forest fire suppres
sion, even shifting balance ceases to contribute to adaptive 
change. Complete or nearly complete fragmentation therefore 
disrupts the process of local adaptation even under shifting 
balance. 

Wright's shifting balance theory also emphasizes another 
important role for gene flow: the spread of an adaptive trait from 
its local population of origin to the remainder of the species (26, 
27, 29, 33-35). This spread is called phase III of shifting balance 
and illustrates the importance of gene flow not only in local 
adaptation but also in global adaptation. As habitat fragmen
tation increases and severs gene flow, the spread of adaptive 
traits throughout a species becomes increasingly difficult, 
thereby disrupting global adaptation at the same time that local 
adaptive flexibility is diminished. 

Disrupting the Evolutionary Potential for Speciation 

It can be argued that although fragmentation disrupts adapta
tion, it may partially compensate in promoting biodiversity by 
facilitating the evolutionary process of speciation (ref. 1 ,  p. 75). 
This idea is based on the idea of founder-induced speciation 
(36-40). Of these models, the theory of genetic transilience is 
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not just a theory of how founder events can induce speciation but 
rather primarily of why the vast majority of founder events do not 
induce speciation ( 40). Very restrictive conditions must hold 
before a founder event is likely to trigger speciation ( 40), 
conditions of: innate properties (e.g., genomic recombination 
size, system of mating), historical properties (e.g., the nature of 
the ancestral population structure, founder numbers, the manner 
in which the founders were sampled), and ecological factors (the 
requirement for a rapid increase in population size shortly after 
the founder event). Recently there have been empirical tests of 
genetic transilience ( 41, 42), and the results have supported the 
predictions of genetic transilience theory, in its predictions both 
in factors favoring founder-induced speciation and those pre
venting such speciation ( 43, 44). 

When conditions are favorable for genetic transilience, they 
can lead not only to explosive speciation rates but also to major 
adaptive breakthroughs and innovations and to the evolution of 
higher taxa. For example, the Hawaiian Drosophila have the right 
combination of innate and historical properties in an appropriate 
ecological context for genetic transilience (38). The Hawaiian 
Drosophila not only represent the most speciose group of Dro
sophila; they also display an extraordinary range of morpholog
ical, developmental, and ecological diversity for the genus as a 
whole and have led to the creation of new genera ( 45). The 
ecological context in this case consisted of the regular creation 
of new volcanic islands to serve as sites of colonization from the 
older islands. This ecological context creates a situation in which 
rare interisland founder events to newer islands should lead to 
explosive population growth after the founder event because of 
open ecological niches. Such rapid population growth shortly 
after the founder event is a critical and essential element to 
speciation via genetic transilience ( 40). 

The requirement of rapid population growth immediately after 
the founder event means that founder events are likely to induce 
speciation only in environmental contexts of open or expanding 
ecological opportunities. However, the founder events induced by 
human fragmentation are often characterized by diminished, not 
enhanced, ecological opportunity. Consequently, we expect most 
human-induced fragmentation events to reduce genetic diversity 
and increase local extinction with no compensating facilitation of 
speciation. We know of no compelling examples, in either nature or 
the laboratory, of speciation via founder events without the flush 
phase of rapid population growth after the founder event. 

Studies of the eastern collared lizard illustrate a fate of rapid 
local extinction after founder events induced by fragmentation. 
As noted above in our work on Stegall Mountain, under a fire 
regime, collared lizards successfully exploit small glade habitats 
as feeding and breeding territories. Once isolated (as they were 
when fires were suppressed), these small glade populations must 
inevitably go extinct. Since 1981, we have surveyed 130 glades in 
the northeastern Ozarks that had open areas that were as large 
as or larger than other nearby glades that had a population of 
collared lizards. Of these larger glades, collared lizard popula
tions were still on 42 of them, indicating that 68% of these glades 
have experienced local extinction with no subsequent recoloni
zation under the extreme fragmentation induced by fire sup
pression. This calculation assumes that all 130 glades had 
collared lizards before fire suppression occurred. In light of the 
fact that all these glades are close to a currently inhabited glade, 
this seems to be a reasonable assumption, given the results 
obtained at the Peck Ranch that lizards readily disperse to 
nearby glades when frequent fires occur. Indeed, we feel that this 
percentage is undoubtedly an underestimate of local extinction 
on larger glades, because we primarily surveyed areas with prior 
reports that collared lizards were present. 

This local extinction process was directly observed for one glade, 
Victoria Glade. Because of its proximity to St. Louis, this glade has 
been included in a large number of scientific studies and is a 
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common destination of field trips sponsored by Washington Uni
versity and other local universities. As a consequence, there is 
excellent documentation of the plants and animals on this glade 
since the early 1950s. In the 1950s, this glade had a healthy 
population of collared lizards, but because of a lack of fire, eastern 
red cedars began to encroach on the glade, thereby destroying the 
open microhabitat essential for collared lizards. By 1962, the lizards 
had become extinct (0. Sexton, personal communication) .  In the 
1980s, this glade was purchased in part by the MDOC and in part 
by The Nature Conservancy, both agencies initiating a management 
regime of clearing and burning (only the glade proper was initially 
burned and not the surrounding oak-hickory forest). By 1990, the 
glade had been returned to excellent condition (as judged by the 
plant community), but no collared lizards had recolonized the glade 
despite the existence of nearby natural populations on private 
property. Hence, fragmentation of the collared lizards in the 
eastern Ozarks has resulted in much local extinction without 
compensatory recolonization events. (This glade was subsequently 
recolonized by collared lizards, but only after fire management 
included the surrounding forest.) This situation resulted in an 
"extinction ratchet" (16, 46), in which each local extinction brings 
the total population closer and closer to global extinction. An 
extinction ratchet, not speciation, is the primary impact of human
induced fragmentation. 

How to Prevent the Disruption of Evolutionary Processes 

Under extreme fragmentation, adaptive potential is lost as the 
genetic diversity within local populations is eroded by genetic 
drift and lack of gene flow. The lack of gene flow also prevents 
the spread of adaptive genetic complexes. Speciation is unlikely 
in these fragmented isolates; rather, an extinction ratchet is 
created by the fragmentation. The rate at which this extinction 
ratchet operates is primarily a function of local, not global, 
population size. Similarly, the rate of erosion of genetic diversity 
within the isolates also depends on their local effective sizes. The 
dominance of local factors makes the erosion of genetic diversity 
and the extinction ratchet virtually unmanageable, as separate 
management efforts would be needed for each isolate. The only 
practical manner of dealing with the erosion of genetic diversity 
and the extinction ratchet is to reestablish landscape-level pop
ulation dynamics. That is, we need to end the isolation, both 
genetic and ecological, of fragmented local populations. 

This can be done. The Biodiversity Task Force for the State 
of Missouri (13) recommended that the goal of conservation 
policy should not be to preserve a list of species or communities 
that were present at some reference time; rather, we should be 
preserving the processes that underlie a dynamic biodiversity at 
all levels. The experiences at Stegall Mountain demonstrate that 
a reversal of fragmentation is possible when management focus 
shifts from lists of items to be preserved to fundamental evolu
tionary and ecological processes, and from local isolates to the 
landscape in which the isolates are imbedded. This landscape 
focus does not mean that all efforts focused on local isolates or 
specific species and communities must cease; these efforts often 
continue to be needed. Rather, if we truly want to avoid 
disrupting the evolutionary process and want to ensure healthy 
biodiversity at all levels, from the genetic up, we must add 
landscape-level process-oriented considerations to our conser
vation efforts. 
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Human-caused environmental changes are creating regional com
binations of environmental conditions that, within the next 50 to 
1 00 years, may fall outside the envelope within which many of the 
terrestrial plants of a region evolved. These environmental mod
ifications might become a greater cause of global species extinc
tion than direct habitat destruction. The environmental constraints 
undergoing human modification include levels of soil nitrogen, 
phosphorus, calcium and pH, atmospheric C02, herbivore, patho
gen, and predator densities, disturbance regimes, and climate. 
Extinction would occur because the physiologies, morphologies, 
and life histories of plants limit each species to being a superior 
competitor for a particular combination of environmental con
straints. Changes in these constraints would favor a few species 
that would competitively displace many other species from a 
region. In the long-term, the "weedy" taxa that became the 
dominants of the novel conditions imposed by global change 
should become the progenitors of a series of new species that are 
progressively less weedy and better adapted to the new condi
tions. The relative importance of evolutionary versus community 
ecology responses to global environmental change would depend 
on the extent of regional and local recruitment limitation, and on 
whether the suite of human-imposed constraints were novel just 
regionally or on continental or global scales. 

The earth is undergoing rapid environmental changes because 
of human actions ( 1-6). Humans have greatly impacted the 

rates of supply of the major nutrients that constrain the produc
tivity, composition, and diversity of terrestrial ecosystems. Spe
cifically, the natural rates of nitrogen addition and phosphorus 
liberation to terrestrial ecosystems (1 ,  7, 8) have been doubled, 
and atmospheric C02 concentrations have been increased to 
about 40% above preindustrial levels (9). Soil calcium levels are 
declining in some ecosystems because of increased rates of 
leaching caused by acidic deposition ( 10). Humans have relaxed 
biogeographic barriers to dispersal by accidentally or deliber
ately moving exotic species to new biogeographic realms (e.g., 
ref. 1 1) .  Through both active fire suppression and increased use 
of fire as a land clearing or management tool, huma.ns have 
regionally changed fire frequency (12, 13), which is a major force 
structuring communities and ecosystems ( 14). Humans now 
appropriate more than a third of all terrestrial primary produc
tion ( 15), and, in doing so, have simplified or destroyed large 
portions of some types of ecosystems, leaving behind fragments 
that often lack herbivores or predators that provided important 
top-down constraints. Moreover, many human environmental 
impacts are projected to be two to three times stronger within 50 
years ( 16). In total, humans may be imposing combinations of 
constraints that already do, or may soon, fall outside the ranges 
within which many species evolved. 

Here we explore how and whether such changes could result 
in the loss of local diversity and accelerated extinction (3), and 
thus potentially decrease ecosystem functioning (e.g., refs. 17-
19). The effects of environmental change on species composi
tion, diversity, and ecosystem functioning are poorly understood. 
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As a tool to explore this issue, we use theories that potentially 
can explain multispecies coexistence (20-29). These models are 
based on the interplay of environmental constraints and the 
trade-offs organisms face in dealing with these constraints. They 
can predict both the persistence of a large number of species 
(24-29) and the conditions that could lead to extinctions. 
Although mechanisms differ, all solutions to Hutchinson's (20) 
paradox of diversity have a similar structure (26, 28, 29). All 
mechanisms assume that two or more factors constrain fitness, 
and that intraspecific and interspecific trade-offs constrain each 
individual or species to having optimal performance at a par
ticular value of these constraints. These processes provide a basis 
for interpreting the impacts of global human ecosystem domi
nation on community composition, extinction, and speciation. 

The physiology, morphology, and life history of a plant 
necessarily constrains it to survival in only a range of environ
mental conditions. In the classical literature, these conditions 
were called its fundamental niche. Each species is, at best, a 
superior competitor for a narrower range of conditions, classi
cally called its realized niche (30-32). The attributes of sites and 
regions thus limit the types of species that can occur in them. 
These classical concepts of fundamental and realized niches 
underlie recent mechanistic approaches to competition, coex
istence, and community structure (24, 25, 28, 33-36) and are a 
useful way to summarize natural history (e.g., refs. 37-39). 
Moreover, they suggest that human-caused environmental 
changes could create "vacant niches" ( 40)-i.e., evolutionarily 
novel suites of environmental conditions for which no species 
in a region are well adapted. In this paper, we use recent 
mechanistic theory to explore the potential impacts of human
driven environmental change on the composition and diver
sity of terrestrial plant communities, and on their patterns of 
speciation. 

Environmental Constraints in Plant Communities 

What are the major enviromriental variables that limit the 
abundance of terrestrial and aquatic plants, and which of these 
variables are being impacted significantly by human actions? In 
essence, plants may be limited by nutrients and other resources, 
by pathogens and herbivores, by disturbances, by dispersal 
abilities, and by the physical environment, including its climate. 
These constraints are elaborated below. 

Resource Limitation. Plants require N, P, K, Ca, Mg, S, trace 
metals, C02, water, light, and other resources. Depending on the 
habitat ahd species, any one or several of these may be limiting. 
The most commonly limiting resources of terrestrial habitats are 
N, P, and water (24, 41-44). N limitation is common because the 
parent materials in which soils form contain almost no N. 
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Rather, the chemically stable form of nitrogen is atmospheric N2, 
which is usable only by N-fixing plants via microbial symbionts. 
Non-N-fixing plants obtain N as nitrate, ammonium, or organic 
N. Some soils are either initially low in other mineral elements, 
especially phosphorus and calcium, or become low in these after 
millennia of leaching. The Park Grass plots of Rothamsted, 
England have joint limitation by N, P, K, and early spring rainfall 
(43, 44). The greatest changes in plant community biomass, 
composition, and diversity came from N addition in the grass
lands of both Rothamsted and Cedar Creek, Minnesota (45-47). 
Water is a limiting factor in many terrestrial habitats, as can be 
the atmospheric concentration of C02. Light may also be 
limiting, especially on productive soils in areas with low distur
bance and low grazing rates. 

Recruitment Limitation. All sessile plants have the potential to 
have their abundance limited by dispersal (25, 48-51). This 
occurs because dispersal is a neighborhood process, and because 
interspecific interactions also occur locally. Such "contact" 
processes can cause plants to have spatially patchy distributions 
(52), and thus to be missing from suitable habitat because of 
recruitment limitation. A one-time addition of seed of plant 
species that occurred in a savanna, but were absent from the local 
sites, led to an 83% increase in local plant species diversity and 
to a 31% increase in total community plant abundance (53). 
Because the added species occurred nearby, but were absent 
locally, their ability to germinate, grow, survive, and reproduce 
after a one-time seed addition showed that their abundance was 
limited by recruitment. Long-term observations in a Panama
nian rainforest (51 )  also demonstrated strong recruitment lim
itation, as have seed addition experiments in other habitats (54, 
55). Other evidence of dispersal limitation and of the rate of 
movement of plant species comes from studies of secondary 
succession. For instance, 10 to 15 years are required for Schiza
chyrium scoparium, a prairie plant that is a strong nitrogen 
competitor, to disperse from margins into abandoned fields, and 
another 30 years are required for it to attain peak abundance 
( 46). This 40-year time delay between creation of a site and 
dominance is reduced to 3 years simply by adding seed of little 
bluestem. Cornell and Lawton (56) found that local diversity was 
limited Jess by local interspecific interactions than by recruitment 
from regional pools. Davis (57, 58) followed the dynamics of 
North American forests after glacial recession, and observed 
time Jags of thousands of years between a region having the 
appropriate climate for a tree species and the arrival of that 
species. Such time Jags could greatly influence responses of plant 
communities to human-caused environmental changes (58). 
Habitat fragmentation would lengthen such time delays. 

Predators and Pathogens. Plant abundance in both terrestrial and 
aquatic ecosystems is also limited by the densities and species 
identities of pathogens and herbivores, which in turn can be 
limited both by their predators and by dispersal. Thus, top
down forces can greatly constrain both terrestrial and aquatic 
ecosystems. 

Disturbance. Physical disturbances also limit terrestrial plant 
communities and sessile (benthic) freshwater and marine plant 
communities. For many terrestrial ecosystems, fire frequency 
has been a major constraint, as have been such physical distur
bances as wind storms, landslides, mudslides, avalanches, clear
ings caused by gophers or other fossorial animals, disturbances 
caused by hooves, wallows, etc. 

Temperature/Climate. The growth rates of terrestrial and aquatic 
plants are temperature-dependent, with species (and genotypes) 
having optimal growth and competitive ability at particular 
temperatures, and thus in particular climates. This is likely the 
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greatest cause of the geographic separation of species along 
continental climatic gradients, such as north-south gradients 
and elevational gradients. In addition, the geographic ranges and 
abundance of many terrestrial plants are limited by temperature 
extremes, especially by tissue damage associated with freezing or 
subfreezing temperatures. In addition, within a region, differ
ences in temperature-dependent growth could cause different 
plant species to be specialized on different portions of the 
growing season. 

Temporal Variation. Plants respond not just to the mean levels of 
limiting factors, but also to the extent and patterning of their 
temporal variation. Some species may be limited or inhibited by 
such temporal variation, whereas other species may have traits 
that allow them to exploit such temporal variation (21, 22). This 
means that temporal variation, itself, can function as an addi
tional limiting factor. 

In total, there are a large number of factors and processes 
that constrain abundance of plants in both terrestrial and 
aquatic habitats. All of these limiting factors have been 
implicated as potential determinants of the species composi
tion and diversity of various plant communities. Various 
combinations of two or, at times, three of these limiting factors 
have been formally incorporated into theories that are poten
tially capable of explaining the diversity and composition of 
terrestrial and aquatic plant communities. Changes in any of 
these constraints could thus change the abundance of species 
and genotypes in a habitat. 

Anthropogenic Global Change and Plant Constraints 
Many of these constraints are undergoing large, rapid changes 
because of human actions. Recent human activities have more 
than doubled the preindustrial rate of supply of N to terrestrial 
ecosystems (7). Nitrogen had a preindustrial terrestrial cycle that 
involved the annual fixation of about 90 to 140 Tg (teragrams) 
of N/yr (1 ,  7), with an additional 10 Tg of N/yr provided by 
atmospheric N fixation via lightening. Industrial N fixation for 
fertilizer currently totals about 88 Tg/yr. About 20 Tg/yr of N 
is fixed during the combustion of fossil fuels, and about 40 Tg/yr 
of N is fixed by legume crops. In addition, land clearing, biomass 
burning, and other human activities mobilize and release about 
an additional 70 Tg of N/yr. The projected expansion of global 
population to about 9 billion people by year 2050 and shifts to 
diets higher in animal protein suggest that, by 2050, global food 
production will be double its current rate (19) .  If so, anthropo
genic terrestrial N inputs in 2050 would be about three to four 
times the preindustrial rate ( 16, 19).  Much of this N would enter 
rivers and be carried to near-shore marine ecosystems. N would 
also be deposited atmospherically on nonagricultural terrestrial 
ecosystems 

Nitrate is readily leached from soil, carrying with it positively 
charged ions such as Ca. Atmospheric N deposition may be 
depleting Ca and other cations in hardwood forests of the eastern 
United States ( 10). This depletion of base cations could cause 
elements that had not been limiting in a region to become 
limiting. Plant species often have distributions constrained by 
soil pH and Ca. 

Phosphorus is a commonly applied agricultural fertilizer, and 
current P application is a doubling of the natural global rate for 
terrestrial ecosystems (8). Projections to year 2050 are that 
agricultural P fertilization will more than double. Much of this 
P may enter aquatic ecosystems, which can be P-limited. 

The accumulation of such greenhouse gases as C02 and 
methane may lead to global climate change, with the greatest 
changes, especially warmer winter temperatures, forecast for 
temperate and polar ecosystems (e.g., ref. 2). Because climate 
change and its potential impacts on terrestrial ecosystems are 
widely studied, we will not review them here. Rather, we merely 
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note that rainfall patterns, the frequency and severity of 
droughts, and other aspects of climatic mean and variance, which 
all constrain plant communities, are also forecast to change. In 
addition, C02 is a plant nutrient, and elevated levels of C02 
represent atmospheric eutrophication with a limiting plant 
resource. 

Fire frequency is a major variable controlling the species 
composition and diversity of forests and grasslands (e.g., ref. 14 ) .  
In the United States, active fire suppression, habitat fragmen
tation, and other human activities have decreased by 10-fold the 
area burned each year, from about 22 X 106 ha/yr in 1930 to 
about 1.5 X 106 ha/yr since about 1960 (13). In contrast, fire 
frequency is greatly increasing in other habitats, especially 
tropical habitats, where fire is used as a land-clearing or land
management tool (59). 

Modern transportation and commerce have immensely in
creased both accidental and deliberate introductions of species 
to novel biogeographic realms (11) .  About one quarter of the 
vascular plant species of California, for instance, are exotics. 
Exotic species are the second largest cause of native species of 
the United States being listed as endangered (60). Exotic species 
can impact the abundance of native species in a large number of 
ways, including via competitive suppression, via changes in 
disease incidence or some other trophic interaction, via inducing 
changes in the physical habitats, such as in fire frequency, and 
changes in nutrient cycles (61, 62). For instance, the invasion of 
the N-fixing Myrica Java into the Hawaiian Islands greatly 
increased local N fixation and thence soil N fertility. This 
increased soil fertility allowed other exotic species to increase in 
abundance once they were freed from N competition with native 
plants that where efficient N users (63). 

Human actions have also fragmented habitats via conversion 
of native ecosystems to agricultural lands, urban or suburban 
lands, roads, power line rights-of-way, etc. Fragmentation is 
likely to escalate as population and per capita incomes increase 
globally. Habitat destruction can cause immediate extinction of 
those species that lived only in areas destroyed, and delayed 
extinction of poorly dispersing, perhaps competitively superior, 
species of extant ecosystems (64). 

Finally, humans have decreased the geographic ranges and 
abundance of top predators, especially large carnivores. De
creased abundance of predators have had impacts in both 
aquatic and terrestrial habitats that have cascaded down the 
food chain (e.g., refs. 65 and 66), increasing abundance of some 
herbivores, decreasing abundance of their preferred plant 
species, and freeing herbivore-resistant species from compet
itive pressure. 

In total, human actions are modifying many environmental 
constraints that, in combination with intraspecific and interspe
cific trade-off, led to the evolution of extant plant species and 
thus influenced the composition, diversity, and functioning of 
terrestrial and aquatic plant communities. If current trends 
continue, within 50 to 100 years the suites of factors constraining 
the structure of many plant communities may fall outside the 
envelope of values that existed both before the industrial revo
lution and when many of the plant species evolved. 

Ecological Responses to Environmental Change 

How would such changes in environmental constraints impact 
plant communities? Although there would be a continuum of 
responses, it is instructive to consider two ends of this spectrum: 
the more immediate, or "ecological" responses, and the more 
long-term, or "evolutionary" responses, especially patterns of 
speciation. Clearly, both ecological and evolutionary responses 
happen simultaneously. We separate them because the evolu
tionary response in which we are most interested is speciation, 
which is much slower than changes in species abundance. Eco
logical responses would depend on the constraints and trade-offs 
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that had structured a given community and on how these had 
changed. Let us consider a case in which the composition and 
diversity of a plant community are determined by competition 
for nitrogen and light (e.g., ref. 28) and by dispersal limitation 
(25, 49), and explore the impacts of elevated N deposition. The 
qualitative changes that would occur in this plant community in 
response to elevated N deposition are the same as those that 
would occur in response to changes in any other environmental 
constraint. 

Concepts and Theory. Assuming similar underlying physiologies, 
each plant species can be represented by the proportion of its 
biomass that is in either roots (for uptake of nitrogen), stem 
(which determines plant height and thus light capture), seed 
(which determines dispersal ability), or leaves (light capture 
via photosynthesis). For a given spatially homogeneous habi
tat-a site with a uniform soil of a given fertility (measured by 
the annual in-site mineralization rate of nitrogen)-and for a 
given physiology, there would be one pattern of biomass in 
root, stem, seed, and leaf that led to maximal competitive 
ability (28). On a low N soil, such as nutrient-maintained 
(rather than grazing-maintained) grasslands, the best compet
itor would have high root biomass, enough leaf biomass to 
provide photosynthate to meet the needs of roots, little 
biomass in stem (because light is not limiting), and little 
biomass in seed or rhizome. It would, in essence, be a short 
species that is an excellent N competitor but a poor disperser, 
perhaps much like the bunchgrass S. scoparium (little 
bluestem) of prairie grasslands on sandy soils in the United 
States, which are ecosystems that have historically experienced 
frequent burns. Plants with long-lived tissues, such as eracoids, 
might fill this role in less frequently burned habitats, because 
greater tissue longevity decreases plant N requirements (67). 

Even if soils were spatially homogeneous, theory predicts that 
many other plant species could coexist with the best N compet
itor if they had appropriate trade-off between their competitive 
ability for N and their dispersal ability (23, 25, 27). Although 
there is an analytical limit to similarity for this mechanism of 
coexistence (25), there is no simple limit to the number of species 
that can stably coexist via this metacommunity process. This is 
the predominant mechanism of coexistence illustrated in Fig. 
lA. It allows numerous species, each represented by a dot, to 
coexist with the major axis of differentiation being between root 
biomass (i.e., competitive ability for soil N) and seed biomass 
(i.e., dispersal ability). This defines the region of trait space in 
which species can coexist (28), which has a highly elongated 
shape (closed curve in Fig. lA). This region of multispecies 
coexistence spans species with seed biomass from a few percent 
(the best competitor for N, which is more than 60% root) to more 
than 40% (the poorest competitor, but the best disperser). The 
region of coexistence includes species with different stem 
biomasses because of assumed spatial heterogeneity in the N 
content of soils. On more N rich soils, species with greater stem 
biomass are favored over those with more root biomass, because 
greater stem biomass allows better access to light. This, though, 
is a minor axis of coexistence compared with the seed-root 
trade-off for low N habitats. 

A comparable pattern occurs for habitats with soils that have 
high N content (Fig. 1B). The elongated region of coexistence 
shown again represents coexistence mainly via a competition
colonization trade-off, but in this case the trade-off is between 
stem allocation (for light capture during competition for light) 
and seed allocation (dispersal ability that depends on the number 
and size of seed). Soils of intermediate fertility would favor 
species intermediate between the extremes shown in Fig. 1 A 
and B. 

About a third of the globe has sandy soils with low N content. 
What would happen if a region with such soils were to receive 
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Fig. 1. (A) Plant species can be represented by the proportion of biomass in 
leaves, roots, stems, and seeds (28). In low nutrient habitats, superior com
petitors have high biomass in root, low biomass in stem and seed, and 
moderate biomass in leaves. Such superior competitors stably coexist with 
species that are progressively poorer competitors, but better dispersers (25). 
(B) In a fertile habitat, plant height and thus stem biomass is a determinant of 
competitive abil ity for l ight. (C) A n utrient-poor region, experiencing high 
rates of nutrient deposition. The region of coexistence includes only a few of 
the species originally present in the nutrient-poor region. These species would 
be competitively dominant and displace all ofthe other species, but be subject 
to invasion by species in the vacant region enclosed by the solid curve. Because 
Percent Root + Percent Stem + Percent Seed + Percent Leaf = 1 00%, Percent 
Leaf is about 30% for all cases shown. 
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projected increased rates of atmospheric N deposition? If all 
possible species were present throughout the region (i.e., if the 
whole triangular trait space of Fig. 1 were reasonably well 
covered with species), there would be a transition, as N accu
mulated, from a suite of species like those of Fig. lA to a suite 
like that of Fig. lB. However, given that the region receiving 
elevated N inputs started with low-N soil, the species of Fig. lB, 
which occur on N-rich soils, would not be present. Rather, the 
responses observed would come from those species that hap
pened to be present in the region-those shown in Fig. lA. 

The long-term response of this !ow-N habitat to greatly 
elevated N deposition should be dominance by superior light 
competitors, which have greater stem biomass. However, only 
two of the original species of the originally low N region would 
fall within the new trait space favored by N addition (Fig. lC). 
These are both weedy species-i.e., species with high seed 
biomass compared with those that would be expected to be the 
competitive dominants of the elevated-N habitat. These species 
are favored initially because, of all of the species present in the 
original low-N habitat, they have relatively high stem biomass. 
Under conditions of elevated N, these two species would be 
expected to increase greatly in abundance where present and to 
rapidly spread to suitable sites because of their high seed 
biomass. Some of the other original species of the low-N 
community might coexist with them, if these additional species 
had the appropriate trade-off between their competitive ability 
for light and their dispersal ability. However, most species would 
be competitively displaced. Thus, a striking feature of Fig. lC is 
that the vast majority of the species of the originally species-rich 
flora of this originally low N region would be competitively 
displaced by the new dominants. Thus, greatly elevated N 
deposition should lead to great local extinction. 

A second striking feature is the extent to which there are 
"vacant niches" caused by environmental change-i.e., there are 
almost no species present in the regional flora that have traits 
that would normally be favored in such habitats. This is shown 
by the large empty area within the solid closed curve of Fig. lC. 
Any species with traits that fell in this empty area should be able 
to invade into the region. In total, because of N deposition, the 
majority of the species that had been the dominants of a region 
when it was a low N habitat would be competitively displaced by 
a few formerly rare species, creating an ecosystem highly sus
ceptible to invasion and species turnover until a community like 
that of Fig. lB had developed. 

Results of Experimental N Additions. Just such changes in plant 
diversity and composition are seen when one or a few such 
factors have been experimentally manipulated for extended 
periods of time. For instance, fertilization of the Park Grass plots 
with 4.8 g·m-2 of N, as ammonium sulfate, led to dominance by 
the grassAgrostis (84% of community biomass compared with an 
average abundance in unfertilized control plots of 12%) and to 
the loss of 14 of the 19  plant species found, on average, in 
unfertilized control plots ( 44, 68). The addition of 14.4 g·m -2 of 
N as ammonium sulfate together with P, K, Mg, and other 
nutrients led to extreme dominance by Holcus lanatus (Yorkshire 
fog, a grass), which had an average abundance of 96% in the two 
replicate high-N plots, compared with an average abundance in 
the three unfertilized and unlimed control plots of 2%. Both of 
the high-N plots contained only two plant species, whereas the 
controls averaged 1 9  plant species. Experimental N addition in 
a set of 207 grassland plots in Minnesota showed similarly strong 
loss of grassland species diversity and similar shifts in species 
composition at high rates of N addition (28, 69). Moreover, 
similar shifts in plant community diversity and composition have 
been reported for ecosystems experiencing high rates of atmo
spheric N deposition because of nearby intensive agriculture (70, 
71) .  For instance, the heathlands of The Netherlands are an 
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Constraint 2 
Human-caused 

3 
Fig. 2. The qualitative mapping of environmental conditions onto the traits 
of competitively superior species. The set of values of Constraints 1, 2, and 3 
for Environmental Condition A, map into species traits on the trade-off 
surface, ind icated by the shaded plane. Human-caused environmental change 
moves environmental conditions from Region A to Region B, causing a cor
responding shift in the traits of the competitively dominant species. 

ecosystem type that had dominated sandy soils for millennia. 
Agricultural intensification in The Netherlands in the 1 960s and 
later was associated with high rates of N fertilization. Much of 
this N was first captured by crops, then entered cattle as feed, and 
later was volatilized as ammonia from their wastes. This led to 
about an order of magnitude increase in the rate of atmospheric 
N deposition, which contributed to the conversion of species-rich 
heathlands first into low-diversity stands of a weedy grass 
(Molinia) and then into shrubby forest (71). 

A Generalization of Constraint Surfaces. These losses of diversity 
and shifts in species composition have, at their core, a con
ceptually simple basis (24, 44). The plant species that coexist 
in the unfertilized control plots do so for a variety of reasons, 
including interspecific trade-off in their ability to compete for 
limiting resources (e.g., ref. 24 ) ,  or trade-off between com
petitive ability versus local dispersal ability (e.g., refs. 23, 25, 
and 27), or a trade-off between competitive ability versus 
resistance to herbivory or disease (e.g., refs. 24 and 72). If plant 
species coexist in the Park Grass plots because of competition 
for soil nutrients and light in a spatially heterogeneous envi
ronment (24), competitive abilities can be summarized by the 
relative shapes and positions of the resource-dependent 
growth isoclines of the species (24) . Addition of N pushes this 
system toward an edge for which all plant species are limited 
by the same resource, light, and a single species is the superior 
competitor (24, 44). Moreover, the resource requirements of 
the Rothamsted species also depend on soil pH (24). The 
average soil pH of the unmanipulated Rothamsted soils was 
5.3, whereas soil pH fell to 4 . 1  in the plot receiving 4.8 g·m-2 
of N, and to 3.7 in the plots receiving 14.4 g·m -2 of N (68). In 
essence, the addition of the major limiting soil resource, N, and 
the associated shift to much more acidic soils, favored the plant 
species that could live in and were superior competitors for the 
novel conditions of high N, high plant biomass, low light 
penetration to the soil, and low soil pH. 

Comparable patterns of dominance by a few formerly rare 
species, of competitive displacement of most existing species by 
these newly dominant species, and of high susceptibility to 
invasion by exotic species would be expected to occur for each 
of the types of human-caused changes in environmental con-
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straints summarized above. In essence, a given habitat has 
various factors that constrain the fitness of the organisms that 
live there, and there is a trade-off surface that defines the 
potential responses (both within and among species) to these 
constraints (Fig. 2). Ecological processes, such as interspecific 
competition, map these environmental conditions onto the 
constraint surface and thus show the region of traits within which 
species must fall to persist in a region that has a given suite of 
environmental conditions (Fig. 2). Changes in any environmen
tal conditions that limit organismal fitness, such as decreased fire 
frequency, increased N deposition, elevated C02, increased 
leaching loss of Ca and P, decreased herbivory, etc., would move 
the region of coexistence, as illustrated in Fig. 2. 

The High Dimensionality of Environmental Change. The greater the 
dimensionality of a habitat is (i.e., the greater its number of 
constraints), the more its diversity and composition would be 
impacted by a given amount of environmental change in each 
variable. As reviewed above, human actions are changing many 
environmental constraints simultaneously, including N, P, Ca, 
COz, pH, fire frequency, trophic structure, and climate. The high 
dimensionality of these changes may lead to much greater 
impacts on plant communities than anticipated from a consid
eration of only one or a few of these factors. 

A simple example illustrates this. Consider a habitat in which 
there are three constraints, factors 1, 2, and 3. The low and high 
values of these factors might map into a cubic trait space for 
competitive coexistence. If the values of factor 1 were shifted up 
by 50%, but nothing else changed, the old trait space and the new 
trait space would share 50% of their volume, indicating that this 
change would eliminate about half of the original species and 
create vacant niches that could be colonized by a comparable 
number of species, should they exist regionally. If both factor 1 
and 2 were increased 50%, the new trait space would overlap 
with only 25% of the old (i.e., 1 /2 x 1 /2 = 1 /4). If each of the 
three factors were shifted by 1/2, new trait space would overlap 
with only 1 /8 of the original. In this case, 7/8 of the original 
species would be driven locally extinct. Comparably, if each of 
three variables were to be shifted by 2/3, the resultant trait space 
would overlap only 1 /27 of its original volume, and 26/27 of the 
original species would be lost, on average. 

A more formal, although still highly abstracted, treatment of 
this matter can be provided by a simple extension of Hutchin
son's (30) abstraction of the niche as a hypervolume. Suppose 
species abundance is limited by multiple environmental factors 
defining orthogonal niche axes and forming a niche space whose 
boundaries are determined by the largest and smallest possible 
values of the environmental factors. Suppose that physiological 
and morphological trade-offs, as well as adaptation to past 
interspecific interactions, imply some optimal point in the niche 
space at which the species performs best, and away from which 
performance drops off. In two dimensions, for example, the axes 
might be soil pH and temperature, and performance might drop 
off as in a bivariate normal surface whose peak is at the optimal 
point (19). In a discrete approximation, the bivariate normal 
surface becomes a circle within which the species can survive, 
outside of which it cannot. In multiple dimensions, the circle 
becomes a hypersphere. 

In this abstract view of the niche, prevailing environmental 
conditions are points in the niche space, and if the species can 
survive in the prevailing environment, those points fall within the 
species' niche hypersphere. Anthropogenic actions that change 
environmental conditions move those points to new locations in 
the niche space. What is the chance that the moved points will 
fall within the hypersphere of the species? 

With random and independent changes, that chance can be 
calculated simply by dividing the volume of the species' niche 
hypersphere by that of the entire niche space. Assuming the 
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species niche is smaller than the entire niche space, then using 
formulae for the volumes of n-dimensional hyperspheres and 
hypercubes, that chance can be shown to be always less than 

2-nTf'/2/(n/2) ! , 

where n is the number of environmental conditions changed, and 
where the factorial is computed via the gamma function when n 
is odd. Under these assumptions, if two environmental condi
tions were changed (n = 2), at most about 80% of the species on 
average would survive, but if eight conditions were changed 
randomly at once, at most about 1 %  of the species on average 
would survive. This multiplicative effect of changes in limiting 
factors means that several small changes can have as great an 
impact as one larger change, and that various combinations of 
small and large environmental changes can, in combination, have 
an immense impact. Thus, the ecological impacts of human
caused environmental change should depend on the dimension
ality of the suite of factors that constrain species abundance, and, 
in a multiplicative manner, on the magnitudes of changes in all 
these factors. 

In the short-term, such shifts in environmental constraints 
would eliminate many species and favor once-rare species. The 
longer-term dynamics of these terrestrial plant communities 
would depend on the dispersal rates of species both within a 
region and from other regions, if any, that formerly had char
acteristics similar to those that occur in the human-impacted 
region. They also would depend on the evolutionary responses 
of the species that remain in these habitats. 

Evolutionary Responses to Global Change 

What might the long-term outcome be of evolution under novel 
environmental conditions? For one possibility, let us consider 
again, but on an evolutionary time scale, the effects on a !ow-N 
terrestrial plant community of a large increase in the regional 
rate of N deposition. This could cause light and dispersal ability 
to become major limiting factors, as illustrated in Fig. 1C. As 
already discussed, the immediate effect of a high rate of N 
deposition would be dominance by a few formerly rare, fast
growing, rapidly dispersing plant species. These species would 
rapidly spread and overtop !ow-N-adapted species and thus 
out-compete them for light. However, a large portion of the 
viable trait space of this community would be empty, as in Fig. 
1C. Assuming that N deposition is occurring on a geographically 
large region, or that habitat fragmentation or other dispersal 
barriers prevent colonization by suitable superior light compet
itors, or that the region has experienced other environmental 
changes (e.g., Ca leaching, soil acidification, invasion by patho
gens) that make it inhospitable for otherwise suitable superior 
light competitors, its longer-term dynamics would be driven as 
much, or more, by internal evolutionary processes than by 
colonization. 

The evolutionary dynamics of such systems have been ex
plored for situations in which it is assumed that there is a strict 
trade-off between competitive ability and dispersal ability (36, 
73, 74). Let us ask what might happen to a weedy plant species 
that was the initial dominant of a formerly N-poor habitat that 
experienced elevated N deposition, as shown in Fig. 1C. Nu
merical solutions to a partial differential equation model (36) 
show that, within the initially dominant weedy species (species 1 
of Fig. 3A), those individuals that are better light competitors 
have greater fitness than those that are better dispersers. This 
causes the weedy species to evolve into a progressively better 
light competitor (acquiring such traits as a larger proportion of 
biomass in stem, greater height, and larger seed), but to produce 
fewer seeds and/ or allocate less to vegetative spread. Thus, 
species 1 evolves to the right in Fig. 3A. As species 1 evolves into 
a better local competitor (and thus a poorer disperser), it 
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Fig. 3. Numerical solutions of evolutionary change in a weedy species 
growing in a spatially implicit habitat in which fitness is limited both by 
dispersal abil ity and by competitive abil ity, based on a model of phenotypic 
diffusion (36). (A) Given this trade-off, an initially weedy species, species 1 ,  
undergoes evolutionary change, with its peak shown moving to the right. (B) 
After 50,000 years, species 1 has evolved into a much better competitor, but 
a much poorer disperserthan it originally was, and a new species, species2, has 
appeared. Species 2 is a superior disperser, but an inferior competitor. It 
survives in vacant sites in this spatia l  habitat. (C) Species 1 and 2 each evolve 
toward being superior competitors. After some time a third species appears 
that is a poor competitor, but excellent d isperser. This third species evolves 
into a superior competitor and a fourth species appears, etc. Shown here is the 
result after 475,000 years, at which time 21 peaks of abundance appear, each 
peak representing a d ifferent phenotype, thus corresponding with d ifferent 
species. 

occupies fewer sites in the spatial habitat. After this has pro
gressed sufficiently far, an interesting phenomenon occurs. 
Individuals at the far end of the range of phenotypes, which are 
good dispersers but poor light competitors, are also favored 
(species 2 of Fig. 3B). These individuals are poor light compet
itors, and thus do not competitively inhibit species 1. However, 
they are good dispersers, which allows them to live in the sites 
not occupied by species 1 .  
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In essence, there is a bimodal selective pressure created by 
competition in a spatial habitat and by an analytical limit to 
similarity for coexistence of organisms with traits at different 
points on the trade-off curve (36). This leads to two peaks on the 
trade-off curve, each peak corresponding to an incipient species 
(Fig. 3B). Such peaks appear even when all phenotypes are 
initially rare, and result from the interplay of selection, muta
tion/recombination, and the competitive limit to similarity. 
Within each of these peaks, those individuals that are superior 
light competitors but inferior dispersers are favored, causing the 
peaks to move to the right in Fig. 3B. Once the second peak, 
incipient species 2, moves sufficiently far to the right, a third peak 
appears. It also evolves toward the right, and a fourth peak 
appears, etc. In numerical solutions of the underlying reaction
diffusion model, after a 475,000 year period, a single weedy 
species had speciated into 21 species (Fig. 3C) that spanned the 
empty niche space of Fig. lC. Such speciation processes would 
occur within each of the original weedy species, and eventually 
would yield a local flora as species-rich as occurred before N 
deposition. 

In total, this process suggests that the imposition of novel 
environmental constraints would lead to the eventual diversifi
cation of the flora of a region, with the new flora filling in the 
empty niches created by novel human-caused environmental 
conditions. The process by which this is predicted to occur is one 
in which the ancestral progenitors of this new flora are small, 
fast-growing, weedy species. Interestingly, this is just what has 
been suggested to have occurred during the evolution of the 
angiosperms, during diversification in corals, and during the 
diversification of terrestrial mammals. 

Conclusions 

Anthropogenic changes in environmental limiting factors are 
likely to cause significant loss of plant diversity, leaving many 
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niches empty and creating plant commumtJes dominated by 
weedier species (poor competitors but good dispersers). The 
extent of this effect will depend both on the number of con
straints that are changed (i.e., dimensionality) and on the 
magnitude of such changes. Because the impact of multidimen
sional environmental changes are expected to be multiplicative, 
a series of relatively small changes may be as important as a 
single major change. The vacant niches of a region experiencing 
a major change in an environmental constraint, such as a high 
rate of N deposition (Fig. lC), indicate several things about such 
habitats. First, species that have traits that fall within the newly 
created vacant niches should be able to invade into, spread 
through, and persist if propagules are regionally available. 
Secondly, any heritable variation within existing species that 
allowed individuals to fill the vacant niches would be favored. 
For instance, following N deposition, there would be especially 
strong selection favoring those individuals with greater compet
itive ability for light, even if this cost dispersal ability. Until the 
available genetic variation for such traits was consumed, such 
evolution would be rapid. However, it seems unlikely that such 
species could rapidly evolve to be equivalent to the species of 
habitats that had a long evolutionary history of nitrogen rich 
soils. As such, these newer systems might long be susceptible to 
invasion by such species, with such invasion often leading to the 
displacement of the species that were evolving in situ. 

Clearly, all of the ideas we have discussed are speculative 
extensions of a few simple models of community structure and 
assembly. Such models merit further testing and deeper explo
ration of their ecological and evolutionary implications. 

We thank Nancy Larson for her skilled assistance, the colloquium 
participants for their comments on our presentation, Richard McGehee 
and Chris Klausmeier for their comments, and National Science Foun
dation/Division of Environmental Biology Grant 9411972, and The 
Andrew Mellon Foundation for support. 

21. Armstrong, R. A. & McGehee, R. ( 1980) Am. Nat. 115, 151-170. 
22. Levins, R. ( 1979) Am. Nat. 114, 765-783. 
23. Horn, H. S. & MacArthur, R. H. (1972) Ecology 53, 749-752. 
24. Tilman, D. ( 1982) Resource Competition and Community Structure. Monographs 

in Population Biology (Princeton Univ. Press, Princeton). 
25. Tilman, D. ( 1994) Ecology 75, 2-16. 
26. Tilman, D. & Pacala, S. ( 1993) in Species Diversity in Ecological Communities, 

eds. Ricklefs, R. E. & Schluter, D. (Univ. of Chicago Press, Chicago), pp. 13-25. 
27. Hastings, A. ( 1980) Theor. Popul. Bioi. 18, 363-373. 
28. Tilman, D. (1988) Plant Strategies and the Dynamics and Structure of Plant 

Communities (Princeton Univ. Press, Princeton). 
29. Chesson, P. & Huntly, N. (1997) Am. Nat. 150, 519-553. 
30. Hutchinson, G. E. (1957) Quant. Bioi. 22, 415-427. 
31 .  MacArthur, R. H. (1968) in Population Biology and Evolution, ed. Lewontin, 

R. C. (Syracuse Univ. Press, Syracuse, NY), pp. 159-176. 
32. Whittaker, R. H. & Levin, S. A., eds. ( 1975) Niche: Theory and Application, 

Benchmark Papers in Ecology (Halsted Press, Stroudsburg, PA). 
33. Maguire, B. ( 1973) Am. Nat. 107, 213-246. 
34. Van den Bergh, J. P. & Braakhekke, W. G. ( 1978) in Structure and Functioning 

of Plant Populations, eds. Freysen, A. H. J. & Woldendorp, J. W. (North 
Holland Publishing Co., Amsterdam), pp. 125-138. 

35. Comins, H. N. & Noble, I. R. (1985) Am. Nat. 126, 706-723. 
36. Lehman, C. & Tilman, D. (1997) in Spatial Ecology: The Role of Space in 

Population Dynamics and Interspecific Interactions, eds. Tilman, D .  & Kareiva, 
P. (Princeton Univ. Press, Princeton), pp. 185-203. 

37. Cody, M. L. (1986) in Community Ecology, eds. Diamond, J. & Case, T. (Harper 
and Row, New York), pp. 381-405. 

38. Grubb, P. J. ( 1977) Bioi. Rev. 52, 107-145. 
39. Chesson, P. (1991) Trends Ecol. Evol. 6, 26-28. 
40. Lawton, J. H. ( 1984) in Ecological Communities: Conceptual Issues and the 

Evidence, eds. Strong, D. R., Simberloff, D., Abele, L. G. & Thistle, A. B. 
(Princeton Univ. Press, Princeton), pp. 67-100. 

41. Vitousek, P. (1982) Am. Nat. 1 19, 553-572. 
42. Vitousek, P. M. ( 1984) Ecology 65, 285-298. 
43. Thurston, J. M., Williams, E. D. & Johnston, A. E. ( 1 976) Annales 

Agronomiques 27, 1043-1082. 

PNAS I May 8, 2001 I vol. 98 I no. 10 I 5439 



Copyright © National Academy of Sciences. All rights reserved.

(NAS Colloquium)  The Future of Evolution 

44. Tilman, D., Dodd, M. E., Silvertown, J., Poulton, P. R., Johnston, A. E. & 
Crawley, M. J. ( 1 994) in Long-term Experiments in Agricultural and Ecological 
Sciences, eds. Leigh, R. A. & Johnston, A. E. (CAB International, Wallingford, 
Oxon, U.K.), pp. 287-303. 

45. Tilman, D. (1987) Ecol. Monogr. 57, 189-214. 
46. Tilman, D. (1990) Oikos 58, 3-15. 
47. Wedin, D. A. & Tilman, D. ( 1996) Science 274, 1 720-1723. 
48. Platt, W. & Weis, I. (1977) Am. Nat. 1 11,  479-5 13. 
49. Hurtt, G. C. & Pacala, S. W. (1 995) 1. Theor. Bioi. 176, 1-12. 
50. Chesson, P. (1998) Aust. 1. Ecol. 23, 234-240. 
51 .  Hubbell, S. P., Foster, R. B., O'Brien, S. T., Harms, K. E., Condit, R., Wechsler, 

B., Wright, S. J. & Loo de Lao, S. (1999) Science 283, 554-557. 
52. Durrett, R. & Levin, V. ( 1994) Theor. Popul. Bioi. 46, 363-394. 
53. Tilman, D. (1997) Ecology 78, 81-92. 
54. Cavers, P. B. & Harper, J .  L. (1967) 1. Ecol. 55, 59-71. 
55. Robinson, G. R., Quinn, J. F. & Stanton, M. L. (1995) Ecology 76, 786-794. 
56. Cornell, H. V. & Lawton, J. H. (1992) 1. Anim. Ecol. 61, 1-12. 
57. Davis, M. B. (1981) in Forest Succession, eds. West, D. C., Shugart, H. H. & 

Botkin, D. B. (Springer, New York), pp. 132-153. 
58. Davis, M. B. (1986) in Community Ecology, eds. Diamond, J. & Case, T. 

(Harper and Row, New York), pp. 269-284. 
59. Goldammer, J. G. (1991) in Global Biomass Burning: Atmospheric, Climatic, 

and Biospheric Implications, ed. Levine, J. S. (MIT Press, Cambridge, MA), pp. 
83-91. 

5440 I www.pnas.org/cgi/doi/ 10 . 1073/pnas.091 093198 

60. Wilcove, D. S., Rothstein, D., Dubow, J., Phillips, A. & Losos, E. (1998) 

Bioscience 48, 607-615. 
61.  Walker, L. R. & Smith, S. D. (1997) in Assessment and Management of Plant 

Invasions, eds. Luken, J.  0. & Thieret, J. W. (Springer, New York), pp. 
69-86. 

62. Mack. M. C. & D'Antonio, C. M. (1 998) Trends Ecol. Evol. 13, 1 95-198. 
63. D'Antonio, C. M. & Vitousek, P. M. (1992) Annu. Rev. Ecol. Syst. 23, 63-87. 
64. Tilman, D., May, R. M .. Lehman, C. L. & Nowak, M. A. (1994) Nature 

(London) 371, 65-66. 
65. Ellenberg, H. (1988) Vegetation Ecology of Central Europe (Cambridge Univ. 

Press, Cambridge, U.K.), 4th Ed. 
66. Carpenter, S. R. & Kitchell, J. F. (1993) The Trophic Cascade in Lakes 

(Cambridge Univ. Press, Cambridge, U.K.). 
67. Chapin, F. S., III. (1980) Annu. Rev. Ecol. Syst. 11, 233-260. 

68. Williams, E. D. (1978) Botanical composition of the Park Grass plots at Rothamsted 
7856-1976 (Rothamsted Experimental Station, Harpenden, Herts, England). 

69. Tilman, D. ( 1996) Ecology 77, 350-363. 
70. Berendse, F. & Aerts, R. (1984) Acta Ecologica 5, 3-14. 

71. Aerts, R. & Berendse, F. (1988) Vegetatio 76, 63-69. 

72. Levin, B. R., Stewart, F. M. & Chao, L. (1977) Am. Nat. 1 1 1, 3-24. 

73. Kinzig, A. P., Levin, S. A., Dushoff, J. & Pacala, S. ( 1 999) Am. Nat. 153, 
371-383. 

74. Lehman, C. (2000) Ph.D. Thesis (Univ. of Minnesota, St. Paul). 

Tilman and Lehman 



Copyright © National Academy of Sciences. All rights reserved.

(NAS Colloquium)  The Future of Evolution 

Colloquium 

Plant biology in the future 
F. A. Bazzaz* 

Harvard U niversity, Department of Organismic and Evolutionary Biology, Cambridge, MA 02138 

In the beginning of modern plant biology, plant biologists responses and behavior will greatly benefit from the application 
followed a simple model for their science. This model included of molecular biology technologies. The application of molecular 
important branches of plant biology known then. Of course, techniques has already shown great promise in some important 
plants had to be identified and classified first. Thus, there was plant products consumed by humans. It is now possible to 
much work on taxonomy, genetics, and physiology. Ecology and engineer crops for better yield, make them resistant to diseases 
evolution were approached implicitly, rather than explicitly, and pests, or increase their resistance to drought. For example, 
through paleobotany, taxonomy, morphology, and historical genes have been added to rice and maize, two major crops, which 
geography. However, the burgeoning explosion of knowledge allow them to tolerate high levels of aluminum, normally toxic 
and great advances in molecular biology, e.g., to the extent that for plants. Furthermore, the development of "Golden Rice" is a 
genes for specific traits can be added (or deleted) at will, have major triumph of these new techniques. This rice contains 
created a revolution in the study of plants. Genomics in agri- !3-carotene, which is converted into vitamin A after the rice is 
culture has made it possible to address many important issues in consumed. Thus, people can obtain their required vitamin A by 
crop production by the identification and manipulation of genes eating rice. Presently there are attempts to use molecular 
in crop plants. The current model of plant study differs from the techniques to introduce vaccines into foodstuffs such as bananas, 
previous one in that it places greater emphasis on developmen- which are consumed in many countries where malnutrition and 
tal controls and on evolution by differential fitness. In a rapidly disease are acute. There is no doubt that various institutions, 
changing environment, the current model also explicitly consid- private and public, will be successful in endeavors such as these 
ers the phenotypic variation among individuals on which selec- in the near future. 
tion operates. These are calls for the unity of science. In fact, the 
proponents of "Complexity Theory" think there are common 
algorithms describing all levels of organization, from atoms all 
the way to the structure of the universe, and that when these 
are discovered, the issue of scaling will be greatly simplified! 
Plant biology must seriously contribute to, among other things, 
meeting the nutritional needs of the human population. This 
challenge constitutes a key part of the backdrop against which 
future evolution will occur. Genetic engineering technologies 
are and will continue to be an important component of agricul
ture; however, we must consider the evolutionary implications 

of these new technologies. Meeting these demands requires 
drastic changes in the undergraduate curriculum. Students of 
biology should be trained in molecular, cellular, organism a I, and 
ecosystem biology, including all living organisms. 

F eeding and sheltering people to protect them from famine 
and disease will be a major challenge for plant biologists, 

considering the rapid rate of human population growth. Accord
ing to estimates, the current 6 billion people on earth may 
increase to as many as 9-10 billion by the middle of the 21st 
century. Also, current estimates suggest that nearly 800 million 
people are hungry, and that to meet expanding demands, we 
need to produce =40% more grain by the first quarter of this 
century. The desire of many countries to develop (and thus use 
more energy) will put tremendous strain on natural resources 
and will result in the input of large quantities of greenhouse 
gases, such as C02, N20, and CH4, into the atmosphere. These 
trends will necessitate a closer association between plant biol
ogists and agricultural scientists concerned with crop produc
tion. Thus, because of increasing demands for food and other 
plant products, research on economically important plants will 
be intensified in the future. Plant biology has now emerged as a 
prominent discipline in biology, largely because of progres

_
s in 

understanding the processes of development and gene mampu
lation at the molecular level (1) .  

Recent advances in molecular biology of organisms constitute 
nothing short of a revolution. Our understanding of plant 

www.pnas.org/cgi/doi/1 0.1 073/pnas.1 01 093298 

Previous Model of Plant Biology 

Historically, plant biologists had a simple model for their 
science. Plant identity (taxonomy), distribution (plant geog
raphy), morphology, and physiology were emphasized. With 
the invention of the microscope, scientists were able to see 
small processes: internal morphology, development, and the 
stages in cell division became important subjects for study. 
Historical plant biology (paleobotany) concerned the evalua
tion of the progression of vegetation in a given location as the 
environment changed. It dealt with the relatively slow changes 
in vegetation in a given region, the evolution of various taxa 
through geological time, and the evolution of life. Thus, the 
fields of taxonomy, morphology, and physiology were active. 
Evolution was approached by assuming the plants were 
adapted to their environments. With the discoveries of basic 
principles of inheritance and evolution by natural selection, 
the science of genetics and evolutionary biology flourished. 
There was much fascination with convergent evolution, the 
development of common morphological traits in similar envi
ronments across phylogenetically disparate taxa. Many plant 
biologists sought to accumulate more examples of this inter
esting phenomenon. Collectively, the investigations of paleo
botanists provided a firm foundation for plant biology. 

Molecular Biology Revolutionized the Study of Plants 

In the second half of the 20th century the discovery of the 
structure of DNA and RNA, the steps in protein synthesis, and 
other great discoveries of molecular biology revolutionized the 
study of plants at all levels, from cells to ecosystems. Taxono
mists, evolutionists, ecologists, physiologists, and developmental 
bioloo-ists are now using molecular techniques and are discov
ering"'many responses and mechanisms that were not accessible 
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Fig. 1. The influence of spring weather conditions on the development of 
different communities from a common seed bank in an annual community 
from the Midwestern United States. Conditions 1-5 represent different 
weather in the spring. 

in the past. It is now possible to identify, with much precision, the 
particular genes responsible for traits. And, with the techniques 
of molecular biology, scientists can introduce or eliminate genes 
for specific traits. Using these advanced techniques we may also 
alter the present taxonomy and phylogeny and, as the differences 
and similarities among taxa are modified by human action, we 
can create new species. 

Remarkably, and despite this great revolution, there will be 
no significant change in the general structure of plant biology 
and the relationship between the various branches of the field. 
These approaches will simply lead to a deeper understanding 
of the mechanisms and a better control of their direction (i.e., 
soon we will be able to direct the process, to a certain extent, 
at will). 

Risks of Molecular Biology of Plants 

These techniques, however, are not without risks. The resis
tance to consuming foodstuffs produced by such techniques is 
a strong indication that, right or wrong, the public at large 
(particularly in Europe) is not yet ready to totally accept these 
methods. These techniques, coupled with global change, may 
create unforeseen problems. For example, the spread of pollen 
from herbicide-resistant plants to natural populations could 
be a potential problem. The fear of the spread of resistant 
varieties to natural populations is warranted, especially for 
invading plants whose populations are kept low in their native 
habitats because of diseases and pests. Changes in crop 
production patterns alone may create unforeseen problems. 
Under the pressure of increased human demand, planting 
more corn, as has recently occurred in Ethiopia, may lead to 
higher population sizes and densities of the larvae of Aedes 
aegypti, which is the vector for transmission of the malaria 
causal agent Plasmodium falciparum. These larvae eat corn 
pollen that floats on the surface of water bodies. In the 
meantime, plant populations of native species are being re
placed by maize. 

The Nature/Nurture Debate in Changing Environments 

Because the environment of the future may be quite different 
from that of today, the nature/nurture argument will become 
more prominent. All indications suggest that the environment 
is likely to be more variable than at present. According to many 
models, temperature and C02 levels will rise. Furthermore, it 
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Fig. 2. The anticipated relationship between productivity and species rich
ness in a future climate where variation in weather and resources, e.g., C02 
and nitrogen, are expected to increase. 

is assumed that night temperature will increase disproportion
ately (2). Although presently very complicated, the genotype X 
environment interaction will not simply be (G X E); it will be 
much more complicated. Instead, G X E may well be G X E b 

E2 E3 • . •  EN-depending on the changing environments that 
the plant experiences through its life cycle and on the speed 
with which traits travel through the environment. We must 
remember that E, the environment, has a direct influence on 
G, the genotype, in turning on and off genes (3). Also, we do 
not know which subset of G or E  will impact the most strategies 
of variation and fitness. All expectations suggest that the role 
of environmental variation may be increased. Broad-niched 
species apparently respond well to global change, and it has 
been suggested that they will be impacted less than narrow
niched species ( 4 ). Thus it is expected that as increased 
environmental variation tends to eliminate narrow-niched 
(specialized) species, broad-niched species or species that are 
inherently genetically variable and/or plastic in their response 
to environmental change will be favored (5). The elimination 
of these species may also lead to a reduction in biological 
diversity, presently a major concern for humanity (6). By their 
nature, broad-niched species (which are usually early succes
sional) can tolerate a wider range of environmental variability 
than narrow-niched, more stable, late successional communi
ties (see ref. 4). In this case, there may be strong selection for 
plasticity in plants (7) or for broad-niched genotypes and early 
successional species (as discussed earlier). Because it is fast 
growing, the potential increased abundance of early succes
sional species may have significant implications for global 
carbon sequestration. On the other hand, environmental vari
ation can lead to the divergence of communities with different 
dominant species, thus increasing between patch diversity (B 
diversity). An illustration of this situation is the development 
of different communities from similar seed banks when they 
are exposed to a range of spring conditions e.g., wet, dry, cold, 
warm, etc. (Fig. 1 ). These results seem to support the "Initial 
Condition" hypothesis of the proponents of complexity theory. 
Furthermore, in a future environment with additional re
sources, such as nitrogen due to deposition, there is the 
possibility of an increase in productivity and a decrease in 
diversity (Fig. 2) . This result may occur for two reasons: (i) 
species in the same ecosystem do not respond in the same 
manner to elevated atmospheric C02, thus COz-responsive 
species may become dominant and exclude other less
responsive species, and (ii) they do not respond similarly to 
nitrogen deposition. 
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Fig. 3. Diagram showing the change in the area of natural vegetation in the future, where the number of people on earth approaches 1 0  bill ion. 

Economic Plants and Environmental Variability 

In a rapidly changing environment with an ever-increasing 
human population, work on plants of economic value will have 
to be intensified. We need to produce varieties with a broader 
response to the varying environment. The separation between 
agricultural science and basic plant biology will become less clear 
as more and more plant biologists work on economically impor
tant species and perhaps find (or design) new ones. Thus, the 
following should be among the aims of plant biologists of the 
future: 

(i) To engineer crops that can resist drought and other 
resource limitations, such as soil nutrients, enabling people 
to cultivate marginal, presently unproductive, land more 
successfully; 

(ii) To increase yield by bioengineering and classical hybrid
ization techniques of major crops; and 

(iii) To enhance nutritional quality without sacrificing 
quantity. 

Increasing yield usually requires an increase in the applica
tion of fertilizer and biocides. This means that we have to 
manufacture more fertilizers and biocides, and both processes 
need energy. In fact, the quantities of manufactured nitrogen 
fertilizer already exceed the amount of nitrogen fixed naturally 
(8). We do not know the impact of the high-nitrogen produc
tion levels on the environment, although we suspect it has 
negative consequences. Without an increase in the application 
of fertilizers, something that the developing countries pres
ently cannot manufacture or purchase, it would be difficult to 
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achieve an increase in crop production and maintain quality. 
Agricultural runoff and pollution by nitrogen and phospho
rous fertilizers are major problems, which already are having 
a detrimental impact on biological drinking water and diversity 
in parts of the world. Land disturbance may cause large 
quantities of dust to be added to the atmosphere, compound
ing the environmental pollution problem (9), but may increase 
the impact of newly needed nutrients on the soil. 

There is no escape from the fact that, with the increase in 
human populations, the area of natural ecosystems remaining 
will be reduced, as more land is going to be used to support the 
billions of people (Fig. 3). However, the area for agriculture 
relative to population size will likely decrease because of im
provements in productivity brought about by molecular biology. 
A subject of major concern will be the simplification of natural 
and agricultural systems and a reduction in global biological 
diversity. These systems can be modified to the point that they 
cannot supply the necessary services for humanity. It has been 
suggested (10) that the differences in productivity between 
developed and developing countries will be magnified as models 
predict an increase in crop production in the developed countries 
and a decrease in developing countries (Fig. 4). This situation 
can have major political and social implications and requires 
immediate attention. 

One last point: the quality of agricultural products may 
become a big problem in the future and may require extensive 
work in agricultural molecular biology. Elevated C02 may 
influence the C/N ratio and possibly protein content, reducing 
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Fig. 4. Three model predictions of changes in grain yield in developed 
(increase) and developing (decrease) countries (from ref. 9). 

the nutritional quality of crops. For example, when we grew 
wheat in ambient and high C02, the resulting grain from the 
elevated C02 yield was not suitable for bread-making accord
ing to U.S. Department of Agriculture mixogram analysis. [A 
mixogram tests the protein strength in the grain and estimates 
mixing tolerance and ability to produce quality bread (Fig. 5).] 

A Curriculum to Train Plant Biologists for the Future 

Advances in plant biology through the use of the techniques of 
molecular biology and other approaches and the expected 
integration of various levels of inquiry in the field dictate that a 
new curriculum of study be espoused. Of course, there are many 
possibilities. Plant biologists should be aware of these advances 
regardless of the level of organization at which they work. For 
example, in addition to a course in integrative biology presenting 
the principles of biology to all college biology students, these 
students should have good grounding in molecular, cell, organ
ismic, and ecosystem biology. The first two fields, molecular and 
cell biology, should not be presented, as they are now in many 
universities, with the exclusion of plants, bacteria, protists, fungi, 
and archaea. Molecular biology courses of the future should 
address animals, plants, bacteria, and all other taxa, and the 
similarities and differences among these organisms should be 
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Fig. 5. Mixogram (produced by the U.S. Department of Agriculture) of 
wheat grown from the original seed at ambient and high C02 and fertilized 
with nitrogen. (Based on L. T. Meyer and F.A.B., unpubl ished data.) 

made clear. Then students can take from a variety of courses 
those that are related to their area of study and specialization . 
For example, cell-wall structure and biosynthesis and the details 
of the biophysics and biochemistry of photosynthesis (plant 
characters) should not be ignored in courses on cell biology. In 
fact, we may wish to examine the usefulness of a 4-year college 
or a 5- to 6-year Ph.D. program to fulfill these requirements, to 
see whether these periods are long enough to accommodate the 
new biology. Another option is to drop some subjects that appear 
unnecessary or have already been covered in high school. 
Enacting changes in the curriculum will require clear thinking 
and a daring attitude. 

Conclusions 

(i) The techniques of molecular biology are revolutionizing the 
study of plants and will be used more and more by all plant 
biologists to discover the mechanisms of development and the 
control of developmental processes. 

(ii) Disease- and herbivore-resistant plant varieties will be 
developed by agricultural scientists and applied botanists. This 
may lead to the development of new taxa and phylogenies. 

(iii) To feed the burgeoning human population, the gap 
between applied and theoretical plant biology should narrow. 
More work will be done by plant biologists on economically 
important plants. 

(iv) The science of ecology will become more important as the 
issues that face humanity become more ecological in nature. 

(v) The basic structure of plant biology may not change. Great 
interest will remain in phylogeny, genetics, development, phys
iology, morphology, and ecology. 

(vi) A new curriculum is needed in biology that emphasizes the 
unity of biology. Plant biology students should have a basic 
understanding of molecular, cell, and organismic biology and 
ecosystem ecology. 

Attempts to correctly predict the future will depend on good 
data and good models. We should not shy away from the 
approaches of molecular biology. We should be prepared to 
accept mistakes, as these will undoubtedly occur. 
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The evolutionary impact of invasive species 
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Since the Age of Exploration began, there has been a drastic 

breaching of biogeographic barriers that previously had isolated 

the continental biotas for millions of years. We explore the 

nature of these recent biotic exchanges and their consequences 

on evolutionary processes. The direct evidence of evolutionary 

consequences of the biotic rearrangements is of variable quality, 

but the results of trajectories are becoming clear as the number 

of studies increases. There are examples of invasive species 

altering the evolutionary pathway of native species by compet

itive exclusion, niche displacement, hybridization, introgression, 

predation, and ultimately extinction. Invaders themselves 

evolve in response to their interactions with natives, as well as 

in response to the new abiotic environment. Flexibility in be

havior, and mutualistic interactions, can aid in the success of 
invaders in their new environment. 

The Nature of the Problem. Those of us alive today are witness
ing the consequences a number of truly grand, but un

planned, biological experiments. They are the result of the 
activities of a massive human population that is still growing and 
increasing its impact on the Earth. Because there are no controls 
on these experiments, as such, we must look to biological 
patterns through time for perspective on the consequences of the 
mixing of biotas. This is a challenge because environments of the 
past also changed, sometimes abruptly. 

These historical fluctuations in climate and biota of the past 
have led some to say that nothing new is happening that has not 
already happened before. The response to this proposition is yes, 
but the rate of change in the composition of the atmosphere today 
exceeds anything of the past, as will the consequent rate of 
climate change. This is also true to a large degree in the extent 
of migration of species among continents. Before the Age of 
Exploration, dispersal of organisms across these great biogeo
graphic barriers was a low-probability event; however, today this 
is routine. In this paper we briefly summarize the consequences 
of the massive movement of organisms across these barriers in 
terms of the course of future evolution. 

We start this essay with two quotes providing perspectives on 
the problem. One is from the pioneering work of Charles Elton 
(1), who stated, "We must make no mistake: we are seeing one 
of the great historical convulsions in the world's fauna and 
flora." Elton certainly had no doubts of the magnitude of the 
invasive species issue. More recently, Geerat Vermeij (2) re
marked specifically about the evolutionary consequences of this 
convulsion, " . . .  if newcomers arrive from far away as the result 
of large-scale alterations in geography or climate, the change in 
selective regime and the evolutionary responses to this change 
could be dramatic." We examine here some of the evidence for 
this potentially dramatic scenario. 

The Changing Evolutionary Landscape. It is commonly acknowl
edged that the abiotic environment is being greatly altered 
because of massive land-use alteration and emerging climate 
change (3, 4). However, an equally drastic alteration is occurring 
in the composition of biotic communities. The kinds of physical 
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and biotic environments that exist now are quite different from 
those that have existed in recent geological times. 

International commerce has facilitated the movement of 
species; this is true globally and across taxonomic groups. 
Ironically, this has increased species richness in many places 
where new species are introduced. The actual numbers of 
individuals and species being transported across biogeographical 
barriers every day is presumably enormous. However, only a 
small fraction of those transported species become established, 
and of these generally only about 1% become pests (5). Over 
time however, these additions have become substantial. There 
are now as many alien established plant species in New Zealand 
as there are native species. Many countries have 20% or more 
alien species in their floras (6). There are few geographic 
generalities to these trends; the strongest is that islands, in 
particular, have been the recipients of the largest proportional 
numbers of invaders. Biotic homogenization within continents is 
equally as striking as mixing among oceans. As one example, 
Rahel (7) notes that in the United States pairs of states on 
average now share 15 more species than they did before Euro
pean settlement. The states of Arizona and Montana, which 
previously had no fish species in common, now share 33 species 
in their faunas. 

Mack (8) estimates that over the last 500 years, invasive species 
have come to dominate 3% of the Earth's ice-free surface. Vast 
land or waterscapes, in certain regions, are completely domi
nated by alien species, such as the star thistle Centaurea solstitialis 
in the rangelands of California, cheatgrass (Bromus tectorum) in 
the intermountain regions of the western United States, and 
water hyacinth (Eichornia crassipes) in many tropical lakes and 
rivers. 

The Rates of Exchange. As the volume of global trade increases, 
one would expect the rate of establishment of alien species to 
increase also; data support this prediction. Cohen and Carlton 
(9) noted that the rate of invasion into San Francisco Bay has 
increased from approximately one new invader per year in the 
period of 1851-1960, to more than three new invaders per year 
in the period of 1961-1995. In the United States the numbers of 
fish introductions, either from foreign sources or across water
shed boundaries, has increased dramatically. In the period 
between 1850 and 1900, 67 species were introduced, between 
1901 and 1950, 140 species, and between 1951 and 1996, 488 
species (ref. 10 and the web site referred to therein). 

In addition to the greater number of species crossing borders 
there is also a buildup in the invasive potential of those nonnative 
species already established in a region, as immigration increases 
their population sizes. "Introduced species" may stay at a fairly 
low population size for years and then explode at some later 
date-the so-called lag effect. This lag effect may simply be the 
result of the normal increase in size and distribution of a 
population. For instance, Bromus tectorum was introduced to 
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intermountain western North America around 1890, and re
mained in localized populations for 20 years. This lag phase was 
followed by 20 years of logistic range expansion; by 1930 B. 
tectorum was dominant over 200,000 km2 ( 1 1). 

Crooks and Soule (12) note that in addition to the normal 
population growth lag phase there are other mechanisms that 
can keep newly introduced species at low levels for decades 
before they become invasive. These include environmental 
change, both biotic and abiotic, after establishment and genetic 
changes to the founder populations that enable subsequent 
spread. Evidence for the former cases is abundant but scarce for 
the latter. 

In summary, the biotic background for evolution has been 
changing since the Age of Exploration, and at an ever
accelerating pace because of accumulative effects of the num
bers of species involved, the increased rate of exchange, and the 
lag debts that communities have amassed. 

Looking to the Past. There are examples from the past of sudden 
mixing of biotas that were formerly isolated; one of these is fairly 
recent and instructive. The biota from the Red Sea and the 
Mediterranean Sea were reconnected, after a separation of 
millions of years, by the construction of the Suez Canal in 1869. 
The pathway for movement between these water bodies has 
changed since 1869 because of the varying salinity of a lake in the 
canal system; that is, there has not been totally free exchange 
without barriers. Nonetheless, over 250 species, 34 new genera, 
and 13 new families have moved into the Mediterranean Sea 
from the Red Sea, yet there has only been one documented 
extinction (13). These invasions have primarily been accommo
dated by niche displacements through competitive interactions 
among the congeners (14). Many of the native fish in the 
Mediterranean have maintained their pre invasion feeding habits 
but have been displaced in depth by the Red Sea invaders, which 
prefer the shallower, warmer, waters at the surface (15). Two 
nocturnally foraging fish (Sargocentron rubrum and Pmpheris 
vanicolensis) have shown large population increases after invad
ing the Mediterranean from the Red Sea. Night foraging is an 
uncommon strategy among native Mediterranean fish (only one 
feeds at night), hence these migrants were probably successful 
because this novel behavior allowed them to exploit resources 
that the native fauna had not yet used. 

There have been a number of spectacular population explo
sions of the Red Sea immigrants through time, most of which 
have eventually become reduced in size (14). An exception is 
Rhopilema nomadica, a large Red Sea jellyfish that experiences 
population explosions and crashes each summer off the coast of 
Israel. 

The Great American Interchange of biota, the result of the 
isthmian land bridge that formed during the Late Pliocene, 
provides further information on the consequences of the mixing 
of previously isolated biota. However, the course of temporal 
resolution of the information available does not make it possible 
to say with certainty whether the losses of biota that occurred 
subsequent to the bridge were due to competition with new 
arrivals, although it appears likely (16). The effects of the 
interchange apparently were asymmetrical, with the immigrants 
from the south "insinuating" into the northern biota, whereas 
the northern immigrants to the south may have caused extinc
tions and undergone subsequent evolutionary radiation (17). 

What we lack is detailed information on the impacts of the 
exchanges of biota on time frames greater than centuries but less 
than millions of years. In the century time frames we have 
processes that are still in a state of flux at the community level 
and ones that have been that have not been studied in detail. In 
the geological time frame, the poor temporal resolution does not 
permit us to clearly understand the mechanisms that have led to 
what we see in the fossil record. 

Mooney and Cleland 

The Direct Evolutionary Consequences of Mixing 

Evolutionary Adjustments of Invaders and of the Invaded. We turn to 
contemporary studies to give us some indication of the evolu
tionary impact of invasive species. Recent studies have shown 
that invaders can rapidly adapt to the new environments in which 
they find themselves. Huey et al. ( 18) demonstrated how an 
introduction of a new fruit fly into the west coast of North 
America resulted in the evolution, in only 20 years, of an 
apparently adaptive cline related to wing size, throughout the 
vast new latitudinal range extending from southern California to 
British Columbia. The cline that developed in North American 
female flies was similar to that found in the European native 
populations. Interestingly, the developmental basis for the cline 
of wing size was different in Europe than for the invader in North 
America, although the functional result was the same, providing 
additional evidence for the adaptive advantage of this set of 
traits. 

Drosphilia subobscura were introduced into North America in 
1982; shortly thereafter Ayala et al. (19) described the invasion 
as "a grand experiment in evolution." This was certainly an 
accurate prediction, given the results of Huey et al. 10 years later, 
and only 20 years after the beginning of the invasion event. 

There are other documented instances of an invading species 
adapting to its new environment. For example, Johnston and 
Selander (20) described the evolution of apparently adaptive 
clines in body size and feather color in English sparrows that 
were introduced into North America in 1852 and that subse
quently established a large geographical range. Further, Cody 
and Overton (21) described the reduction in distance of dispers
ability for wind-dispersed seeds of invasive species onto islands 
in just a few generations in small isolated populations. Similarly, 
Losos et al. (22) demonstrated that within 10-14 years species of 
lizards introduced onto a series of island in the Caribbean 
showed adaptive morphological adjustments. 

There are also examples of relatively rapid, nonadaptive, 
genetic change of invaders as seen in house mice introduced into 
Madeira; localized differentiation of chromosomal races is the 
result of genetic drift in isolated valleys (23). Similarly, genetic 
drift has been responsible for geographic genetic patterns found 
in the introduced Bufo marinus in Australia (24). 

Evolution in Response to an Invader. There are also examples of 
rapid evolution in native species in response to an introduced 
species. Carrol and Dingle (25) indicate that populations of the 
soap berry bug (ladera hematoloma) have evolved differing beak 
lengths in response to the introduction of new invasive hosts, 
within only 50 years time. Singer et al. (26) have shown rapid 
evolution in the feeding preferences of the Euphydras butterfly 
for the invading herb, Plantago lanceolata. 

Zimmerman (27) documents an interesting case of evolution 
in response to an introduced crop species. At least five species 
of host-specific moths (Hedylepta) have evolved since the intro
duction of banana into Hawaii =1,000 years ago. These species 
were threatened at the time of Zimmerman's study by parasitic 
wasps and flies introduced for agricultural pest control. 

There is a large literature on the evolution of weeds in 
response to human activities, including agricultural practices. 
Harlan (28) noted that some weeds have evolved to be crop 
mimics. Not only are they are similar in their phenological 
development and morphological appearance to the crops with 
which they have co-evolved, but also their seeds have evolved a 
similar appearance so they are not sorted and discarded during 
harvesting. For example, the lentil mimic (Vicia sativa) has 
evolved a seed shape and color comparable to the lentil (Lens 
culinaris). This trait is under control of a single gene. Similarly, 
Echinochloa crus-galli has evolved mimics to rice, Oryza sativa, 
which are very difficult to distinguish from the crop. 
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De Wet and Harlan (29) surmised that many plant weeds 
might have evolved from natural pioneer species associated with 
continuous disturbance by humans. Some weeds that have 
developed in association with agriculture have become crop 
mimics as described above. Weeds are also derived from hybrid
ization and introgression with crops as happened with Johnson 
grass (Sorghum halepense) and the cultivated Sorghum bicolor. 
Weeds have also evolved from abandoned domesticated plants. 

Thus there are many cases that have been documented of the 
evolutionary response to the new environment that an invasive 
species may encounter as well as cases of the adaptive response 
of organisms to a new invader. 

Hybridization and lntrogression. In addition to direct evolutionary 
responses of organisms involved in invasions there are also very 
important indirect effects through changes in the genetic struc
ture of invasive species in relation to the new organisms that they 
encounter. These major effects are related to hybridization and 
introgression. Rhymer and Simberloff (30) have recently sum
marized our knowledge in this area. There are many examples 
extending over many different taxonomic groups, a few of which 
are noted below. These authors conclude that in the case of 
invasive species hybridization with native species can cause a loss 
in fitness in the latter and even a threat of extinction. McMillan 
and Wilcove (31) have documented that of 3 of 24 species listed 
as Endangered in the United States and that subsequently went 
extinct, 3 were the result of hybridization with alien species. 

Birds-Mallard ducks (Anas platyrhynchos) that have been 
introduced into various regions of the world have had large 
genetic effects. They have hybridized and reduced populations of 
the New Zealand gray duck (Anas superciliosa superciliosa), the 
Hawaiian duck (Anas wyvilliana ), and the Florida mottled duck 
(Anas fulvigula fulvigula) (30). 

Mammals-Sitka deer ( Cervus nippon) were introduced into 
Great Britain from Japan over a hundred years ago. They have 
hybridized with the native reed deer (Cervus elephaus) al
though they are different in body size. It appears that the 
genetic integrity of the native red deer is threatened in some 
regions (32). 

Fish-There are a number of cases of hybridization and 
subsequent introgression in fish, primarily game fish where there 
are massive introductions of foreign stock. These include trout 
in western and eastern United States as well as in Europe (33, 
34). It has been shown, however, that even small introductions 
of nonnative species can have large impacts on the genetics of 
native species through hybridization and introgression, as was 
found for native pupfish in Texas (33). 

Plants-Abbott (35) notes that of 2,834 species listed in the 
New Flora of the British Isles 1 ,264 are aliens. There are 70 
recognized hybrids between native and alien species and 21 
between aliens. About half of these hybrids show some degree of 
fertility. 

There are many examples of the large populations of invading 
species swamping small populations of native species by hybrid
ization, but in certain cases small populations of an invader can 
threaten native species that have much larger populations. This 
is the case with the invading Spartina alterniflora into the San 
Francisco Bay. It hybridizes with the native Spartina foliosa. The 
invader has a higher pollen output, and greater male fitness, than 
the native species and the hybrids and it occupy lower intertidal 
habitats. In time introgression will threaten the native species 
(36). Conversely, small populations of rare species can be 
threatened by hybridization in a number of ways (37), including 
infertility of the hybrids. 

Small populations on islands are particularly vulnerable to 
extinction by hybridization because they are often less genetically 
divergent than mainland species and have weak crossing barriers 
as well as unspecialized pollinators. Levin et at. (37) describe a 
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number of cases of extinction by hybridization on islands, 
including the endemic shrub Cercocarpus traskaei with the 
widespread Cercocarpus betuloides and the endangered Lotus 
scoparius traskiae with the Lotus argophyllus ornithopus. They 
specifically note that introductions may threaten rare species on 
islands and give a number of examples from around the world, 
including threats to the rare Arbutus canariensis and Senecio 
teneriffae on the Canary Islands, Gossypium tomentosum on the 
Hawaiian Islands, and Pinguicula vulgaris and Linaria vulgaris in 
the British Islands. They posit that the threat of extinction of rare 
species by hybridization is very high and that habitat disruption 
and invasive species are increasing this threat to the degree that 
conservation programs should strive to isolate rare species from 
cross-compatible congeners. 

The Origin of New Taxa Through Hybridization and lntrogression. 
While hybridization with invaders can be a threat to species 
integrity, it can also be a source of new variation and the origin 
of new species. Spartina alterniflora from the east coast of North 
America was introduced into Southampton in shipping ballast in 
the early 19th Century. It subsequently hybridized with the local 
Spartina maritima, producing a sterile hybrid. The hybrid in turn 
underwent chromosome doubling to produce the new fertile 
species, Spartina anglica. Spartina anglica has become very 
aggressive and occupies large areas of the coastline of the British 
Isles while at the same time the original invader, Spartina 
alterniflora, and the native Spartina maritima have maintained 
limited distributions. The new polyploid evidently has charac
teristics that enable it to occupy bare tidal flats that were not 
available to the parents (38). This event was apparently seren
dipitous and has not been replicated artificially (39). 

In addition to the Spartina anglica there are other cases of 
alloploids that have originated from hybridization of native and 
invasive species. These include species of Tragopogon in North 
America and Senecio in Great Britain (35). 

There are also examples of introgressive hybrids between 
native and weedy species becoming stabilized to form new taxa. 
The introduced Helianthus annuus hybridized with native Heli
anthus debilia. The hybrids adapted to the new conditions it 
encountered to form the subspecies Helianthus annuus texanus. 
Abbott (35) cites six such cases of origins of new taxa. 

The Indirect Evolutionary Consequences of Mixing 

Behavioral and Trait Shifts. In addition to the evolution of traits to 
adapt to new environments and to new invaders there are cases 
of behavioral shifts in the invaders themselves or in response to 
invaders. Holway and Suarez ( 40) give examples of shifts in 
behavior of populations of invading species from that found in 
their native ranges. Two ant species originating from Argentina 
(the fire ant Solenopsis invicta and the Argentine ant Linepirtma 
humile) both exhibit these shifts. It is not known whether these 
shifts are founder effects or adaptive. These authors make the 
case that behavior should be more fully incorporated into 
research as we build an understanding of the invasion process. 

The introduction of brown trout into the streams of New 
Zealand started in the mid-1800s. They have driven to extinction 
some local populations of native fish and, in addition, they have 
evidently resulted in changed behavior of native mayfly nymphs 
and, to a certain extent, crayfish (41). 

In addition to behavioral shifts, either in response to an 
invader or in response to the new biotic community that an 
invader encounters, shifts in traits have been observed in an 
invader in a new environment. Blossey and Notzold (42) note 
that in populations of invasive species, the individuals are often 
larger in their new territory than in their native land. They 
compared plants from populations from the United States and 
as well as those from Europe where they are subject to natural 
predation in their native habitat. They attributed the size dif-
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ferences to the consequences of natural selection for greater 
competitive capacity after release from herbivore attack and the 
need to produce defensive compounds. Although this particular 
explanation has been challenged ( 43), others have noted similar 
cases of this phenomenon in comparing invading plants from 
Australia into California ( 44) and comparing invasions from 
South Africa into Australia and vice versa ( 45). 

Invasive ants may also benefit from release from native 
pathogen populations, leading to larger colony size that confers 
greater exploitative competitive capacity, as discussed in Holway 
(46) and Human and Gordon (47) (see below). Colonies of 
invasive Argentine ants are larger in areas where they invade 
than they are in their native habitat. 

Niche Displacement. Gray squirrels (Sciurus carolinensis) from 
North America have displaced the native red squirrel (Sciurus 
vulgaris) throughout most of the deciduous and mixed woodlands 
of Britain. This displacement apparently has resulted from food 
competition between these species, with gray squirrels favored 
by high quantities of oaks in the canopy. Recent decline of 
hazelnuts over oaks has evidently contributed to the demise of 
the red squirrel (48). 

There has been a detailed study of the interaction between a 
California native mudsnail, Cerithidea californica, and an inva
sive mudsnail, Ilyanassa obsoleta, from the American Atlantic. 
Populations of Ilyanassa have locally displaced Cerithidea from 
the open tidal flats, restricting its distribution to the upper 
intertidal area. Cerithidea's former functional role has been 
taken over by Ilyanassa ( 49). 

Douglas et al. (50) have described the apparent niche shift in 
the native fish Meda fulgida when they co-occur with the 
introduced red shiner (Cyprinella lutrensis). 

Competitive Exclusion. Some invasive species completely eliminate 
native species through competitive exclusion. The invasive fire 
ant (Solenopsis invicta ), for example, has had a devastating effect 
on the arthropod biota that it encounters. In a detailed study in 
Texas, it was found that this fire ant reduced native ant diversity 
by 70% and the total number of native ant individuals by 90%, 
apparently by competitive exclusion. Similarly, overall non-ant 
arthropod diversity was reduced by 30% and the numbers of 
individuals by 70% (51). It should be noted, however, that while 
the fire ants excluded some native species from the invaded 
areas, the natives persisted in nearby uninvaded areas, such that 
no extinctions were observed. 

The Argentine ant (Linepithema humile) is a widely distributed 
invasive species that displaces native ants throughout its intro
duced range. It does so by being a better competitor for food 
resources than the native species (46, 47). 

There are accumulating studies examining the mechanisms of 
competitive displacement of native species by invaders. As 
examples, superior competition for food resources has resulted 
in the replacement of the native gecko, Lepidodactylus lugubris, 
by the invading Hemidactylus frenatus, throughout the Pacific 
(52). A higher resource-use efficiency of the available food 
resources has been implicated in the competitive superiority of 
the introduced snail Batillaria attramentaria over the native mud 
snail Cerithidea californica in the salt marshes and mud flats of 
northern California (53). Studies have also shown that behav
ioral differences in aggression and predation between a native 
and an invading amphipod explain competitive displacement 
(54). Competition for space by the invading mussel Mytilus 
galloprovincialis from southern Europe has displaced native 
mussels in California and South Africa (55). 

Studies of such new interactions, brought about by invaders, 
are particularly revealing on the nature of competition because 
in "stable" ecosystems, with a long history of competition among 
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its members, the resulting evolution of niche displacement makes 
it more difficult to observe the direct competitive process. 

Mutual isms. In any ecosystem there is a web of interaction among 
the biotic components of differing specificities. Mutualisms, the 
tightest of such interactions, would seem to be a barrier to the 
success of a single player of a partnership becoming an invasive 
species. There is some evidence for this in the fact that nonmy
corrhizal (i.e., do not depend on mutualistic root fungi) plant 
taxa, such as the Brassicaceae and the Chenopodiaceae, are 
particularly successful weeds. However, quite often the tightness 
of mutualisms is not as great as supposed and other species in the 
new habitat can play the required role for the invader (e.g., 
pollination). There are also examples of the arrival of one 
nonnative species, and the subsequent arrival of a co-evolved 
facilitator, thereby increasing the success of each in its new 
environment. This has happened with Pinus spp. and their 
mutualistic mycorrhizal fungi in the Southern Hemisphere; 
Richardson et al. (56) describe these as well as other examples. 

With the mixing of biota and thus new interaction potentials 
there is the great possibility of new kinds of mutualistic rela
tionships evolving. Richardson et a!. (56) note several such cases, 
including the dispersal of North American and European pine 
seeds, which are normally wind-dispersed, being dispersed into 
new areas by cockatoos and European pines being dispersed in 
South Africa by alien American squirrels. Simberloff and Von 
Holle (57) also note cases of one invading species facilitating the 
success of another, including a bird of Asian origin being the 
prime disperser of a shrub from the Canary Islands, all in their 
new Hawaiian home. 

There are also instances of an invasive species disrupting 
mutualistic relationships (58). Native seed-harvesting ants dis
perse the seeds of certain proteas in South Africa. These native 
ants have been displaced by Argentine ants that are not suc
cessful in dispersing the Protea seeds to suitable germination 
microsites, thus potentially leading to the extinction of rare and 
endemic Protea species. 

Finally, there are striking examples of host shifts as species are 
mixed through invasions and a parasite of one infects the other 
which is less able to cope with the parasite, as is happening with 
the parasitic mite Varroa jacobsoni, which evolved as a brood 
parasite of the Asian hive bee, Apis cerana, but which has now 
also switched host to the western honeybee, Apis mellifera, with 
disastrous results (59). 

Extinctions. Invasive species not only alter competitive interac
tions and reduce native populations within a community but they 
can also lead to extinctions. Overall they are considered the 
second greatest threat to imperiled species in the United States 
(60). Carlton et al. (55) make the useful distinction among 
extinction events as local, regional, or global extinctions. They 
also recognize functional extinctions where individuals of a 
species are so reduced in numbers that they no longer play a 
major role in ecosystem processes. Thus there is a large contin
uum of impacts, with the main concern and statistical informa
tion available on the total global extinction of a species whereas, 
of course, local extinctions and population reductions are im
portant in ecosystem functional considerations as noted by 
Carlton et al. 

The literature abounds with examples of invasive species 
driving local native species to extinction, primarily on islands, 
and especially involving predators. Rodda et al. (61) detail the 
particularly dramatic case of the impact of the invasive brown 
tree snake (Boiga irregularis) on the biota of Guam, which has 
caused a major conservation crisis through negative effects on 
birds, reptiles, and mammals. In a review of the impacts of 
introduced species on reptiles on islands Case and Bolger (62) 
note that, "Although competition has led to changes in abun-
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dance and has caused habitat displacement and reduced colo
nization success, extinctions of established reptile populations 
usually occur only as a result of predation." They do note the 
large number of examples of the latter that have occurred as a 
result of predation by rats, feral cats, and mongooses. 

It has been well documented that of all ecosystems lakes and 
streams have been most modified by invasive species, mainly 
because of the persistent efforts of humans to stock with game 
fish. Many of the introductions into these bodies result in species 
enrichment rather than extirpation (63). However, one of the 
most spectacular example of species extinctions in lakes comes 
from the introduction of the Nile perch into Lake Victoria, 
resulting in the loss of hundreds of species of cichlid fish (64). 
Ricciardi and Rasmussen (65) call attention to the fact that the 
freshwater fauna of temperate North America has extinction 
rates matching that of tropical forests, in part because of invasive 
species. Ricciardi et al. (66), for example, note a global pattern, 
that within 4-8 years after invasion by zebra mussel (Dreissena 
polymorpha) local native mussel populations are extirpated. Over 
60 endemic mussel species of the Mississippi River Basin are 
threatened with global extinction by the effects of zebra mussel 
and environmental degradation. 

Although the introduction of an organism into a new envi
ronment always provides risks and surprises as to the impact it 
will have on other organisms, it is particularly disconcerting 
when organisms that are introduced to control the activities of 
an unwanted invader instead do collateral damage to other 
species, even driving them to extinction. This is apparently the 
case with the introduction of the rosy wolf snail, Euglandina 
rosea, which was imported into Hawaii in 1958 to control the 
giant African snail, Achatina fulica. Unfortunately, Euglandina 
did not restrict its predatory activity to the African snail but also 
attacked rare native Hawaiian snails (67), apparently driving 
some to extinction. Between 1977 and 1987 E. rosea pushed the 
endemic tree snails of the island of Moorea to extinction (68). 
There is another extinction crisis in the making with the move
ment of Cactoblastis cactorum from its point of introduction for 
the control of Opuntia in the Caribbean, to a trajectory that will 
bring it to a center of diversity of Opuntia in Mexico (H. G. 
Zimmermann, personal communication). 

There have been attempts to give us some sense of the ultimate 
result of the mixing of the biota of world. Brown (69) has 
calculated, based on species-area relationships, the worst-case 
scenario for the impact of free exchange of biotic material across 
former biogeographic barriers. This was done assuming the 
Earth's land surface was contained into one supercontinent but 
that the current climates and geological features were main
tained. With these assumptions there would be massive decrease 
in species, amounting to 65.7% for land mammals, 47.6% for 
land birds, 35% for butterflies, and 70.5% for angiosperms. 
McKinney (70) has made similar calculations for the ocean and 
concludes that there would be a reduction of about 58% in the 
current diversity. McKinney points out, however, that for the 
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theory to be fulfilled there would have to be unfiltered faunal 
exchange around the world and the lack of physical variability. 
McKinney notes that it is because these conditions are not 
fulfilled that we have not seen extinctions in relation to the Suez 
Canal exchanges. 

Concluding Remarks 
In the course of this review we have discussed the mechanisms 
by which invasive species evolve in response to their new biotic 
and abiotic environments, and how invasive species have altered 
the evolutionary trajectory of native species with which they 
interact. While it is not surprising that an invasive species would 
evolve in their new habitat in response to a new set of selective 
pressures, it is surprising that there are a number of clear 
examples of evolutionary shifts in native species in response to 
the presence of invaders, given the small number of generations 
involved in interactions, and the short period for which such 
interactions have been studied by ecologists and evolutionary 
biologists. Much of the evidence we have reviewed has been 
observed in islands, reinforcing what we know of islands as 
evolutionary hotspots. While few generalizations can be made 
across taxa and across environments, we can venture a few 
tentative conclusions. First, invasive predators may have the 
most dramatic effects, as the extinctions they cause represent an 
irreversible removal of evolutionary potential. Second, few 
examples of extinction have been associated with competitive 
interactions. This indicates either that extinction by competition 
is a slower process than extinction by predation, such that the end 
product of the process is not likely to be observed on the time 
scale of most scientific studies, or that communities are not as 
"full" as most ecological theories presume. Third, interactions 
between invasive and native biota demonstrate how global 
changes that alter community structure can have persistent and 
unexpected consequences. 

The biota of the Earth is undergoing a dramatic transforma
tion. The spatial patterning, structure, and functioning of most 
of the ecosystems of the world have been altered by the activities 
of humankind. There is every indication that these trends will 
intensify as the size of the human population continues to grow, 
even in systems that have been set aside for protection, because 
of the global changes that have been set in motion that are 
affecting the atmosphere and the climate. Although some as
pects of global change, such as climate change, may be reversed 
by societal actions, this will not be possible for biotic exchange. 
The mixing of formerly separated biota, and the extinctions these 
introductions may cause, are essentially irreversible. Since the 
beginnings of the Age of Exploration, humans have purposefully 
and inadvertently moved biological material across barriers that, 
for recent evolutionary time, have separated the unique biotic 
realms of the continental land masses. We are now developing 
a whole new cosmopolitan assemblage of organisms across the 
surface of the Earth with large consequences not only for the 
functioning of ecosystems but also for the future evolutionary 
trajectory of life. 
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Systematic conservation planning is a branch of conservation biology 
that seeks to identify spatially explicit options for the preservation of 
biodiversity. Alternative systems of conservation areas are predic
tions about effective ways of promoting the persistence of biodiver
sity; therefore, they should consider not only biodiversity pattern but 
also the ecological and evolutionary processes that maintain and 
generate species. Most research and application, however, has fo
cused on pattern representation only. This paper outlines the devel
opment of a conservation system designed to preserve biodiversity 
pattern and process in the context of a rapidly changing environment. 
The study area is the Cape Floristic Region (CFR), a biodiversity 
hotspot of global significance, located in southwestern Africa. This 
region has experienced rapid (post-Pliocene) ecological diversification 
of many plant lineages; there are numerous genera with large clusters 
of closely related species (flocks) that have subdivided habitats at a 
very fine scale. The challenge is to design conservation systems that 
will preserve both the pattern of large numbers of species and various 
natural processes, including the potential for lineage turnover. We 
outline an approach for designing a system of conservation areas to 
incorporate the spatial components of the evolutionary processes 
that maintain and generate biodiversity in the CFR. We discuss the 
difficulty of assessing the requirements for pattern versus process 
representation in the face of ongoing threats to biodiversity, the 
difficultY of testing the predictions of alternative conservation sys
tems, and the widespread need in conservation planning to incorpo
rate and set targets for the spatial components (or surrogates) of 
processes. 

There are numerous pleas in the literature for integrated systems 
of conservation areas that will maintain disturbance regimes, 

migratory corridors, habitat diversity, landscape connectivity, evo
lutionary templates, and other spatial features necessary for the 
maintenance of evolutionary processes (1-4). There has been some 
debate as to whether priority should be given to areas supporting 
ancestral taxa with evolutionary potential (5, 6) or those represent
ing evolutionary fronts of currently speciating taxa (7-10). Re
cently, Moritz and coworkers (11) have used comparative phyla
geography to identify areas that encompass both the adaptive and 
historical components of genetic diversity of vertebrates in the 
rainforests of northeastern Australia. However, there have been no 
studies that attempt to identify the spatial components of a wide 
spectrum of evolutionary processes or to set explicit targets for their 
protection in particular regions. 

If we are to plan for an evolutionary future, then evolutionary 
processes-those that maintain genetic diversity and promote 
diversification-must be explicitly considered, and represented, 
in the conservation plan (1 ,  11 ,  12). This is not a trivial issue. 
There are very few places in the world, in particular in its 
endemic-rich and threatened regions ( 13), where evolutionary 
processes and their spatial components are understood well 
enough to be included in conservation planning. Over the past 
few decades, considerable insights have been gained regarding 
evolutionary processes in the Cape Floristic Region (CFR) of 
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South Africa, especially for plants. Because the available data 
are representative of most plant lineages in the region, they 
provide a good basis for conservation planning. 

In this paper, we provide a brief overview of evolutionary 
processes in the CFR, a species-rich region that is recognized as 
a global priority for conservation action (13). We focus in 
particular on rapid diversification of plant lineages. We then 
review briefly some recent developments in systematic conser
vation planning and the need to extend these ideas to apply not 
only to biodiversity pattern, but also to ecological and evolu
tionary processes. Because conservation planning is a spatially 
explicit exercise, even processes must be protected by their 
spatial components or surrogates. Accordingly, we describe a 
framework for planning for an evolutionary future in the CFR, 
identifying seven types of spatial components of evolutionary 
processes, setting explicit conservation targets for each, and 
outlining the development of a conservation plan to achieve 
these targets. We conclude by discussing the difficulty of testing 
predictions about biodiversity persistence deduced from alter
native conservation plans, the contributions of the approach 
presented here, and its potential for widespread application. 

Rapid Diversification in the CFR 

Rapid diversification, often associated with key innovations and 
leading to flocks of species that show fine-scale habitat discrimi
nation, has been reported for some plant lineages (26-28), espe
cially on islands (29, 30), for Andean birds (9), and for fish, most 
notably the cichlids of the African Rift Lakes (19). Without a doubt, 
the distinctive evolutionary feature of the CFR is the recent and 
massive diversification of many plant lineages (20, 21). The region 
includes some 9,000 plant species in 90,000 km2, 69% of which are 
endemic (21 )-one of the highest concentrations of endemic plant 
species in the world (13). This diversity is concentrated in relatively 
few lineages that have radiated spectacularly. Thus, 13 genera (of 
a total of 988) each comprise more than 100 species, and together 
these account for 25% of all species in the flora (21). Similarly, of 
the region's 173 families, 12 each comprise more than 200 species 
and, in combination, include 64% of the CFR's flora. 

Although the evidence is patchy, it seems certain that this 
massive diversification has occurred relatively recently, mostly 
after climatic deterioration in the late Pliocene when seasonal 
(Mediterranean-type) climates developed and recurrent fire 
became an important ecological factor (22, 23). That many 
lineages are in the midst of massive diversification events is 
suggested by the restriction of localized endemics to very young 
sediments (20), the large clusters of closely related species 
resulting in poor phylogenetic resolution in clades (24, 25), and 
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a very recent (post-Pleistocene) appearance in the pollen record 
of species-rich taxa, notably the Mesembryanthemaceae (26). 

Diversification-prone lineages in the CFR are not a random 
assemblage either biologically or ecologically. Generally, com
ponent species among woody groups are low, fire-killed (i.e., 
nonsprouting) shrubs with poorly dispersed seeds, small and 
weakly persistent seed banks, and insect-pollinated flowers (21 ,  
27, 28). These traits, especially fire sensitivity, which could be 
regarded as a key innovation (in the sense of ref. 29; see also refs. 
22 and 27), have favored increased diversification rates. Thus, 
fire-induced plant mortality increases generation turnover, 
thereby providing potential for more rapid evolution than 
sprouters (compare refs. 27 and 30). Small and weakly persistent 
seed banks, in combination with fire sensitivity, result in non
overlapping generations, thereby increasing the probability of 
the manifestation of genetic novelties associated with each 
generation, as well as increasing the probability of population 
fragmentation via fire-induced local extinction (22, 27). Finally, 
restricted gene flow, a consequence of short-distance seed 
dispersal and insect pollination, promotes isolation and hence 
diversification of populations in different habitats (31 ,  32). 

A simple microgeographic speciation model applies (28): sub
populations of common species, presumably with considerable 
genetic diversity, are isolated geographically by fire-induced local 
extinction or climate change, on the periphery of the parent 
population in a different habitat. This process can occur very rapidly 
(even after a single fire) and, owing to limited gene flow, over small 
spatial scales. In these isolated populations, a combination of 
chance fixation of new genes and strong selection in a different 
habitat results in rapid speciation. Predictably, the overwhelming 
majority of range-restricted, terminal taxa are habitat, principally 
edaphic, specialists (20, 27, 33, 35), implying a strong ecological 
component to the diversification processes (21, 31, 34). 

Adaptation to pollinators has also played a major role in the 
diversification of the CFR's flora (35). This is especially true of 
the region's large geophyte flora (ca. 1 ,500 species) where 
specialist pollinators have driven speciation in several groups 
(e.g., refs. 36-38). Strong selection for specialist pollinators is 
presumably a consequence of the scarcity of pollinators and 
widespread pollen limitation in the infertile and fire-prone CFR 
landscapes (39). However, ecological factors, especially soil type, 
may nonetheless play an overriding role in speciation amongst 
geophytes, as in the irid genus Lapeirousia (33). 

Diversification of the CFR biota has also occurred in relation 
to meso- and macroscale ecological gradients, also operating 
over larger temporal scales than those described above. These 
larger processes are the consequence of geographic isolation 
driven by oscillating climate change during the Pleistocene (21, 
40). There is some evidence for ecological diversification of both 
plant and invertebrate lineages in relation to the high environ
mental diversity associated with lowland-upland gradients (6, 
34, 41). Riverine systems that breach montane migration barri
ers, thereby linking dry interior basins with mesic coastal fore
lands, are important for migration and exchange between these 
biotas: subsequent isolation of populations may also play a role 
in speciation ( 42). Plants and invertebrates have also diversified 
across the macroclimatic gradients evident in the CFR (41, 43). 
There may also be as yet undisclosed levels of within-species 
genetic variation between geographically isolated parts of 
the CFR. 

Further rapid climate change is likely to cause the extinction 
of many of the range-restricted and habitat-specialist members 
of the actively speciating flocks in the CFR (44-47). However, 
by changing habitat characteristics and promoting population 
isolation, climate change may also enhance turnover of actively 
diversifying lineages. Another widespread influence is ongoing 
transformation of habitats to intensive uses. The challenge for 
conservation planning is, therefore, to create conditions that 
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enable evolutionary processes to continue in a rapidly changing 
world (48). 

Systematic Conservation Planning 

Conservation planning is a branch of conservation biology that 
seeks to identify spatially explicit options for the preservation of 
biodiversity ( 49, 50). Alternative systems of conservation areas are, 
in essence, hypotheses about effective ways of promoting the 
persistence of biodiversity. It is vital, therefore, that planning 
considers not only the representation of populations, species, 
and other components of biodiversity pattern, but also-as we 
argue below-the processes that underpin these patterns. In order 
for these processes to be represented in a conservation plan, they 
must be explicitly identified by their spatial components [e.g., a 
particular physiographical gradient across which lineages have 
diversified (9, 12)]. 

Invariably, the conservation options arising from a plan are 
constrained by a number of factors, such as the existing reserve 
system (51), the extent and configuration of transformed habitat 
(52), and forms of land use that are financially more viable (at 
least in the short term) than conservation (53). To be effective, 
conservation planning should be systematic. Systematic ap
proaches share the following features: they are data-driven; 
target-directed; efficient; explicit, transparent, and repeatable; 
and flexible (12, 54). 

A map of irreplaceability, such as the one shown in Fig. 1, is 
an outcome of a systematic approach that presents options for 
planning new protected areas (55). Essentially, irreplaceability is 
a measure assigned to an area that reflects its importance, in the 
context of the planning domain (e.g., the CFR), for achieving a 
set of regional conservation targets (e.g., a specified extent of 
each habitat type). Irreplaceability can be defined in two ways 
(57): the likelihood of an area being required to achieve the set 
of conservation targets for the region; and the extent to which 
the options for achieving a system of conservation areas that is 
representative (achieves all of the conservation targets) is re
duced if that area is lost or made unavailable. 

In areas of high irreplaceability, all or most extant habitat is 
required to achieve targets; in areas of low irreplaceability, there is 
greater flexibility in the array of available areas required to meet 
regional conservation targets (55). In the case of the CFR (Fig. 1 ), 
the broad pattern of irreplaceability is largely driven by agricultural 
transformation. Areas comprising habitat types that have been 
almost entirely transformed-mainly renosterveld and allied shru
blands of the coastal lowlands (58)-have maximum irreplaceabil
ity. All extant occurrences of these habitats are required to fulfill the 
conservation target, and options for protected area establishment, 
or some form of conservation action, are severely constrained. In 
contrast, sites that include habitats associated with remote and 
infertile mountain landscapes, which are in a largely pristine state 
and where most protected areas are located (59), have low irre
placeability: here there are numerous options to meet the outstand
ing conservation targets. 

Although the analysis in Fig. 1 provides a solid base for 
systematic conservation planning, it has a major limitation. The 
outcome reflects the options for achieving targets for pattern 
only. The representation of biodiversity pattern (species, habi
tats, etc.) is only one component of an effective conservation 
plan; an explicit consideration of the evolutionary processes that 
will maintain biodiversity in the long term is also required (11 ,  
12), especially in a world that is  increasingly threatened by 
habitat loss and climate change ( 44, 45). 

Planning for Ecological and Evolutionary Processes 

The past 20 years have seen the development of systematic 
conservation protocols that identify whole sets of complemen
tary areas that collectively achieve some overall conservation 
goal-the "minimum set" approach ( 49, 60). In this strategy, the 
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Fig. 1 .  A map of site irreplaceabil ity for the CFR. Areas (planning units comprising 1 / 1 6• cells) where existing reserves cover >50% of the area are regarded 
as mandatory reserves. Tota lly irreplaceable units include areas of habitat that are essential to meet reservation targets, whereas units where irreplaceability 
is zero comprise habitat for which reservation targets have been achieved. The analysis, driven by explicit reservation targets for 88 Broad Habitat Units (BHUs), 
and mapped at 1 :250,000 (56), was undertaken by using C·PlAN, a decision support system l inked to a geographic information system (53). 

conservation goal consists of quantitative targets for each spe
cies (e.g., at least one occurrence) or each habitat (e.g., at least 
10% of its total area). The aim is to represent the required 
amount of each species or habitat in as small an area as possible. 
Usually, rapid implementation of the reserve system is assumed 
implicitly, so there is no basis for deciding how to schedule 
conservation action among the selected areas in relation to 
prevailing threats. 

A more realistic scenario, however, is for implementation of 
the reserve system to take years or decades, during which time 
the agents of biodiversity loss continue to operate. In such 
situations, strategies for maximizing representation on paper 
must be complemented or replaced by those that maximize 
"retention" in the face of ongoing loss or degradation of habitat. 
A crucial consideration in maximizing retention is the assign
ment of priorities based on the irreplaceability of a site and its 
vulnerability to biodiversity loss as a result of current or im
pending threatening processes (61). In this scenario, areas with 
high irreplaceability and high vulnerability are the highest 
priorities for conservation action. The objective of the approach 
is to minimize the extent to which representation targets are 
compromised by ongoing loss of habitat and species. The same 
rationale underlies some approaches to identifying conservation 
areas globally (13). 

A further step is needed, however, for conservation planning 
to truly address the long-term persistence of biodiversity. The 
implementation of reserve systems that are designed to retain 
only biodiversity pattern will not ensure long-term conservation. 
This is because these systems do not explicitly consider the 
ecological and evolutionary processes that maintain and gener
ate biodiversity (1 ,  3, 1 1, 12, 62). The ultimate goal of conser
vation planning should be the design of systems that enable 
biodiversity to persist in the face of natural and human-induced 
change. Design is defined here as the size, shape, connectivity, 
orientation, and juxtaposition of conservation areas intended to 
address issues such as viable populations, minimization of edge 
effects, maintenance of disturbance regimes and movement 
patterns, continuation of evolutionary processes, and resilience 
to climate change. 

Given that the implementation of reserve systems is almost 
always gradual, and accompanied by ongoing loss of habitat, the 
conservation of both pattern and process will require two things: 
consideration of representation and design in the identification 
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of potential conservation areas; and sound decisions about the 
progressive implementation of conservation action so that land 
use and other threats have minimal impact on the desired 
outcome. 

In the implementation phase of a reserve system designed for 
retention and persistence, the importance of threatening pro
cesses in compromising the achievement of both pattern and 
process goals will need to be considered and balanced ( 12). This 
strategy should achieve greater long-term benefits for biodiver
sity than strategies based only on the representation of pattern. 

Planning for an Evolutionary Future in the CFR 

Because conservation planning is a spatial exercise, an essential 
requirement of planning for the maintenance of natural pro
cesses is the identification of the spatial components of those 
processes-examples are habitat gradients or geographical bar
riers that are associated with lineage turnover. To our knowl
edge, no studies have integrated these spatial requirements into 
a conservation plan. This we are attempting to do in a current 
exercise for the CFR. 

On the basis of our present understanding of diversification 
processes in the CFR, we identified seven spatial components to 
be protected to promote ongoing evolution and set targets for 
each (Table 1) .  These targets can be used to produce a map of 
irreplaceability for evolutionary processes but, in the overall 
conservation plan, are combined with requirements for repre
senting biodiversity pattern and the continuation of various 
ecological processes. The next step was to design a system of 
conservation areas by selecting from areas that contain one or 
more of the spatial components in Table 1. The options associ
ated with the selection of areas were constrained by several 
factors, including a pragmatic requirement to incorporate the 
existing reserve system; the avoidance of excessively transformed 
areas; and the need to select, where possible, areas also with high 
irreplaceability for targets for biodiversity pattern. In many 
instances, especially in lowland regions, habitats are so exten
sively transformed that it is no longer possible to achieve process 
targets-the evolutionary future of the CFR has already been 
severely compromised. 

Fig. 2 shows the sequential assembly of the conservation 
system designed to achieve evolutionary process targets in the 
CFR. The rule applied for the design sequence was to initially 
attempt to achieve targets for which there were limited options 
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Table 1 .  Spatial components of evolutionary processes in the CFR 

Spatial component 

Juxtaposed edaphically different 

habitats 

Entire sand movement corridors 

Whole riverine corridors 

Gradients from uplands to 

coastal lowlands and interior 

basins 

Macro-scale climatic gradients 

Mega wilderness areas 

Transitions between major 

Broad Habitat Unit categories 

(56) and biome boundaries. 

Method of identification 

Identify planning units with 

particular combinations of Broad 

Habitat Units (56) that reflect 

strong edaphic contrasts 

(limestone and adjacent acidic 

substrata) known to be associated 

with plant diversification 

processes. Exclude "unsuitable" 

planning units based on 

fragmentation of native 

vegetation and lack of contiguity 

with other units. 

Identify planning units containing 

the three specific dune pioneer 

habitats. Exclude any corridors 

(sedi ment-sources) with l imited 

conservation potentia l  of 

surrounding land (particularly in  

the sediment-sink or downwind 

zones). Assume stands of dense 

alien plants make corridors 

irrecoverable. 

Identify major rivers that link inland 

basins with coastal plains. Identify 

untransformed corridors or parts 

of corridors. 

Identify planning units on the 

following interfaces of upland and 

lowland: 

Coastal range/coastal plain 

Coastal range/interior basin 

Inland range/interior basin 

In land range/Karoo basin 

which would allow the 

construction of corridors 

between these landscapes. 

Complement gradients between 

lowlands and uplands (meso scale) 

with macro-scale connectivity in 

two main directions: 

North-south in the western CFR 

along both the coastal 

forelands and inland 

mountains; 

East-west in the southern and 

eastern CFR along coastal 

forelands, coastal mountains, 

interior basins, and interior 

mountains. 

Identify contiguous planning units 

that encompass ca 500,000 ha of 

untransformed habitat, transcend 

biome boundaries (63), and 

include a l l  or part of a riverine 

corridor. 

Where possible, expand conservation 

areas to encompass these 

transitions. 

Target 

At least one example of each 

specified combination of 

Broad Habitat Units in  

each major climatic zone. 

At least one entire corridor 

of each type. 

All of any intact, or the 

untransformed parts of 

each of the major 

corridors (five river 

systems; ten river 

corridors). 

At least one example of each 

gradient within each of 

the major climate zones 

(9). Gradients width must 

encompass at least one 

untransformed planning 

unit and maximize climatic 

heterogeneity. 

Unbroken transects along al l  

of the geographical 

gradients. 

One in  the northwestern, 

one in the southern, and 

one in  the southeastern 

CFR. 

As many transitions as 

possible. 

Key evolutionary process conserved 

Ecological diversification of plant 

l ineages in  relation to fine-scale 

edaphic gradients (20). 

Ecological diversification of plant 

l ineages in relation to fine-scale 

edaphic gradients (20). 

Migration and exchange between 

inland and coastal biotas (42). 

Ecological diversification of plant 

and animal l ineages in relation 

to steep environmental gradients 

(6, 34, 4 1 ). 

Geographical diversification of 

plant and animal l ineages in 

relation to macrocl imatic 

gradients (56, 58). 

Maintenance of a l l  evolutionary 

processes, including 

predator-prey processes 

involving top predators (59). 

Exchange between 

phylogenetically distinct biotas. 

The components need to be identified geographically and given quantitative targets for conservation planning. The term "planning units" refers to areas 
used in our current planning exercise as the preliminary building blocks of an expanded system of conservation areas. They are 1 /16' grid cells each covering 
about 4,000 ha. About 2,51 0  planning units cover the whole CFR. 
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- Negotiated Reserve 
D Mandatory Reserve 

B 

Fig. 2. Stages in the design of a system of conservation areas for the CFR that wil l  achieve targets for biodiversity pattern and ecological and evolutionary 
processes. (A) juxtaposed edaphically different habitats; (8) entire sand movement corridors; (C) whole riverine corridors; (D) upland-lowland gradients; (E) 
macroclimatic gradients; (F) mega wilderness areas; (G) major biological transitions not identified in stages A-F; and (H) an additional minimum set of areas 
required to achieve all pattern targets. The minimum set was identified by using a reserve selection algorithm driven by irreplaceabil ity (53). 

(e.g., unique combinations of edaphic substrata), proceeding to 
targets offering greater flexibility in terms of spatial location. 
Particular attention was given to achieving more than one target 
within any one notional reserve. Nonetheless, the overall system 
depicted in Fig. 2 is one of several options for conserving 
processes and is accordingly presented as an example of the 
approach that we have used. Areas contributing to process 
targets were selected in the C-PLAN software system (53) as 
negotiated reserves, whereas the existing reserve system is 
depicted as mandatory reserves. The mandatory reserves, how
ever, do not contribute substantially to achieving process targets. 
Of the total area selected to achieve the targets, only 41% was 
contributed by the existing reserve system, and the area contri
bution of this system to each of the seven spatial components 
ranged from 0-48%. Thus, in addition to being another example 
of an ad hoc reserve system that is inadequate in terms of pattern 
representation (ref. 59; see also ref. 5 1), extant CFR reserves are 
not located in a manner that will sustain evolutionary processes. 
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The components identified in Table 1 comprise the spatial 
requirements of evolutionary processes at many spatial scales. 
The planning units themselves, each comprising about 4,000 ha, 
are sufficiently large to sustain regular, whole-patch fires (64), a 
disturbance essential for the maintenance of key evolutionary 
processes (22), to maintain plant and insect biodiversity (65-67), 
and to maintain plant-insect pollinator relations (67, 68). How
ever, larger areas of juxtaposed habitat encompassing the spatial 
components of evolutionary processes that operate over meso
and macroscale ecological gradients, are required to ensure the 
long-term persistence of biodiversity in the CFR. Accordingly, 
we hypothesize that the system identified in Fig. 2 will ensure 
ongoing diversification in the CFR by conserving the spatial 
components of key evolutionary processes. The maintenance of 
juxtaposed habitats over different spatial scales should impart a 
measure of resilience to impending climate change (44), which 
is predicted to have a substantial effect on the flora and 
vegetation of the CFR (69). 
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A key issue in conservation planning is the scheduling of 
conservation action on the ground, requiring choices in both 
space and time (61). In principle, irreplaceability and vulnera
bility to threatening processes should guide priorities for imple
mentation: action should minimize the extent to which conser
vation targets are compromised before conservation 
management is applied (61). However, when conservation tar
gets deal with the representation of both pattern and process, as 
is the case for this study, there are no established ways of 
comparing the relative risks of alternative approaches to imple
mentation. For example, how should the outright loss of an 
extensively transformed and fragmented habitat be compared 
with the loss of a section of climatic gradient, comprising 
adequately conserved habitat but essential for sustaining evo
lutionary processes? Resolving these conflicts is a major chal
lenge for conservation planning (12), and is the subject of 
ongoing research. A key contribution is the establishment of 
irreplaceability maps for the achievement of process targets. 

Discussion and Conclusions 

The system of conservation areas identified in Fig. 2 represents 
a set of hypotheses about the maintenance biodiversity and 
ongoing diversification in the CFR. The major prediction is that 
this system will maintain more biodiversity in the long term than 
alternative systems based on pattern representation only ( 12). It 
is not feasible, ethically or practically, to test this prediction: the 
scale and nature of the problem rule out experiments. We can, 
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however, monitor and, where possible, adjust the design as 
results and more data become available; although, given the 
rapid escalation of all components of global change, time is not 
on our side (9, 1 1). 

The contributions of the conservation planning approach that 
we have used for the CFR are the spatial identification of 
evolutionary drivers and the setting of explicit targets for these 
spatial components. Furthermore, in the larger project described 
partially here, these considerations are being integrated more 
thoroughly than shown in this indicative and preliminary ac
count. The larger study will also have to face difficult tradeoffs 
between the representation of pattern and process, as well as 
between requirements for biodiversity conservation and other 
socioeconomic considerations. There are no easy answers for 
resolving these conflicts, nor can they be ignored. 

Finally, the concepts and analytical techniques used in this 
study are of general applicability. The big challenge for all 
regions is to identify the spatial components of evolutionary 
processes and set targets for these. Biodiversity is being lost 
everywhere at an alarming rate. The current focus on pattern 
representation in conservation planning will only temporarily 
slow the rate of extinction. It is vitally important to plan for 
evolutionary futures everywhere. 
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Our global impact is finally receiving the scientific attention it 
deserves. The outcome will largely determine the future course of 
evolution. Human-modified ecosystems are shaped by our activi
ties and their side effects. They share a common set of traits 

including simplified food webs, landscape homogenization, and 
high nutrient and energy inputs. Ecosystem simplification is the 
ecological hallmark of humanity and the reason for our evolution
ary success. However, the side effects of our profligacy and poor 
resource practices are now so pervasive as to threaten our future 
no less than that of biological diversity itself. This article looks at 
human impact on ecosystems and the consequences for evolution. 
It concludes that future evolution will be shaped by our awareness 
of the global threats, our willingness to take action, and our ability 
to do so. Our ability is presently hampered by several factors, 
including the poor state of ecosystem and planetary knowledge, 
ignorance of human impact, lack of guidelines for sustainability, 
and a paucity of good policies, practices, and incentives for adopt
ing those guidelines in daily life. Conservation philosophy, science. 
and practice must be framed against the reality of human
dominated ecosystems, rather than the separation of humanity 
and nature underlying the modern conservation movement. The 
steps scientists can take to imbed science in conservation and 
conservation in the societal process affecting the future of ecosys
tems and human well-being are discussed. 

The Globalization of Human Impact 

Ecologists traditionally have sought to study pristine 
ecosystems to try to get at the workings of nature 
without the confounding influences of human activity. 
But that approach is collapsing in the wake of scientist's 
realization that there are no places left on Earth that 
don't fall under humanity's shadow. 

Richard Gallagher and Betsy Carpenter (1) 

These opening remarks to Science magazine's special issue on 
Human-Dominated Ecosystems are long overdue. George 

Marsh (2) wrote his classic book Man and Nature; or Physical 
Geography as Modified by Human Action in 1864, before Haeckel 
(3) coined the word ecology and three quarters of a century 
before Tansley ( 4) gave us the ecosystem concept. 

Ecologists' preoccupation with the pristine reflects a long 
tradition in western culture and a philosophy of separating 
humanity and nature (5), not to mention the humanities and 
science ( 6). The separation spilled over into conservation with its 
emphasis on setting aside pristine fragments of nature. Conse
quently, ecologists' recognition of the inseparability of human 
and natural realms could not be timelier in helping to bridge 
historical schisms, fostering sustainable development (7), and 
giving ecologists a new tool for investigating ecosystem pro
cesses (8). 

Drawing a sharp line between the human and natural realms 
serves no purpose when our imprint is as ancient as it is 
pervasive. In the last few hundred thousand years, hunting and 
fire have shaped animal and plant communities across Africa (9). 
By the late Pleistocene, our shadow fell over every major 
landmass except Antarctica (10). The New World and Australia 
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lost over two-thirds of their megafauna (>44 kg i n  body weight) 
within the last 10 to 50 millennia, and oceanic islands 50 to 90% 
of their birds in the last 3,000 years, largely because of human 
colonization and overkill (11) .  By the 20th century 40 to 50% of 
the world's land surface had been visibly transformed for 
domestic production and settlement ( 12). As we enter the 21st 
century, the earth's atmosphere, waters, and soils have been 
altered by human activity to the point of changing biogeochemi
cal cycles and climate on a global scale (13). 

What can we say about future evolution in a human-dominated 
world? We were invited to speculate freely. I suspect ecologists 
are uneasy about speculation because of their eschewal of human 
activity. I share the same uneasiness despite having studied 
humans as an integral part of African ecosystems for over three 
decades (14). But my uneasiness stems from a different con
cern-how little the fossil record can tell us about the future 
evolution because the future depends so much on human 
behavior. If we can't predict next year's economy, what can we 
say about evolution a thousand years from now, let alone 
millions? 

Despite predictions of a mass extinction (15), the outcome is 
not inevitable. Human-induced extinctions are qualitatively dif
ferent from previous mass extinctions (16). The threat is intrin
sic, arising from a single species rather than an asteroid, volcanic 
activity, or other extrinsic agents. And, even though we can 
assume that human activity will affect future evolution by default 
or design, there is a world of difference between the two. 
Predictions based on past trends paint a bleak picture for our 
own species, let alone biodiversity. Yet even modest changes in 
fertility over the coming decades could see population growth 
level off (17). Ironically, scientists can change the course of 
evolution by persuading society to disprove their dire predic
tions! If my two cents worth helps, then I'm prepared to 
speculate in the interests of self-negation. 

In reviewing human-dominated ecosystems I look at a number 
of interrelated topics. Each is vast and the subject of many 
reviews. These include ecosystem consequences of human im
pact (18-20), the consequences for humanity itself (7, 21), 
science applied to conservation (22), and science and conser
vation in society (23). My interest is not so much in the details 
as it is in showing the links and feedbacks among science, 
conservation, and society needed to avoid a dull homogenous 
planet fine for weeds and pathogens but not for the diversity of 
life or humankind. 

Characteristics of Human-Dominated Ecosystems 

Human impact on ecosystems can be looked at in several ways. 
Marsh (2), Tolba et al. (19), Heyward (19), and Vitousek et al. 
( 12), for example, look at the outcome of using such measures 
as changes in habitat, species composition, physical character
istic, and biogeochemical cycles. Diamond (24) looks at the 
cause-the Evil Quartet of overkill, habitat destruction and 
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Table 1 .  Some characteristics of intentionally 
modified ecosy�tems 

H igh natural resource extraction 

Short food chains 

Food web simpl ification 

Habitat homogeneity 

Landscape homogeneity 

Heavy use of herbicides, pesticides, and insecticides 

Large importation of nonsolar energy 

Large importation of nutrient supplements 

Convergent soil characteristics 

Modified hydrological cycles 

Reduced biotic and physical disturbance regimes 

Global mobi l ity of people, goods, and services 

fragmentation, impact of introduced species, and chains of 
extinction. Clarke and Munn (21) use systems models to explore 
human impact on ecosystems and its ramifications ( 19). 

Although each approach has merit, none deals with motive. 
Did we create anthropogenic environments intentionally or not? 
Do they fulfill human goals? Ecologists are quick to judge the 
result without looking at cause, implying that we destroy nature 
without thought to the outcome. But, is our behavior really that 
aberrant? Would other species behave differently in the same 
situation? 

I raise these questions because ignoring cause blinds us to the 
reasons for ecosystem modification. It also runs counter to the 
evolutionary perspective biologists apply to other species. What 
are the life-history and evolutionary strategies of Homo sapiens? 
How successful is that strategy in survival and reproductive 
terms? What are the costs? For consistency, we should look at 
human behavior as we do other species. After all, many, perhaps 
most, species modify their environment. Examples range from 
the crown-of-thorns starfish (25) to elephants (26). Problems of 
species overabundance, population crash, and ecological change 
are widely documented (27). 

With these questions in mind, I have categorized human 
impact as either intended or unintended, fully recognizing the 
murky dividing line. My reason is 2-fold. First, the most universal 
and ancient features of "humanscapes" (28) arise from a con
scious strategy to improve food supplies, provisions, safety, and 
comfort-or perhaps to create landscapes we prefer, given our 
savanna ancestry (29). The domestication of species, the creation 
of open fields, the raising of crops, and the building of shelters 
and settlements are the most obvious of intentional human 
activities, each practiced for millennia. Table 1 lists some 
ecosystem traits arising from deliberate human alteration of 
ecosystems. All of these characteristics are deliberate strategies 
to boost production and reproduction. As an evolutionary 
strategy, our success at commandeering resources and trans
forming the landscape to meet our needs has been phenomenal. 
Our numbers have grown from fewer than 4 million 10,000 years 
ago (30) to 6 billion today. Survival rates have risen, lifespan 
increased, and other indices of welfare improved in the evolu
tionary blink of an eye (18, 19). 

But what of the negative consequences? Table 2 lists a few of 
the side effects. It can be argued that ecological side effects are 
not unique either, but stem from density-dependent effects 
widely reported in other species (27). The distinction between 
humans and other species thus lies not in our evolutionary 
strategy per se, but in the side effects or our global dominance. 
What then can be said about the consequences for ecosystems, 
evolution, and humans themselves? 

Ecosystem Consequences 
The more obvious consequences of human activity, such as the 
loss of species diversity and wild habitat, accelerated erosion, 

Western 

Table 2. Some ecosystem side effects of human activity 

Habitat and species loss (including conservation areas) 

Truncated ecological gradients 

Reduced ecotones 

Low alpha diversity 

Loss of soil fauna 

Simplified predator-prey, herbivore-carnivore, and host-parasite 

networks 

Low internal regulation of ecosystems due to loss of keystone agents 

Side effects of fertilizers, pesticides, insecticides, and herbicides 

Invasive non indigenous species, especial ly weeds and pests 

Proliferation of resistant strains of organism 

New and virile infectious diseases 

Genetic loss of wild and domestic species 

Overharvesting of renewable natural resources 

High soil surface exposure and elevated a lbedo 

Accelerated erosion 

Nutrient leaching and eutrophication 

Pollution from domestic and commercial wastes 

Ecological impact of toxins and carcinogenic emissions 

Atmospheric and water pollution 

Global changes in lithosphere, hydrosphere, atmosphere, and climate 

and sedimentation, have been extensively quantified (19, 20) and 
need no further elaboration. Harder to gauge are the conse
quences of human impact on such ecosystem properties as 
energy pathways, nutrient cycles, productivity, albedo, and, 
ultimately, the large-scale processes governing climate, hydrol
ogy, and biogeochemial cycles (31). The uncertainties over how 
human impact will affect large-scale ecosystem properties in turn 
clouds the evolutionary predictions we can make based on such 
species characteristics as ecological niche, demography, and 
adaptability. 

An assessment of the ecosystem consequences is complicated 
by the question of the best measure. Should we use structural 
characteristics such as overall diversity, species composition, 
size-frequency, food web complexity, or trophic structure? Are 
ecological processes, whether resistance, resilience, perturba
tion, or some other measure more appropriate? Or should we use 
ecological functions such as overall productivity, water and 
nutrient cycles, and reflectance? 

Here, rather than using a single measure, I stress ecological 
linkages. I do so because our historical local sphere of awareness 
still blinds us to the global ripples we cause today. Awareness lags 
far behind impact. Ecology cannot yet tell us the full conse
quences of our activity, deliberate or otherwise, but it can at least 
map its dimensions and alert us to plausible threats. I also stress 
biotic rather than abiotic processes, given the heavy emphasis on 
pollution, biogeochemical cycles, and climate change in envi
ronmental studies to date ( 13, 19). Following the ripples calls for 
new theories and tools and methods for detecting and predicting 
the outcome for ecosystems, planetary process, our own future, 
and ultimately the evolution of life on earth. Meanwhile, we must 
make informed guesses. I select a few of the larger stones we have 
cast into the ecosystem pond and, using evidence and theory, 
follow the ripples through a causal chain from impact on 
community structure to ecosystem process and function. I then 
follow one or two of the persistent ripples from ecosystem to 
biosphere to show how the backwash can affect species and 
communities locally. 

I start with the most central issue in conservation biology 
today and the hallmark of human impact from genetic to 
landscape levels: the loss of biological diversity. 

Diversity. What are the ecological consequences of reduced 
diversity? The evidence is inconclusive but tilts toward some 
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predictable changes. So, for example, recent multisite studies 
across Europe show that productivity rises with species diversity 
(28, 29). The higher yields may arise from species complemen
tary in resource use and perhaps positive species interactions 
(32). Whatever the cause, recent work points to the reverse 
phenomenon, a reduction in diversity leading to a loss of 
productivity (33). Diversity may also dampen variation in pri
mary productivity during extreme stress such as droughts. 

A great deal more experimental work is needed to clarify the 
relationships among diversity, food web structure and ecosystem 
properties (34, 35). Theoretical and experimental studies point 
to greater resistance to invasive species and pathogens as 
diversity increases (31 ,  36). Stability measured by return time 
(34) and compositional stability is not positively linked and may 
in fact be negative on theoretical grounds (37). Recent studies 
(38) show that external landscape factors and site history, rather 
than internal linkages, account for high stability in species-poor 
communities. 

The difficulty of linking diversity and ecosystem properties 
probably tells us more about the inappropriateness of diversity 
as a generic measure than it does about human impact-or 
perhaps about the difficulty of drawing ecological generalities 
from the limited data so far available. Just as early debates over 
the link between diversity and stability floundered on the 
multitude of properties such as resilience, resistance, persis
tence, and variability (35), it is likely that we ask too much of 
diversity and miss the functional links between species compo
sition and ecological process. The life history characteristics and 
the relative abundance of species is likely to tell us more about 
ecosystem change than species richness per se (39). 

Functional Roles. Paine's ( 40) pioneering work on the role of the 
predatory starfish Pilaster in regulating species diversity in 
littoral communities was the first of many to highlight the role 
of keystone species in community structure and dynamics (41, 
42). Recent work has broadened keystone species to functional 
groups. Functionally equivalent species contribute to keystone 
processes such as primary production by algal mats on coral 
reefs; here, individual species abundance may fluctuate, but the 
overall photosynthetic production remains relatively constant 
( 43). It is quite possible that the maintenance of such functional 
groups is far more critical to the maintenance of ecosystem 
structure and properties than how many species are present, 
regardless of their role. Clarifying functional roles will help 
ecologists determine the ecological bottom line-those irre
placeable elements of ecosystems we cannot afford to lose. 

The evidence already underscores the need to consider func
tional roles in tracing the ripple effect of human activity on 
ecosystem properties and points to a novel experimental tool for 
ecologists ( 44 ). 

Structural Asymmetry. An obvious starting point is our differential 
impact on large species. The overharvesting of big species is our 
most ancient and persistent signature. Great Lakes fishery and 
New Brunswick forestry practices, for example, select large 
species because of their high price per unit mass. Overharvested 
species of trees and fish are further stressed by pesticides, acid 
rain, chemicals, and introduced species, causing a "general stress 
syndrome" (45). The outcome can be gauged from both theory 
and field studies. Size-scaling theory predicts such life history 
characters as growth rate, reproductive rate, intrinsic rate of 
natural increase, generation time, and turnover rate (39, 46). 
These life-history traits, derived from physiological scaling laws 
common to all plants and animals (47, 48), govern the demo
graphic and population patterns for single species as well as their 
population cycle times and home ranges (39, 49). If community 
structure is the aggregation of species abundance, then ecosys
tem dynamics is the interactions of their relative abundance and 
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life history traits-mediated by extrinsic environmental factors. 
So, for example, the size-frequency distribution of a species in an 
assemblage can be used to predict energy and nutrient turnover 
rates (39, 50). Scaling laws also explain packing rules that 
theoretically and empirically predict the relationship between 
diversity and productivity, and between species diversity and 
area (51). 

Ecosystem Processes. By using life history theory, what can we 
infer about the ecological changes resulting from the extermi
nation of large-bodied species? First, because large bodied 
species of predators and herbivores are keystone species, their 
extermination or reduction will further decrease species richness 
and habitat patchiness (26, 52). Second, the mean body size of 
species in a community will diminish. Third, population cycle 
times and overall community turnover rates will shorten. Fourth, 
nutrient flow rates will increase. Fifth, resilience will increase but 
resistance will decrease. Sixth, external agencies and stochastic 
events will increasingly govern community dynamics as the 
internal feedback linkages dominated by large animals weaken 
(53). Finally, the loss of important functional groups will also 
contribute to an overall loss in productivity. 

The use of functional groups allows us test deductions about 
stability. We can deduce, for example, that resilience should 
decline with species succession-given the longer generation 
times of larger more competitive species-and, conversely, that 
resistance will decrease with species impoverishment because of 
a loss of niche specialization. We can also deduce that the loss 
of large mammals and their disturbance regimes will lead to 
further species loss and a weakening of internal stabilizing forces 
of herbivory, competition and predation. 

Ecosystem Functions. I have used the example of asymmetrical 
impact of humans on species composition to trace the ripple 
effect of ecosystem structure and process. Whether such impacts 
show up in function is less clear (31). The causal linkage via 
size-structured communities suggests that nutrient cycles theo
retically should be shortened and productivity lowered. Whether 
reflectance and water cycles are affected is also unclear. Large 
changes in biotic structure and process can occur without 
affecting ecosystem functions, and vice versa. So, for example, 
Schindler et al. (54) found in an experimental study of Canadian 
lakes that chemical perturbation causes large changes in species 
dominance, but that the functional properties of the ecosystem 
(productivity, water and nutrient cycles, reflectance) are unaf
fected. In contrast, sedentarization of livestock can change plant 
cover and reflectance through overgrazing in the absence of any 
increase in stocking levels. The mode of land use-the degree to 
which it mimics existing ecosystem properties-may, in other 
words, be more important than intensity. 

I suspect that another problem clouding debate over the 
consequences of human impact biodiversity loss is the relatively 
small amounts of change ecologists study in natural systems. 
When it comes to the most extremely modified humanscapes
monocultures-the consequences of biodiversity loss are largely 
uncontested. Here, by almost any measure, ecosystem properties 
are profoundly simplified. Overall, diversity declines, the num
ber of functional groups decreases, food chains are shortened 
and simplified, and resistance to invasive species and pathogens 
falls. Compositional stability alone may be higher, but only 
because of the ever-higher costs in terms of extrinsic energy and 
nutrients inputs. 

So far I have focused on the direct impact of species removal 
on structure and internal ecosystem processes. The indirect and 
external effects are far greater for evolution. A few examples 
show the ripple effect of human impact in ecosystem, regional, 
and global processes. 
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Spatial Linkages. The unanticipated long-term consequences of 
fragmentation and loss of ecological linkages are only now 
becoming apparent. Dislocation of spatial links from ecosystem 
to continental level will see species extinctions progress up 
hierarchical scales starting locally in ecological time (decades to 
centuries) and extending into evolutionary time on a continental 
level (55). Fractal scales are important in resource partitioning 
and therefore in niche packing and diversity (51) .  Ecological 
gradients strongly partition niches and species in physical tran
sition zones (56). Ecotones act as species refuges and speciation 
sites. Landscape fragmentation severs these spatial components 
vital to species diversity in space and time. 

Spatial fragmentation also has a direct impact on individual 
species by snipping metapopulation connections, raising the risk 
of extinction through declines in species abundance, distribution, 
and interspecific interactions (57). The outcome is that smaller, 
less viable populations are vulnerable to stochastic processes 
such as disease, local environmental perturbations, genetic 
impoverishment, edge effects, and so on (58). Large species with 
low population densities and species with poor dispersal abilities 
across humanscapes are especially vulnerable to extinction. 

Homogenization. Homogenization of ecosystems across the land
scape reinforces the effects of fragmentation. The domestication 
of arable landscapes causes convergent ecosystem properties not 
only in species assemblage, but also in soil characteristics, 
nutrient and water cycles, and the dampening of stochastic 
events and perturbations. High nitrogen application on arable 
lands in moist climates and erosion-induced leaching in over
grazed arid lands are other example of large-scale homogenizing 
regimes. Based on Tilman's (59) resource ratio hypothesis, which 
predicts high species diversity at intermediate nitrogen levels, we 
might expect that species richness will diminish in both arable 
and arid lands. 

Disturbance Regimes. Loss of disturbance regimes is yet another 
route to ecosystem simplification. The dampening of disturbance 
regimes, including sedentarization, can cause habitat simplifica
tion (52). Spatial fragmentation, homogenization, and loss of 
disturbance regimes collectively create secondary cycles of sim
plification within ecosystems as species diversity falls and inter
nally driven processes maintaining species diversity weaken. The 
outcome favors small, easily dispersed species able to invade 
human-dominated ecosystems with low species diversity and 
resistance-the tramp species, colonizers, nitrogen-tolerant spe
cies, pests, and pathogens. 

By-Products. At the risk of simplifying the vast literature on the 
environmental impact of pollutants, sediment and nutrient load, 
heat production, and so on, I use a few examples simply to show 
the overt consequences for ecosystems, the growing ripples 
globally, and the repercussions on communities and evolution. 

The impact of pumping exogenous nutrients and energy into 
ecosystems and disposal of by-products of human activity are 
well established for nitrogen. Eutrophication of lakes and the 
oceans is showing up in algal blooms, loss of species, and lowered 
immune resistance (60). Fossil fuels emit sulfurous and nitrog
enous compounds distributed by air currents and redeposited as 
acid rain, causing lake and forest impoverishment in industrial
ized countries (19). Fossil fuels also emit greenhouse gases that 
have raised atmospheric C02 levels, causing global warming, and 
are likely to alter climate on a time scale that matches the most 
violent shifts recorded in the last ten million years or more ( 13). 
Ecosystems everywhere could be affected by changes in tem
perature and rainfall in a matter of decades. Both the rapidity of 
climate change and the barriers to species dispersal (many of 
them anthropogenic) will challenge species adaptations and 
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Table 3. Some ecological consequences of human activity on 
ecosystem processes 

Ecosystem structure 

Loss of biodiversity 

Structural asymmetry and downsizing of communities 

Loss of keystone species and functional groups 

Ecosystem processes 

Low internal regulation 

High nutrient turnover 

High resilience 

Low resistance 

Low variabil ity 

Low adaptabil ity 

Ecosystem functions 

High porosity of nutrients and sediments 

Loss of productivity 

Loss of reflectance 

Global processes 

Modified biogeochemical cycles 

Atmospheric change 

Accelerated climatic change 

block migration, with grave implications for species extinc
tion (61). 

The consensus on exogenous human impact is that every 
major planetary process, whether in biosphere, lithosphere, 
hydrosphere, or atmosphere, is already altered or dominated by 
our activity (12). Table 3 summarizes the main consequences of 
human activity on ecosystem properties. 

The Evolutionary Implications 
Human domestication of ecosystems greatly reduces species 
diversity. Of equal or greater importance, asymmetrical selective 
pressure on large species downsizes communities. Relatively 
small changes in keystone species and functional groups will have 
greater repercussions on ecosystem process than diversity as a 
whole. Downsized communities accelerate population, energy, 
and nutrient turnover rates, increase resilience, decrease resis
tance, and reduce overall productivity. 

The dominant species-domesticated animals and plants
are heavily selected for specific traits and have reduced genetic 
heterogeneity and adaptability. Maintaining these traits and 
enhancing production in adverse environments and in the face of 
mounting disease and pathogen attacks will require ever
increasing energy inputs and environmental modification. 

The expansion and intensification of domesticated landscapes 
will shrink habitats of nondomestic species, reduce population 
sizes, and fragment their range by imposing physical or biological 
barriers to dispersal. The resulting population declines and 
barriers select against poor dispersers, including big species. 
Small, easily dispersed species able to tap into the production 
cycle of domesticated landscapes and heavily harvested natural 
resources are selectively favored. These are typically r-selected 
weedy species and pathogenic and competitive microorganisms. 

The selective pressures exerted by indirect human impact 
reinforce species extinctions and create deeper asymmetries and 
gaps in downsized communities. Three agencies of human 
activity reinforce these selective pressures: 

(i) The secondary influence of fragmentation and homoge
nization of the landscape by reinforcing large-scale barriers at a 
regional and continental level. These large-scale barriers reduce 
periodic dispersal (due say to climate change) from continents to 
ecosystems and communities and vice versa, weakening the 
hierarchical links that maintain species richness (55). 

(ii) The loss of disturbance regimes, either generated inter
nally by keystone and functional species, or by external pertur
bations such as stochastic hydrological events. 
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(iii) The impact of human by-products such as heat, particulate 
matter, chemicals, and nutrients. 

These three forces, among others, further amplify extinctions 
and asymmetries in community structure and favor small, high
dispersion species able to invade human-dominated ecosystems. 
The outcome will also accelerate speciation in small species able 
to survive fragmentary habitats in high enough densities to form 
viable founder populations and perhaps, ultimately, secondary 
specialization (62). 

Finally, human activity will dominate biogeochemical cycles 
and affect major planetary processes such as climate through the 
greater porosity of energy flow and nutrients cycles across 
ecosystem boundaries and increased reflectance. One example 
is the impact of nitrogen overload on oceans through eutrophi
cation and phytoplankton blooms (60) and their diminished 
resistance to invasive species (36). 

There will, of course, be more that is unknown than known. 
By far the greatest uncertainty lies in predicting the scale and 
tempo of human land use changes. If these are slow, spatially 
homogenous, and persistent, species loss will be high. If the 
changes are local and transient, species may be able to disperse 
temporally and avoid mass extinction. The rate and scale of 
change in the mosaic of human land uses will have huge and as 
yet unpredictable consequences for evolution. 

The Human Consequences 

Assessing the implications for our own future is no simpler than 
it is for ecosystems. The future can be gauged from several points 
of view-from human carrying capacity, capacity for a given 
standard of living, or for the diversity of future options, for 
example (15). Should our horizon be measured in ecological or 
evolutionary time-in decades and centuries, or in millennia and 
millions of years? Cohen (17) has elegantly exposed the sim
plicity of Malthusian thinking in making projections over de
cades let alone centuries, given the sensitivity of the outcome to 
small changes in initial assumptions and the complex interactions 
involved in modeling human developmental scenarios. 

One could well argue that our very success evolutionarily is 
proof of our ability to modify ecosystems to our advantage-and 
that we can take care of the environment in due course, when we 
can afford it. This is where the distinction between intentional 
modifications and side effects (Tables 1 and 2) becomes impor
tant. Kusnet's U-curve of wealth and environment, postulating 
that environmental clean-up follows wealth creation, has been 
development dogma for decades. There is now sufficient evi
dence to show that the Kusnet curve doesn't apply to fisheries 
and forestry in the developed world, let alone the poorer 
nations (63). 

The challenge for ecology and environmental studies is to 
gauge the outcome of human action on ecosystem processes and 
on our own future. If there is no link between biodiversity and 
human well-being, then the future may be bleak for diversity but 
not necessarily for humanity. If that is the case, the fate of 
diversity will depend on human compassion, esthetics, and 
emotions rather than on human welfare. 

Linking Ecological Impact and Human Welfare. Is there any link 
between biodiversity and human welfare? At best the connection 
is weak. Have we evidence to convince rural farmers that 
intensified monoculture is less productive and sustainable than 
biodiversity extraction? This is a dubious assertion, given the low 
limits on extractivism relative to intensive farming (64). Our 
intentional modification of food webs and landscapes is hard to 
fault based on evolutionary success to date. These modifications 
take on a different complexion, however, when the growing 
problems of overconsumption, ecological side effects, and rising 
costs are considered. 

The cost of overconsumption can be measured in falling yields 
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and rising costs. Nearly half of the world's marine fish popula
tions are fully exploited and another 22% are overexploited (65). 
The real costs of food, resource, energy, and materials produc
tion are heavily disguised by massive subsidies, amounting to 1.5 
trillion dollars globally each year (66). Stripped of subsidies, the 
costs of agriculture in the United Kingdom and perhaps many 
other developed countries already exceed the benefits (67). The 
mounting costs have been discounted in conventional gross 
domestic product measures, leading to calls for full-cost disclo
sure in valuing natural capital and ecological services (68). 
Removing these perverse subsidies would in itself improve 
economies and environment alike (66). 

National governments share the academic's view of overcon
sumption to the point where environmental sustainability and 
security have risen to rise to top of the post-Cold War agenda. 
The Biodiversity Convention and a plethora of national biodi
versity strategies testify to the consensus on the environmental 
threats of overconsumption and the need for sustainable prac
tices (69). 

We are on firmer ground yet when it comes to the side effects 
of our evolutionary strategies. A decline in environmental 
quality (measured by ecosystem process and function and 
build-up of deleterious waste products) does have a direct 
bearing on human health and well-being, as a few examples 
illustrate. 

The rising health cost is the gravest concern because it does 
directly threaten our very survival, production, and reproduc
tion-in short, our evolutionary success. Concerns over ozone 
thinning and increased UV levels, toxic pollutants, endocrine 
mimicking substances, immune suppression (70), and the spread 
of resistant and exotic infectious diseases including HIV, Ebola, 
and Marburg's virus are some examples (71). 

Less important, but climbing the list of human concerns, is the 
quality of life. Urban living, the welter of human activity, and 
global travel will push the world tourism trade past the 4 trillion 
dollar mark in 2000. By 2020, some 20% of the global population 
is expected to take international trips (72). As awareness of 
environmental deterioration widens and appreciation of open 
space and more natural landscapes builds, the demand for 
quality of life will intensify. Environmental connections are 
being made where they matter most, in people's minds (14). 

The Inadequate Response. The environmental connection could be 
construed as a turning point for conservation. It could further be 
argued that conservation is in place and showing success through 
protected area expansion, global agreements on greenhouse 
gases and ozone thinning, and perhaps even the plethora of 
national biodiversity strategies. Added to that is the good news 
of a worldwide demographic and economic transition and the 
improvement in numerous environmental indicators since the 
1970s (19). 

On the downside, these improvements come at a time when 
ecologists and conservationists alike realize that we have un
derestimated the magnitude of our environmental impact and 
the mitigation needs. Existing measures are far too paltry to save 
biodiversity or reverse environmental degradation. The global 
network of protected areas is too small to avert a rash of 
extinctions. Overharvesting of forests, fisheries, and wildlife 
continues unabated. Poverty and resource depletion is growing 
worse over much of the world, sapping the will and means to 
implement conservation measures. 

How can conservation take hold under these conditions to 
avoid ecological homogenization, simplification, and degrada
tion? How can we break past behavior patterns and change the 
projected course of evolution? 
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Applying Science to Conservation 

The consequences of human impact, although largely unknown, 
are already troubling enough. The unknowns, no less than the 
immense amount of information needed to mitigate anticipated 
trends, pose the biggest of all challenges for science. Ayensu et 
al. (73), among others, have recognized the information gap in 
setting up an International Ecosystem Assessment (lEA) t� 
conduct regular audits of human impact. The lEA is a fast-track 
solution to forecasting trends and integrating biological, physi
cal, and socioeconomic studies for decision-making. 

The need for information is growing critical. And yet, as 
Holling ( 49) points out, more information in itself is not the 
solution. Ecosystem models with ever more detail do not nec
essarily improve predictability. Arcane theories that fail to 
connect with reality are worthless. The Ecological Society of 
America (74) recognized the environmental and intellectual 
challenge in 1991 when it laid out an ecological research agenda 
for its Sustainable Biosphere Initiative. A decade later, some real 
progress has been made, but the challenge is more formidable 
than ever. 

How can scientists keep up with such information demands? 
Perhaps a better way to phrase the question is: Given the 
catch-up problem, how can scientists provide better tools for 
environmental decision-making? Several interlinked steps are 
needed; I touch on them briefly. 

Macroecological Theories. Ecological theory is essential in provid
ing a robust, yet relatively simple explanation of ecosystems and 
their response to human activity. Community assembly rules and 
the relationship between ecosystem structure and process and 
how they vary biogeographically are basic to explaining overall 
diversity and ecosystem properties. In recent years, promising 
progress has been made on macroecological approaches (75-77). 
These nascent theories underscore the importance of scale and 
process in maintaining species diversity and ecological process
es-and the links to continental scales ( 49, 55, 78). 

Such models can help address question such as: Are there 
critical levels of diversity for a given ecological process? How 
much redundancy is there in ecological systems? What species or 
functional groups are vital to ecosystem structure and process? 
Can we use surrogate species to restore ecosystem properties? 
What critical thresholds exist for ecosystem properties in terms 
of species, processes, and area? 

Ecological Principles. The maintenance of diversity, process, and 
function in ecosystems will depend on the identification of these 
critical properties and thresholds ( 49). Identifying threshold 
levels of tolerance provides the guidelines (or principles) on 
which sustainable development and conservation must be 
founded (79). Ultimately, simple principles are the basis of 
international agreements, conservation and development strat
egies, and management plans for all natural resources and 
biodiversity. 

These questions only scratch the surface by touching on 
immediate threats and ecological time. Conservation biology has 
made a singular contribution by adding an evolutionary per
spective to conservation (80). By identifying the selective forces 
of human impact and their consequences, ecologist are in a 
position to state principles for minimizing the evolutionary 
consequences of our action. I consider development of principles 
of sustainability that avoid evolutionary sclerosis to be the 
biggest task for ecologists. Table 4 illustrates some examples 
based on maintaining the ecosystem processes threatened by 
human activity (Table 3). 

Methods. In situ restoration and ex situ management and tools and 
methods for improving data collection, monitoring and analyz-
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Table 4. Ecological principles for conserving ecosystem processes 

Maintain or replicate 

Species richness, structural symmetry, and keystone processes 

Internal regulatory processes (e.g. predator-prey interactions) 

External diversifying forces 

Large habitat areas and spatial l inkages between ecosystems 

Ecological gradients and ecotones 

Minimize 

Erosion, nutrient leaching and pollution emissions 

Landscape simpl ification 

Landscape homogenization 

Mimic 

Natural process in  production cycle 

ing results, assessing risk, and defining minimum critical eco
system parameters are vital for applying such principles to 
management (81). In recent years, cheap, accessible, high
resolution imagery has made large-scale environmental moni
toring a reality. Techniques such as Population Viability Analysis 
and rapid techniques for biodiversity assessment have helped 
bridge the gap between time-consuming surveys and arbitrary 
judgments. Environmental Impact Assessments (EIA) and en
vironmental monitoring have become prerequisites of develop
ment around the world in a remarkably short period. Further 
improvements in EIAs will depend on better ecological tools, 
methods, and application criteria. 

Criteria. Finally, there is a dearth of criteria for identifying, 
safeguarding, or restoring biodiversity and ecological processes 
and gauging when and how to apply ameliorative measures (81 ) .  
Such criteria help build consensus and develop a biological basis 
for conserving and managing biodiversity. 

Until the last decade or so, ecological theory and conservation 
principles did no more than provide reactive short-term and 
small-scale solutions to ecological threats. Recent advances on 
both fronts offer better ways to determine sustainable harvests, 
set protected area priorities (82), and conserve entire ecological 
provinces through a minimum conservation area system nation
ally and regionally (83). 

Applying Science and Conservation to Society 

The Convention on Biological Diversity (CBD), adopted by over 
120 nations, is the broadest conservation agreement ever 
reached. Its three goals-biodiversity, sustainable development, 
and equity-will guide global initiatives well into the 21st 
century. Achieving these goals will be difficult. 

On the positive side, CBD shows high-level political commit
ment to the environment. Scientists have a central role to play 
in developing the ecological principles for CBD, national biodi
versity strategies, EIAs, and sustainable development. On the 
negative side, the specialist nature of science and its aversion to 
the human-dominated landscapes distance it from society. Poor 
civic understanding of science echoes in conservation and the 
political arena. How can science-based conservation position 
itself to become a foundation for sustaining development and 
biodiversity in the 21st century? Ecologists have pointed out one 
flaw in our present strategies-inadequate concern with space 
and provision for the dynamical processes underlying biodiver
sity. Other challenges arise from changing society itself. 

The Challenge of Change and Pluralism. The inherent weakness of 
conservation lies in big centralized government schemes (84) in 
the face of growing environmental threat and diminished trea
sury allocations. Governments simply cannot do everything 
everywhere by using the command-and-control method on which 
the modern movement was founded. 
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Societal change is also chipping away at the foundations of 
command-and-control conservation itself, particularly in the 
developing world. Here the spread of democracy in the post
Cold War era has raised awareness of rights and cultural identity. 
Pluralism in views and demands for equity in conservation 
benefits has intensified resistance to coercive conservation. The 
one-size-fits-all western conservation model is too doctrinaire 
today, ignoring cultural differences in philosophy, knowledge, 
society, and often what works already. Science is often seen as 
part of the top-down doctrine that disenfranchises local and rural 
communities, which bear the costs of conservation (85, 86). 

These problems cut to the heart of CBD's goals of biodiversity, 
sustainable development, and equity. How can these goals be 
reconciled and implemented? How can they be achieved across 
human-dominated landscapes soon enough to maintain biodi
versity and evolutionary adaptability? How can science-based 
conservation contribute more effectively to global and national 
development plans and local conservation efforts? 

Balancing Local and Global Scales. The new conservation frame
work must address the hierarchical scales linking global and 
ecosystem processes by using mutually reinforcing top-down 
and bottom-up approaches (83). I touch briefly on both ap
proaches to show the opportunity and need for science-based 
conservation. 

Community-based conservation (CBC) has emerged over the 
last two decades in response to weakening governmental pro
grams and new opportunities (85, 87). CBC is based on partic
ipation and emphasizes access rights, equity, and social respon
sibilities in conservation. It builds on local knowledge, skills, and 
institutions. Despite some success in watershed management, 
forestry, and wildlife conservation, CBC suffers from a lack of 
incentives, secular knowledge, self-organizing institutions, and 
local regulation. 

In contrast, government efforts cover global conservation 
agreements, national policies, and strategic plans. These instru
ments set conservation principles, policies and strategies, legis-
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lation, incentives, and enforcement by using a variety of national 
institutions and public education. The transition from sectoral 
conservation (forestry, fisheries, wildlife, soil, water) to inte
grated landscape conservation and from centralization to de
volved and interlinked efforts overseen by government will not 
be easy (84). Nongovernment agencies, universities, and the 
corporate world can help bridge top-down and bottom-up ap
proaches, as shown in pluralism-by-the-rules negotiations on 
pollution abatement in the United States (88). 

The role of science is central in developing the principles, 
criteria, methods, and overall accountability for sustainable 
development and biodiversity conservation linking top-down 
and bottom-up conservation approaches. However, creating 
spatially explicit linkages between institutions to match the scale 
of ecological and planetary processes calls for the best available 
information rather than exact science. How, then, can science be 
made applicable given the ignorance, uncertainty,· urgency, lack 
of finance and human resources, social complexity, political 
realities, and cultural differences inherent to conservation? 

Cultural perspective, local knowledge, and existing skills 
determine land use practice. Some practices are sustainable and 
compatible with conservation, others are not. The same can 
be said of ecological theories and conservation policies and 
practices. 

Getting conservation going on a global and local scale in the 
face of these realities calls for rapid assessment techniques, 
setting up the basis for negotiation and partnerships, initiating a 
cycle of exchange, and procedures for reconciling science and 
local knowledge (83). We must make allowances for uncertainty 
and put in place adaptive management procedures to learn from 
successes and failures (89), whatever the source of knowledge or 
practice. How well we succeed will largely decide the outcome 
of future evolution. 
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The current massive degradation of habitat and extinction of 
species is taking place on a catastrophically short timescale, and 
their effects will fundamentally reset the future evolution of the 
planet's biota. The fossil record suggests that recovery of global 
ecosystems has required millions or even tens of millions of years. 
Thus, intervention by humans, the very agents of the current 
environmental crisis, is required for any possibility of short-term 
recovery or maintenance of the biota. Many current recovery 
efforts have deficiencies, including insufficient information on the 
diversity and distribution of species, ecological processes, and 
magnitude and interaction of threats to biodiversity (pollution, 
overharvesting, climate change, disruption of biogeochemical cy
cles, introduced or invasive species, habitat loss and fragmentation 
through land use, disruption of community structure in habitats, 
and others). A much greater and more urgently applied investment 
to address these deficiencies is obviously warranted. Conservation 
and restoration in human-dominated ecosystems must strengthen 
connections between human activities, such as agricultural or 
harvesting practices, and relevant research generated in the bio
logical, earth, and atmospheric sciences. Certain threats to biodi
versity require intensive international cooperation and input from 
the scientific community to mitigate their harmful effects, includ
ing climate change and alteration of global biogeochemical cycles. 
In a world already transformed by human activity, the connection 
between humans and the ecosystems they depend on must frame 
any strategy for the recovery of the biota. 

There is consensus in the scientific community that the current 
massive degradation of habitat and extinction of many of the 

Earth's biota is unprecedented and is taking place on a cata
strophically short timescale. Based on extinction rates estimated 
to be thousands of times the background rate, figures approach
ing 30% extermination of all species by the mid 21st century are 
not unrealistic (1-4), an event comparable to some of the 
catastrophic mass extinction events of the past (5, 6). The current 
rate of rainforest destruction poses a profound threat to species 
diversity (7). Likewise, the degradation of the marine ecosystems 
(8, 9) is directly evident through the denudation of species that 
were once dominant and integral to such ecosystems. Indeed, 
this colloquium is framed by a view that if the current global 
extinction event is of the magnitude that seems to be well 
indicated by the data at hand, then its effects will fundamentally 
reset the future evolution of the planet's biota. 

The devastating impact of the current biodiversity crisis moves 
us to consider the possibilities for the recovery of the biota. 
Here, there are several options. First, a rebound could occur 
from a natural reversal in trends. Such a pattern would, however, 
require an unacceptably long timescale; recoveries from mass 
extinction in the fossil record are measured in millions or tens of 
millions of years ( 10). Second, recovery could result from 
unacceptably Malthusian compensation-namely, marked re
duction in the world population of human consumers. Third, 
some degree of recovery could result from a policy that protects 
key habitats even with minimal protection of ecosystems already 
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altered or  encroached on by human activity (i.e., protecting 
"hotspots"). A fourth recovery scenario involves enlightened 
human intervention beyond simple measures of wilderness pres
ervation, a strategy that embraces ecosystem management and 
mitigation of the current alteration of global biogeochemical 
cycles. Here, strong preference is expressed for the last of these 
options. Clearly, the future of evolution of the planet's biota 
depends significantly on what we do now to minimize loss of 
species, populations, and habitats. At the same time, there is 
acute recognition of the challenges and potential shortcomings 
of many attempts at remediation and recovery. It is hoped that 
this panel's consideration of major threats, their interaction, and 
the linkage between science and conservation in mitigating these 
threats suggest some feasible recovery scenarios at several 
different scales. 

Lessons from the Past: Recovery as a Long-Term Phenomenon 

It is clear that the fossil record powerfully indicates the reality 
of extinction on many scales, the magnitude as well as selectivity 
of effects, and the pattern of recovery and survival ( 1 1 ,  12). To 
what extent then does the fossil record help us in forecasting both 
scenarios for extinction and recovery in the current crisis? 
Consideration of this question moves us to acknowledge that 
there are several aspects of these past events that diminish their 
relevance to the current situation. 

First, ancient mass extinction events have been documented 
over comparatively long or imprecise timescales. The current 
crisis has been extended through historical times, a matter of 
centuries or a millennium, with a greatly accelerated impact that 
began during the 20th century with the exponential increase of 
world human populations. Thus, a period of only 75 to 100 years 
may be most critical to the transformation of the present biota. 

Second, mass extinction events of the past are typified by 
global scale ecological transformation. By contrast, the current 
event is typified by a "patchy" pattern involving habitat frag
mentation and loss, where impacts vary markedly for different 
habitats and different regions of the world (13). There is a large 
body of evidence that suggests global climate changes and 
alteration of global biogeochemical cycles may cause widespread 
transformations of ecosystems, but significant biodiversity loss 
has not yet been linked to these impacts. 

Third, data on mass extinction events in the fossil record often 
fail to provide a clear connection between a primary cause and 
effect (14-16). In contrast, the current biodiversity crisis has one 
obvious biotic cause: ourselves. Moreover, the source of the 
trauma also has the presumed capacity to mitigate its own 
deleterious impact. Although the extinction of many species may 
be an irreversible outcome of the current event, certain aspects 
of human-caused global change are reversible. 
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All of the above distinctions are pertinent to any scenario for 
recovery that might be extracted from fossil and geological 
evidence. Various reviews suggest that replenishment and di
versification of the biota following mass extinction events re
quired a recovery phase of millions or tens of millions of years 
(10, 12, 15). Surely such estimates based on fossil data indicate 
the time lag that might be expected for a natural recovery of the 
biota following the current extinction event. Nonetheless, such 
lessons from the past do not effectively inform our scenarios for 
either current extinction or recovery given the emphatic role of 
humans in both processes. 

Near-Term Scenarios for Recovery: A Strategy 

Given the limited applicability of the record of past extinction 
events for examining the current environmental crisis, it seems 
appropriate to turn to near-term recovery scenarios-namely, 
scenarios that relate to human intervention just as they flow 
from human causation. Such a consideration involves at least 
three steps. First, we must identify the threats to the biota and 
the entities most vulnerable to these threats. Second, we must 
consider the scientific principles or strategies that inform pre
scriptions to alleviate the threats. Third, we must apply feasible 
recovery strategies to aspects of the biota that are not filtered out 
during the transformation. 

Any consideration of recovery also comes with an important 
provision. Recovery cannot be decoupled from preventative 
measures-namely, the environmental expression of "preventa
tive medicine." In other words, any success in recovery is 
profoundly dependent on the state of what we have to work with. 
Many recovery measures have failed because of the utterly 
degraded and poorly understood state of the habitat at the time 
of remediation. At the very least, a proper consideration of the 
degree and nature of the threat and the scientific validity of 
a chosen remediation-namely, steps one and two-must be 
applied. 

Our working group identified some primary current threats to 
biodiversity, which include: (i) pollution, (ii) over-harvesting, 
(iii) environmental shifts (climate change, disruption of biogeo
chemical cycles, etc.), (iv) introduced, invasive species (biotic 
exchange), (v) habitat loss and fragmentation through land use, 
and (vi) disruption of community structure in habitats. 

This list bears some expected convergence on a set of drivers 
of change in terrestrial (excluding freshwater) ecosystems pro
jected by Sala et at. (13) to have the greatest impact by the year 
2100. These authors provide some predictions of change that 
depend on the degree of interaction of the drivers. The extent to 
which such global scale analyses frame a strategy for conserva
tion priorities is likely to be a matter of debate for some time. 
What follows here is a consideration of the threats and the 
strategies for their mitigation that seem most grounded in 
credible scientific approaches. 

Pollution. The environmental movement, inspired by Rachel 
Carson's (17) powerful disclosure of the deleterious impact of 
DDT and other pesticides, focused on the effects of toxins and 
other pollutants long before the more complex and subtle 
impacts of land use, biotic exchange, and climate change had 
been carefully considered. Nonetheless, recovery from environ
mental changes induced by pollution still faces severe problems 
in both analysis and action. During the last four decades, use of 
pesticides has tripled to 2.5 million metric tons of herbicides, 
fungicides, and insecticides each year, a massive load on the 
world's ecosystems represented by 50,000 different products 
(18). The deleterious effects of water-borne contaminants on 
both fresh water and marine ecosystems are well documented 
(19-22). Scientific analyses are critical to the ongoing effort to 
understand this chain of events and to improve guidelines for 
pollution control. 

Novacek and Cleland 

One danger addressed by such efforts is the mismatch between 
the scale of the effect and the cause. The devastation of the coral 
reefs, sea grasses, and kelps in the Caribbean has been promoted 
by the loss of benthic producers whose viable populations in turn 
may have been greatly reduced by pollutants in runoff released 
through human activity along the shoreline (8, 9). What may at 
first appear to be a complex crisis of subtle ecological dynamics 
could have a very direct and efficiently corrected cause-namely, 
the introduction of the pollutants in the first place. One con
structive effort here is the continual refinement of categories of 
pollutants according to both the scale (global and local) and 
intensity (degree of toxicity, mutagenic impact, etc.) of the 
effects. This often requires exacting experimental work, as in the 
identification of a link between polyvinyl chlorides (PVCs) in 
packaging and carcinogenic chemicals (21). Such toxin detective 
work must be applied to a much broader range of potential cases. 

Overharvesting. There is of course a clear and overlapping 
relationship between overharvesting and other threats to biodi
versity, such as land use, but the matter deserves distinction here. 
Overharvesting impacts natural habitats with food sources that 
are less dominated by agriculture or other human activities that 
lead to transformation of the habitat. 

Perhaps the most notable targets for overharvesting are 
freshwater and marine ecosystems. Intensive and indiscriminant 
fishing in freshwater systems, such as Lake Victoria in East 
Africa has demonstrable catastrophic impacts on biodiversity 
(23, 24). Likewise, Marine fisheries respond to food demand with 
catches often comprising large species, lopping off each summit 
of the food pyramid as populations of larger, top-level consum
ers are virtually eradicated (9). Humans harvest the equivalent 
of 24-35% of all diatom production in coastal and continental
shelve areas of the oceans via fish harvests (22, 25). Practices that 
minimize the effects of harvesting are often insufficiently 
grounded and weakly executed (26). Massive cat<?hes of species 
such as shrimp involve significant bycatches that are simply 
discarded. 

There are success stories in constraining overfishing that 
should provide models for other practices. Strict management is 
resulting in recovery of summer flounder, mackerel in some 
areas, and most notably, striped bass (26). The apparent resur
gence of lobster populations off the Maine coast clearly dem
onstrates the necessity of excluding large, gravid females as well 
as young from the catch and developing a surveillance for both 
the lobster fishing sites and the few points where catches are 
brought ashore for transport. A more analytical approach to 
constraining overharvesting also requires a revision in the 
standards and criteria for the haul. Most prescriptions for 
maximum sustainable yield (msy) concern only one species to the 
detriment of other species in the relevant food web. This 
selectivity disrupts ecologically sound practices that minimize 
the bycatch and preserve the balance of populations of inter
acting species. There is a clear need for better multispecies 
models and harvesting strategies. 

Environmental Shifts: Climate Change and the Alteration of Global 
Biogeochemical Cycles. We continue to recognize the interplay 
between the transformation of the physical environment at three 
levels: hydrosphere, atmosphere, and lithosphere. As indicated 
by the current trends, the feedback among these three levels will 
intensify and the rate of change will accelerate. In recent years, 
two aspects of such shifts have received the most attention
climate change, involving both elevated carbon dioxide concen
trations in the atmosphere and global warming, and nitrogen 
deposition. 

Some suggest that the effects of climate change on the current 
biota are already observable in the terms of physiology, distri
bution, and phenology (27). For example, warming of the oceans 
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could seriously impact on the convergence of warm water and 
cold water that is responsible for the nutrient-rich upwelling in 
the Southern Ocean off the coast of Antarctica. This change in 
current regimes could in turn reduce one of the sea's main 
staples: krill. These organisms account for about 250 million 
tons of food for whales, fish, seals, and other species annually, 
more than two and half times the annual yield of the world's 
fisheries (22). 

The likelihood of unwelcome effects of climatic change pre
sents a severe test for international science and environmental 
policy. The Kyoto Protocol, which sets specific targets for 
greenhouse gases for heavily industrialized nations-such as the 
reduction of C02 emissions by 5% of 1990 levels by 2008-
2012-is an exemplary melding of scientifically based recom
mendations and policy; but it remains to be seen whether it will 
be widely ratified. Indeed, representatives of the Organization of 
Petroleum Exporting Countries (OPEC) are demanding finan
cial compensation in the event that the goals of the Kyoto 
Protocol are realized and the demand for fuel oil decreases. As 
broad scale climatic change so emphatically transgresses regions, 
environments, and national boundaries, the success of recovery 
from detrimental effects of climatic change depends perhaps to 
a greater extent than any other measure on international coor
dination and cooperation. 

A second major source of disruptions to the global environ
ment is nitrogen deposition, ranked by Sala et al. ( 13) to be the 
third most influential driver of biodiversity change during the 
coming century. Human activity has essentially doubled the 
amount of nitrogen cycled globally (28), contributing to nitrogen 
sinks in soils, surface waters and deep oceans, and the atmo
sphere, and this increase has detrimental effects on biodiversity 
and ecosystem function. 

Recovery efforts aimed at correcting the destructive aspects of 
nitrogen deposition often hinge on a simple recognition of the 
problem. Conservation actions to secure wildlife reserves rarely 
take into account the fact that nitrogen can negatively affect such 
reserves. Because nitrogen is transported globally through air 
and water, it can easily impact on areas and reserves that are 
seemingly in balance. Mitigation strategies must include anti
pollution efforts and control of fertilizer application. Because 
fertilizer is the greatest human source of additional nitrogen 
(28), there is a nascent effort to monitor and constrain its use. 
Studies of reduced nitrogen fertilizer use in Mexico (29) showed 
that crop yield and economics were sustained or even improved, 
while loss of nitrogen from the environment occurred at accept
ably lower levels. More case studies of this kind are needed. 

Introduced or Invasive Species. Biotic exchange is rampant and 
humans as agents are effective in all regions of the globe (30). 
Some of the more dramatic examples, such as the introduction 
of the Nile Perch into Lake Victoria and the resultant decimation 
of at least 200 endemic cichlids (23), offer sobering experiments 
that demonstrate the catastrophic effects of invasive species. 
Other introductions, such as plant species to the United King
dom (31), do not seem to promote extinction of native plants 
because the invaders are restricted to habitats, such as roadsides 
and construction sites, that are highly disturbed by humans. 
Regardless of their magnitude, human-mediated introductions 
of species in new habitats and areas has and will continue to be 
one of the major drivers of biotic change (13, 32). 

As biotic communities are widely infiltrated, it is critical to 
identify the degree of deleterious alteration by specific criteria. 
For example, it is difficult to generalize whether original habitats 
that are species-rich or species-poor are more or less susceptible 
to invasion. The probability and impact of biotic exchange is also 
closely tracked to other drivers, such as land use policy and 
introduction of excess nitrogen deposition through use of fer
tilizers. Accordingly, good policy to minimize biotic exchange 
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must account for drivers that may promote an insidious and 
unintentional introduction of harmful species. 

A key consideration in limiting biotic introductions, or at least 
their deleterious effects, relates to the nature of the maintenance 
of the ecosystem that is threatened by the introductions. Exper
iments conducted on patchy distributions, gene flow, and vagility 
of key community species (33) indicate a priority for preserving 
processes that maintain the balance within the community, not 
just the state described just before the onset of the invasion. 
Again, these strategies dovetail with land use and preservation 
policy. Fragmentation of habitats impedes the security of these 
processes because it restricts the movement and gene flow 
exchange of the resident, noninvasive organisms. On the other 
hand, the restoration of the historic disturbance regime, such as 
the reintroduction of fire in a community dependent on fire for 
seed germination or the removal of dams that prevent seasonal 
flooding necessary for establishment, has a way of reducing the 
invasive efforts and favoring the endemic components. 

Habitat Loss and Fragmentation Through Land Use. Land use has 
been ranked as the most intensive driver of terrestrial environ
mental change in the coming century ( 13). Forecasted needs for 
world human populations over the next few decades will, if 
anything, accelerate massive demands on natural habitats. In 30 
years there will be a need to feed an estimated 8.2 billion people, 
32% more than exist today. To boost food production by the 
required 50 or 60%, grain harvest will have to increase by 2% a 
year, whereas agricultural breakthroughs have produced only 
1.8% cumulative total growth for the 10 years between 1985 and 
1995 (34). The harvesting required will have its own negative 
consequences; land use over the past two decades presents a 
disturbing picture of degradation. Over the past 20 years some 
5 billion tons of topsoil have been removed and during the past 
40 years at least 4.3 million square kilometers of cropland (more 
than twice the size of Alaska) have been abandoned because of 
soil loss. Each year, an estimated 13 million ha of tropical forests 
are destroyed, causing the loss of 14,000-40,000 species (35). 

Projections for the impact of land use on the planet's biota are 
indeed so stark that any conservation effort seems engulfed by 
the tide of human activity. Yet there are scientifically grounded 
strategies and even some success stories in the effort to constrain 
the rampant destruction of natural habitats. One of these 
strategies applies criteria emphasizing marked biodiversity, high 
proportion of uniquely restricted (endemic) species, and vulner
ability of ecosystems to a ranking of "biodiversity hotspots." 
Building on earlier proposals (1, 7), Myers et al. (36) identified 
25 of the most obvious hotspots on continents and oceanic 
islands as high priority sites for intensive study and conservation 
effort. These designated crisis zones contain 44% of all species 
of vascular plants and 35% of all species in four vertebrate 
groups (mammals, birds, reptiles, and amphibians), yet they 
represent only 1.4% of the earth's surface. 

Whether such a priority-based program for hotspot conser
vation is applied by governments or by international protocol, it 
is important to recognize one feature shared by many of these 
and other natural habitats: they are already in a marked state of 
degradation. Eleven of the 25 hotspots cited (36) have already 
lost 90% of their primary vegetation and three of these have lost 
95%. Moreover, the average proportion of area currently pro
tected for the total designated area of these hotspots is only 
37.7%. Even areas that do receive a higher degree of "official 
protection" are highly vulnerable to threats from outside the 
system, including the climate change, pollution, nitrogen depo
sition, and species invasions noted above. 

These observations underscore the need for realism and 
practicality, combined with solid scientific evidence, in any 
measures to minimize the impact of land use on biodiversity. We 
are obviously past any point where strategies that focus on 
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preservation of "pristine" habitats are sufficient for the job. 
Greater attention must be placed on human-dominated land
scapes that represent contours encircling the less disrupted 
areas. This is critical to identifying corridors or "landscape 
linkages" that facilitate the continuity among the less damaged 
habitats and help secure biological processes critical to func
tioning ecosystems (37). The approach is well exemplified in 
protocols established by Cowling et a!. (38) for maintenance of 
viable ecological and evolutionary processes in the Cape Flo
ristic Region, a remarkable area containing 12,000 plant species, 
80% of which are endemic. 

The size of either a "core area" or a "linkage area" is of course 
critical to securing biological process. It may be safely assumed 
that the bigger the area the more likely the processes will be 
maintainable and will require less recovery effort and interven
tion. Reality dictates, however, that the land secured for man
agement will likely be smaller than the area desired. Therefore, 
high intensity scientific research on species identity, diversity, 
composition, distribution, trophic relationships, vagility, gene 
flow, and other patterns and processes must inform any decisions 
about the characteristics, including size, of the areas designated 
for conservation. Disclosures on species and their distributions 
for diverse organisms, including poorly known groups such as 
soil invertebrates, insects, bacteria, and fungi, can identify new 
critical areas of high endemism. Insights into ecological rela
tionships build on such fundamental biodiversity information by 
providing some minimum expectations for core area or linkage 
area size. They specify a lower bound under which ecosystem 
processes will break down. Such work is critical to defining 
ecotone's or ecological gradients that closely relate to the sta
bility of the ecosystem in a given region. Such insights are 
necessary for developing practical and effective conservation 
strategies, especially where human populations and wildlife 
communities are so highly integrated. 

Disruption of Community Structure in Habitats. The threat to the 
basic workings of community dynamics is, as noted above, 
broadly overlapping with other threats including land use. Yet 
this factor is distinguished here because ecological disruption is 
not only a manifestation of the reduction in size of the original 
habitat. Ecological havoc can occur in areas where, at least on 
the face of it, the original habitat has been "protected." Such 
putatively secured habitats may be vulnerable to many threats, 
such as population fragmentation of keystone species, disruption 
of biogeochemical cycles, or invasive species. One of the most 
disruptive factors to community stability is the interference with 
a balance of evolutionary processes, such as genetic drift and 
gene flow, that ensure genetic variation in species (33). 

The importance of ecological relationships as a cornerstone to 
conservation of natural landscapes can be appreciated in the case 
of large-bodied species. Although information on the diversity 
and interactions in a great range of biological groups may be 
lacking for a given area, the need to secure relatively large areas 
for larger-bodied species is straightforward. As Western notes 
(37), maintaining this simple equation between area size and the 
protection of large-bodied species is important because the loss 
of the latter allow unwanted and significant changes to the 
ecological processes inherent in the community. Hence, the 
focus of conservation effort on some of the large, more charis
matic species in major wildlife reserves is not only a matter of 
aesthetics or biophilia; it is critical to maintaining basic ecolog
ical relationships within the community. 

Consideration of the roles of large-bodied species or other 
ecological functions in a community has pivotal importance in 
maintaining natural habitats, especially where a more complete 
picture of both the diversity and interactions within the com
munity is still lacking. Such studies provide threshold values for 
securing core and linkage areas in both relatively isolated and 
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human-dominated habitats. It is apparent that such parameters 
lead to conservation plans that can preserve not only the major 
components of diversity within an ecosystem, but the interac
tions that ensure the viability of the community as a whole. There 
are notable success stories based on this premise. Analysis of the 
breeding and migratory patterns of Chinook salmon (which can 
grow to 100 pounds as adults) in the State of Washington's Elwha 
River led to the recommendation to remove the two dams that 
inhibited the movement of the salmon upriver. The study showed 
that such an action would restore Chinook salmon populations 
to their former size-annually, about 400,000 adults. These 
recommendations inspired government action that would rep
resent the most significant effort to reverse more than a century 
of dam building and help restore the nations rivers and their 
biodiversity (39). 

Biodiversity Loss and Recovery Scenarios in Human-Dominated 
Ecosystems 

Repeated throughout this discussion is the notion that the 
success of any restoration or recovery practice hinges on the state 
of what "we've caught in the net." Thus, vastly improved 
information on the basic state of the world biota and the various 
comparative states of degradation ongoing or projected remains 
a profoundly important goal for the conservation of biodiversity. 
The level of the challenge this goal presents can be appreciated 
when we consider the imbalance between urgency and invest
ment. Patterns of species diversity and endemism critical to 
identifying hotspots or other conservation priorities are the 
products of work by experts in systematic biology-the science 
involving the identification, analysis of evolutionary relation
ships, and classification of diverse species and the groups that 
contain them. Only about 6,000 specialists ( 40) are responsible 
for organizing and updating the database on the 1.6 million 
named species, and potentially millions of more species yet to be 
discovered. Indeed, the cataloged species already represented by 
nearly 3 billion specimens in museums, botanical gardens, 
herbaria, frozen tissue collections, seed banks, bacteria type 
cultural collections, zoos, and aquaria are inadequately covered 
by the world's systematists (40, 41). The problem is especially 
acute when one considers that many of the countries that own 
hot spots and otherwise account for 80% of the world's named 
species have only about 6% of the world's scientists in any field. 
Building taxonomic and management capacity in these countries 
is essential to the success of conservation efforts. Such scientific 
investments that serve international conservation interests are 
meager compared with investments in space exploration (36). 

It is well recognized, nonetheless, that the accumulation of 
scientific information itself is not the solution to our ecological 
problems. As we strive to improve our knowledge of biodiversity 
and ecological relationships we must also deal with perhaps the 
most subtle and complex community relationship within those 
ecosystems-the multifaceted roles of our own species. As 
Janzen (42) remarked, "The wildland garden is not humanity 
free and it never can be." The recognition that the planet is 
embraced by human-dominated ecosystems (37, 43) undercuts 
any assumption that we can restore the biota back to some state 
recognized as ideally pristine and "uncontaminated" by the 
mark of human populations. Human activity is as much, or more, 
a part of the ecological equation as any other factor. The 
problem of how human populations can adopt practices that are 
mutually beneficial to themselves as well as to the sustainable 
state of the biota remains. Some impractical hubris here should 
be avoided. There is little justification to convincing farmers that 
intensified monoculture is Jess productive and sustainable than 
the application of biodiversity extraction, because the latter is so 
limited relative to intensive farming (37, 44). Even successful 
conservation actions, such as the restoration effort of the Elwha 
River noted above (39), were spurred on by a shift in human 
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needs and priorities-in this case an interest in larger salmon 
populations for food, sport, and ecotourism. 

At a more general level, the most effective argument that 
human activities should safeguard biodiversity is the need to 
secure the basic ecosystem services dependent on that diversity. 
Ecosystem process and function effected by a critical number of 
interacting species secures the quality of the environment on the 
broadest front and, thus, has direct impact on human health and 
well-being (45). This is not an easy argument to make to highly 
competitive and heavily consuming populations in industrialized 
countries or to impoverished, marginalized populations in de
veloping countries. But the argument, nonetheless, must be 
made, through demonstration of the services the natural world 
provides and the benefits of living compatibly with biodiversity. 

In the world of uncertainty surrounding the nature of global 
biodiversity, the nature of its destruction, and the most effective 
steps for mitigating that destruction, scenarios for recovery are 
far from clear. Nonetheless, our review and discussion of many 
aspects treated in this colloquium do permit several general 
impressions and recommendations. Although major extinction 
events of the past underscore the reality and the possibility of 
such catastrophes today and in the future, they provide limited 
insight on the current biodiversity crisis. Such past extinction 
events do, however, suggest that if recovery is left to natural 
processes, the rebound of global ecosystems to some state 
beneficial to many of its species, including humans, is measured 
in unacceptably long timescales-on the order of millions or 
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even tens of millions of years. Intervention on the part of the 
source of these current traumas, namely humans, is required for 
any possibility of recovery or even maintenance of the biota in 
any condition that approaches its present state. 

Current efforts on this front suffer from several deficiencies, 
including a lack of basic information concerning the diversity 
and distribution of species, ecological processes, and relative 
magnitude of threats (land use change, pollution, nitrogen 
deposition, and others) in many habitats and regions. A much 
greater and more urgently applied investment to address these 
deficiencies is obviously warranted. 

In addition, many plans for conservation and restoration in 
human-dominated ecosystems have not achieved sufficient con
nections between agricultural or harvesting practices and bio
logical sciences. A number of threats to biodiversity require 
particularly intensive international cooperation and input from 
the scientific community to mitigate their harmful effects, 
including climate change and alteration of global biogeochemical 
cycles. The overarching recognition that we live in a world 
already radically transformed by human activity must frame our 
strategies for effecting maintenance or recovery of our vital 
ecosystems. 
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Although panel discussants disagreed whether the biodiversity 
crisis constitutes a mass extinction event, all agreed that current 
extinction rates are 50-500 times background and are increasing 
and that the consequences for the future evolution of life are 
serious. In response to the on-going rapid decline of biomes and 
homogenization of biotas, the panelists predicted changes in 
species geographic ranges, genetic risks of extinction, genetic 
assimilation, natural selection, mutation rates, the shortening of 
food chains, the increase in nutrient-enriched niches permitting the 
ascendancy of microbes, and the differential survival of ecological 
generalists. Rates of evolutionary processes will change in differ
ent groups, and speciation in the larger vertebrates is essentially 
over. Action taken over the next few decades will determine how 
impoverished the biosphere will be in 1,000 years when many 
species will suffer reduced evolvability and require interventionist 
genetic and ecological management. Whether the biota will con
tinue to provide the dependable ecological services humans take 
for granted is less clear. The discussants offered recommendations, 
including two of paramount importance (concerning human pop
ulations and education), seven identifying specific scientific activ
ities to better equip us for stewardship of the processes of 
evolution, and one suggesting that such stewardship is now our 
responsibility. The ultimate test of evolutionary biology as a 
science is not whether it solves the riddles of the past but rather 
whether it enables us to manage the future of the biosphere. Our 
inability to make clearer predictions about the future of evolution 
has serious consequences for both biodiversity and humanity. 

The science of evolution, linked to the related sciences of 
ecology, paleobiology, and genetics, seeks to explain the 

history of life on earth. After about 150 years of formal inquiry, 
we seem to be more than half way to accounting for the 
development of biomes and biotas, the biosphere, and ourselves. 
We can now account for much of the past and present in terms 
of genetics, ecology, and chance. However, the real measure of 
a science's maturity is its ability to make sound predictions about 
the future. Our discussion of the future of biomes and biotas, 
even with one of the colloquium organizer's contributions ( 1-3) 
as a guide, revealed that we are frankly unequal to this challenge 
despite its urgency. Our inability to make clear predictions 
(beyond sweeping generalizations) about the future of life on 
earth has serious consequences for both biodiversity and the well 
being of humanity. In the last 50 years, it has become widely 
accepted that the eruption of the human population is causing 
the extinction of much cherished biodiversity and is altering 
biosphere-level processes that we depend on for $3-33 trillion 
worth of environmental services annually ( 4, 5). Our population 
density is now > 30 times that predicted for an omnivorous 
mammal of our size, and it has been estimated that we usurp 
>40% of the planet's gross terrestrial primary productivity to 
our own ends (6, 7). If our greatest achievement in the last 
century was the collective understanding of what evolution and 
its products, the biosphere, mean to our own survival, the 
challenge of the present century is to develop a more predictive 
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science of evolutionary ecology before it is too late to shape a 
desirable future. 

There is no doubt that the biodiversity crisis is real, and upon 
us, and began roughly 30,000 years ago (8). We speak with less 
scientific assurance, however, about almost every one of the 
widely quoted numbers describing its magnitude and signifi
cance. Nevertheless, we live at a geological instant when global 
rates of extinction are at an all time high for the last 65 million 
years (My) and are increasing. Most extinctions go unrecog
nized; thus, estimates of overall rates have high errors. Currently, 
however, several million populations and 3,000-30,000 species 
go extinct annually of a global total of > 10 million species (9, 10). 
Probably at least 250,000 species went extinct in the last century, 
and 10-20 times that many are expected to disappear this 
century. Although we can identify the most threatened biomes 
and species in some groups [ref. 1 1 ;  see World Conservation 
Union (2000) at http:/ /www.redlist.org], we cannot make ac
ceptably rigorous predictions about the consequences of these 
extinctions for the future evolution of life or for the integrity of 
the biosphere's environmental services that we still take for 
granted. 

The taxonomic course of the biodiversity crisis is reasonably 
understood for terrestrial vertebrates and a few other groups 
(11). In the last few centuries, we have lost one family of 
mammals (Nesophontidae ), half the birds of Hawaii, possibly the 
most common bird in North America (the passenger pigeon), 
and all of the moas-a total of 1,139 documented plant and 
animal species globally. Further, we have extirpated most of the 
fish in the lakes of the northeastern United States and most of 
the primates from the remaining forests of West Africa. The 
situation in the oceans is poorly known but comparable or worse 
(12). If we step back 30,000 years, we have contributed to the 
elimination of the megafauna of the Holarctic, Neotropics, and 
Australian zoogeographic regions (70 species and 19 genera of 
mammals in North America); these extinctions involve the 
disappearance of several other families of mammals (13). To
day's taxon-specific global extinction rate estimates are 50-500 
times background, and half the remaining vertebrates are at risk 
of extinction, including most whales and primates. Already > 30 
species of mammals and birds survive only because of the 
intensive care they receive in zoos and nature reserves. Taxon
specific assessments of threat have been prepared by the Con
servation Breeding Specialist Group of the World Conservation 
Union (IUCN) for many groups ranging from palms to parrots 
to Papilio, the swallowtail butterflies. 

Lamentable as these expected species losses are, it has been 
argued that even if we lose 90% of the species on the planet, we 
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may lose only 20% of the phylogenetic diversity (14). This claim 
can be made, because in most genera, there are several species, 
and the survival of one, it is argued, may capture most of the 
genetic variability of the whole clade. Although this estimate is 
controversial, it explains why some question whether we should 
be saving rare species in species-rich clades. Is one tuatara worth 
200 species of skinks? Are rare species treasures or dross (15) 
from an evolutionary point of view? However, saving phyloge
netic diversity is not currently the goal of global conservation 
efforts, and science does not yet clearly indicate that it should be. 

The ecological consequences of our destruction of biomes and 
biotas are understood in broad generality as they impact human 
well being locally and regionally. Less clear are the global 
implications of habitat destruction, especially species-rich trop
ical forests, wetlands, and coral reefs (16). Predictions are 
complicated further by the recent realization that human activ
ities are altering climates globally. The exploration of Sala and 
coworkers (17, 18) of the impact of various drivers of change 
(and the interactions between these drivers) on global ecosys
tems and biodiversity loss in the year 2100 illustrates both the 
power and the current limitations of scientific inquiry at this level 
of concern. Nevertheless, there is general agreement that the 
biosphere will have fewer species and be subject to more weed, 
pest, and disease outbreaks. Heretofore dependable nutrient 
cycles may become less predictable as essential microbes suc
cumb to anthropogenic toxins. The new biomes will be more 
easily disturbed and invaded, and will have an aesthetically 
unappealing dullness. In considering these generalities, the 
discussants agreed on one thing: evolution will continue as the 
major driver or cause of biodiversity. Although we are ushering 
in a period of geological time characterized by the homogeni
zation of biotas (19, 20), dubbed the Homogecene at this 
meeting, the basic processes causing evolution will continue. 
Evolution is not over-set back perhaps-but by no means over. 

In answer to the question, "Is the biodiversity crisis unprec
edented?" there was also general agreement: no. There was, 
however, surprising debate as to whether it warrants being called 
a mass extinction event. Recall that a 1998 Harris (21) poll found 
that 70% of biologists asked said they believed a mass extinction 
was underway and accepted that 20% of all species will go extinct 
in the next 30 years (22). This issue arose when I asked the 
discussants to continue the diversity line on a standard Sepkoski 
plot of marine invertebrate families over the last 600 My to the 
year 3000 to show a predicted 50% loss of species. Would one 
expect the line to fall to 40% or to 60% of today's all time high 
level? Jablonski and other discussants argued that it might only 
drop 1% and therefore the biodiversity crisis is absolutely not a 
mass extinction event. 

This difference of opinion is both important and potentially 
dangerous. Mass extinction events are typically defined in terms 
of their irreversible impact on large numbers of species in diverse 
taxa on a global scale in a short period. In five previous events, 
15-90% of the marine invertebrate species studied went extinct 
(23, 24). However, today, marine species account for only about 
15% of biodiversity (25), and we are most concerned with losing 
terrestrial species rather than higher level taxa. Thus, attempts 
to show the magnitude of the current extinction event on a plot 
of marine invertebrate families is inappropriate and dangerous 
in that it belittles its significance. Unfortunately, the comparable 
multitaxon plot of species numbers through time is not yet 
available; when it is, we will be able to illustrate graphically the 
probable impact of the current event in comparison with the 
previous big five marine invertebrate mass extinctions. A hint of 
what this impact might look like is provided by Alroy's studies of 
North American mammal species through the last 98 My (26). 
The end-Pleistocene extinction rate of 32% is already as extreme 
as any other during the previous 55 My but does not yet approach 
the 76% rate observed at the Cretaceous-Tertiary boundary 
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(27). Regan et al. 's (28) contribution to the problems of esti
mating global extinction rates and the use of fuzzy arithmetic to 
consider multiple uncertainties appeared after this colloquium. 

My personal opinion is that we are currently living in what will 
eventually be recognized as a real mass extinction. If current 
area-species curve-based projections are correct, we could lose 
up to 50% of the planet's species in the next 1,000 years. Raup's 
consideration of the number of species in genera, and of genera 
in families, across phyla, shows that a 50% loss of species may 
involve a 25% loss in genera and a 10% loss in families (29). 
Furthermore, extinctions do not occur at random in space and 
in clades. The losses will be higher in the tropics, because the 
species/ genera ratio changes with latitude (30). Purves et al. ( 1 1 )  
show clearly that the nonrandom phylogenetic losses of  mammal 
and of bird species since 1600 are already equivalent to the loss 
of one monotypic phylum. The authors estimate that an addi
tional 120 genera of mammals and birds are at risk over 
expectations under random extinctions. Regardless of whether 
such calculations qualify the current biodiversity crisis as a mass 
extinction event, we all agreed that it would be inexcusable to let 
it become one (or a worse one). To this end, we reached 
conclusions that may be summarized here as: arm the scientists, 
alert the public, and do anything to buy time. 

Causes of the Decline in Biomes and Biota 

The causes of the biodiversity crisis are well known and include 
human impacts on habitats (habitat destruction, degradation, 
fragmentation, and restructuring) and on organisms ( overex
ploitation, introduction of exotic competitors, predators and 
parasites, and creating new pests) (8, 10, 31,  32). Discussants 
noted differences in geographic rates of habitat alteration and 
destruction (largely complete in Europe and North America and 
on-going in the tropics) and that such rates are unprecedented 
in the tropics and subtropics in the Neogene. There was agree
ment that community simplification (with loss of pollinators and 
dispersers) and the regional homogenization of biotas, with 
weedy opportunists replacing endemic specialists, are of serious 
concern. The well recognized vulnerability of island biotas will 
be exacerbated by our accelerated importation of parasites and 
predators. The introgressive hybridization of cultivars and their 
"wild" ancestors was noted as also requiring more attention, 
because it can lead to the evolution of aggressive weeds and the 
extinction of rare species (33). Potential threats from transgenic 
genetically modified organisms will require vigilance and careful 
assessment (34). 

In coinciding with a period of rapid anthropogenic global 
warming, the biodiversity crisis could not have come at a worse 
time. The rate of warming is unusually fast but not without 
precedent (35). Further, most living species have experienced 
global temperatures as warm as today's for <5% of the last 2-3 
My (36). Orbitally forced species range dynamics associated with 
100,000-year Milankovich cycles have caused repeated changes 
in the distributions of most temperate zone species (37, 38) and 
caused ranges of some North American species to shrink pro
gressively with successive cycles (13). The ability of species to 
respond to future climatic oscillations by range shifts will be 
greatly reduced by our creation of an inhospitable matrix 
between the remaining habitat patches. We can no longer expect 
many terrestrial temperate zone species to shift naturally 1 ,000 
km pole-ward at C02 X2, when mean global temperatures are 
predicted to be soc above today's. Increased nitrogen will also 
have significant impacts on soils, plant productivity, and biodi
versity (39). 

Future of Evolutionary Processes 
All predictions about the future of life on earth and about the 
> 10 million species and their various assemblages involve two 
pivotal assumptions about a single species, our own. The first 
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assumption concerns human numbers and provides a simple 
metric of the impact of our population. The second assumption 
concerns our per capita consumption of natural resources, food, 
and energy. Discussion of the future of evolution presupposes 
the availability of acceptable 100-year and 1 ,000-year projections 
for human populations. The 100-year prediction is reasonably 
clear and leads to a consensus view of a warmer world with many 
more species missing, with the survivors living in fragmented 
habitats and losing genetic variability fast, and with "wilderness" 
a largely historical state of nature. However, "reasonable clear" 
is misleading, because the human population could reach as high 
as 16 billion, or it could peak at 7.5 billion around 2040 and 
return to 5.5 billion by 2100 ( 40). Not surprisingly, the 1,000-year 
projections for human numbers and behavior are too speculative 
to print; however, it is already clear that we cannot expect a 
return to a pre biodiversity crisis state of nature under even the 
most favorable scenarios with reduced human impact. Recovery 
from previous mass extinction events has taken 5-10 My ( 41, 42). 
Action taken in the next few decades will determine how 
impoverished the biosphere will be in 1 ,000 years. By then, many 
surviving "wild" species will require active maintenance by 
wildlife managers using ecological and genetic methods yet to be 
developed, in a world dominated by species commensal with 
humans. Discussion focused on the origin of "commensals"
from where do they come? from hot spots or disturbed areas? 
from what clades? from what biomes? Under even the most 
favorable speculations about the 1 ,000-year situation, there was 
serious concern about the ability of biodiversity to "bounce 
back" given the current prospects for tropical forests, wetlands, 
and coral reefs. 

The consequences for biotas over the next 100 years are easier 
to predict. 

Species Geographic Ranges. One of the lessons of paleobiology is 
that a species geographic range is a good indicator of its 
probability of surviving mass extinction events, ice ages, and 
other major environmental changes (see refs. 13, 23, and 43). Of 
particular interest is the response of individual species to global 
climate change and the probability that new species assemblages 
will form, analogous to the "disharmonious" communities of the 
Late Pleistocene. In the past, single species and interacting 
species have moved rather than adapted to such change, but such 
dispersal will no longer be possible. In future, terrestrial species 
will have to adapt or their dispersal will have to be managed, 
especially in plants and other low-vagility organisms. Ironically, 
this realization comes just as progress is being made on one of 
the great puzzles of the Modern Synthesis, the evolution of 
species ranges ( 44 ), on how climate change leads to both local 
adaptation in peripheral populations and range shifts ( 45). Gene 
flow is predicted to increase in commensal species and decrease 
in natives as their ranges become fragmented. Spatial hetero
geneity will therefore decrease in commensals and increase in 
natives. Templeton ( 46) argues that range fragmentation will 
lead to extinction and not speciation, because the individuals in 
fragmented populations will not increase in numbers fast enough 
for divergence to occur. Managers will have to move the 
proverbial one individual per generation between remnant sub
populations of meta populations to counter genetic drift ( 4 7). 
The possibility that habitat fragmentation may actually increase 
rather than decrease gene flow and population genetic variation, 
as found recently in Acer ( 48), needs further examination. 
Studies of probable adaptive responses of individual species to 
global warming are in their infancy (e.g., ref. 49). 

Genetic Aspects of Risk Assessment. Although the ecological and 
behavioral characteristics associated with high extinction risk are 
reasonably well understood (but only in a few taxa), the popu
lation genetic components of viability are also receiving atten-
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tion (50). Genetic drift is expected to decrease in the growing 
populations of commensals and increase in the fragmented and 
smaller populations of natives. Genetic risks that were largely 
ignored in the last century will become dominant concerns in a 
world of small, recently isolated populations with declining 
genetic effective population sizes, Ne. Genetic erosion, the 
decrease in population variation caused by random genetic drift 
and inbreeding, is both a symptom and a cause of endangerment 
of small isolated populations (51). The phenomenon has been 
long understood in terms of population genetic theory ( 4 7); 
however, the devastating early stages of the process in nature 
have gone undocumented, because the changes are rapid [under 
standard models heterozygosity declines at 1 /(2Ne) per gener
ation; ref. 47] and difficult to monitor. Recently, a method for 
monitoring genetic erosion based on noninvasive genotyping 
using nuclear microsatellite variation has been introduced (52). 
Our studies showed that, although genetic erosion accompanied 
habitat fragmentation and demographic collapse in some spe
cies, the process apparently can begin before detectable demo
graphic decline of local populations of other species (52). This 
finding is important, because genetic studies of threatened 
populations usually are performed only after demographic stud
ies indicate that there is a problem. In the future, managers will 
have to survey both demography and genetics, and their inter
action, to assess a fragmented population's viability. In addition 
to genetic drift, inbreeding can also threaten a fragmented 
population's viability (53), and again, recent application of 
molecular genetic assays provides a clear demonstration of its 
impact on extinction in nature (54). The implication of these 
observations is that wildlife managers will increasingly have to 
intervene; nature can no longer be left alone to function, because 
our actions have doomed countless isolated populations to slow 
genetic decline and extirpation. 

Genetic Assimilation. The threats of genetic swamping of rare 
species by common congeners are seen as increasing (33). 
Molecular genetic methods now permit the detection of earlier 
incidents of genetic assimilation that have extirpated or exter
minated one of the hybridizing taxa. The assimilated taxon 
remains as a phantom in the gene pool of the surviving species 
whose variability is enhanced by the interaction. Whether this 
increased variability increases its evolvability is not known, but 
it may. This issue is relevant to the more frequently confronted 
circumstance involving threatened polytypic species and super
species: is it preferable to save a single "generic" taxon or several 
separate subspecies? Existing theory does not give a clear 
general answer. 

Natural Selection. As a bold generalization, selection pressures on 
commensals are predicted to increase, largely as a result of 
artificial selection. Similar increases in selection pressures on 
populations of natives are also expected, but largely through the 
agent of natural selection. There was general agreement that 
selection intensities will increase because of environmental 
changes. Tilman (39) discusses selection for dispersal, compet
itive ability, and plasticity. The relationship between community 
simplification, disturbance and invadability, and selection pres
sures on small populations needs more attention. Selection at the 
ecosystem level (55) was not discussed, but it is predicted that the 
proportion of r-selected species will increase and that the 
number of pest species will probably double. 

Mutation Rates. Mutation rates may rise as a result of increases in 
background mutagen concentrations, increases in UV-B caused 
by ozone depletion by N20 and chlorofluorocarbons, and locally 
significant nuclear waste storage. Lande (56) has argued that, 
even without any increase in mutation rates, the viability of many 
populations will become increasingly compromised. The rate of 
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production of quasineutral, potentially adaptive genetic variance 
in quantitative characters is an order of magnitude smaller than 
the total mutational variance, because mutations with large 
phenotypic effects are typically detrimental. The effective pop
ulation size should be about 5,000 to maintain normal adaptive 
potential in quantitative characters under a balance between 
mutation and genetic drift (or among mutation, drift, and 
stabilizing natural selection). In populations below this effective 
size, the risk of extinction because of the fixation of mildly 
deleterious mutations may be comparable in significance to 
environmental stochasticity and may substantially decrease long
term population viability. 

Reflecting the expertise of the participants, our discussion 
focused less on the consequences for biomes and for ecosystem 
functions over the next 100 years (ref. 57 and other articles in this 
colloquium). Concerns were voiced over unknown thresholds 
and altered states affecting biogeochemical cycles, about in
creases in emergent diseases and pest eruptions, and about the 
significance of the loss of keystone species. We also noted the 
possibly disproportionate loss of morphological and ecological 
variety or disparity (58). More discussion focused on food webs, 
on the shortening of food chains, on patterns of connectedness, 
on redundancy, and on the increase in nutrient enriched niches 
permitting the ascendancy of the microbes. Some previous mass 
extinction events were apparently followed by a period when 
microbial mats were prominent and by the differential survival 
of widespread ecological generalists. There is far too little 
realization, even among conservation mangers, that many of the 
species in trouble today are in fact already members of the 
doomed, living dead (59). As Janzen has remarked, perhaps we 
should adopt the principle that species are extinct until proven 
extant rather than the other way around as currently practiced. 

In summary, it is clear that the rates of basic evolutionary 
processes are being altered. More significantly, the ecological 
theater in which these agents operate will change dramatically as 
species disappear. The players, the species, will change in 
character, with 50% of the natives disappearing and the invasives 
(currently 2% of biota), domestics (currently 1%), and locally 
expanding species (currently 5-29%) becoming dominant over 
most of the globe (19, 20). Such homogenization of biotas is 
without precedent in the last 65 My. Microevolution will increase 
in commensals and increase or decrease in natives depending on 
circumstances and time frame. There will be multiple new 
constraints on adaptation. For speciation rates, no change or 
increases associated with empty niches are expected for com
mensals, and net decreases are predicted among surviving 
natives ( 43). Although sexual selection may rapidly produce the 
kind of reproductive isolation associated with speciation in some 
fragmented populations (60), the overall trend will be toward 
extinction. Speciation in the large vertebrates is essentially over 
for the foreseeable future. Speciation may pick up again in the 
more distant future if isolated allopatric populations are large 
enough and survive long enough to diverge, or empty niches can 
be filled. Avise (61) has argued that numerous incipient species 
lie waiting as genetically differentiating populations after the last 
glacial phase and that, with time, they may produce a burst of 
originations. Again, this "burst" is more likely to occur on time 
scales of 104 to 106 years than the 100-1,000 years under 
consideration, but there are an increasing number of examples 
of more rapid speciation ( 62-64). Current global speciation rates 
are estimated to be < 1  per year or four orders of magnitude less 
than the extinction rate (65). Extinction rates themselves should, 
as noted above, decrease for commensals and increase differ
entially for natives. Natural recovery will take millions of years 
and be largely unpredictable in its details. Predictions using 
quasineutral, potentially adaptive mutations to estimate the 
effective population size necessary to maintain evolvability 
indicate that setting goals involving < 104 individuals are inad-

5474 I www.pnas.org/cgi/doi/10.1 073/pnas. 101 093798 

equate. Below this size, we will have to engineer evolvability to 
ensure long-term viability. Bioneering, the interventionist ge
netic and ecological management of species, communities, and 
ecosystems in a postnatural world, is poised to become a growth 
industry. It is not the control of nature that we should seek but 
rather a deeper appreciation of the natural dynamics of these 
complex systems and a willingness to work with rather than 
against these dynamics (66). Although many of the above 
predictions are frankly speculative, there was general agreement 
that the biosphere in the year 2100 will be less predictable and 
that events then will unfold at rates traditionally labeled as 
"unpleasant surprises." Myers' (67) precautionary principle and 
Wilson's (68) admonition about the one thing (loss of biodiver
sity) our descendents are least likely to forgive us for are basic 
maxims guiding our response to the biodiversity crisis. Evolu
tionary processes will continue but with results that are increas
ingly difficult to predict. 

Recommendations 

The discussants identified 10 recommendations for policy, re
search and education. These include two of paramount impor
tance, seven identifying specific activities to better equip us for 
the stewardship of the processes of evolution, and one suggesting 
that such stewardship is now our responsibility. 

1. Promote efforts to reduce human population growth and 
resource use, because conservation goals cannot be achieved 
without addressing human needs and aspirations. 

2. Promote the teaching of ecology and evolutionary biology in 
the educational process at all levels. 

3. Promote efforts to complete a rapid inventory of the 
planet's biota, including Species 2000 and the Global 
Biodiversity Information Facility, to provide these foun
dational data in 20 years rather than 600 years, at present 
rates of activity (69-71) .  We also need to establish the true 
evolutionarily significant units in the few hundred species 
we select for intensive management and protection, of the 
> 104 species that will need interventionist management by 
2100 (72, 73) .  

4 .  Promote research on landscape- and on seascape-level 
processes so as to improve fundamental species level 
conservation. 

5. Foster research on the predictive use of the fossil record. If 
the past has taught us anything, it is that evolution is a 
hierarchical process (74) that cannot be predicted beyond 
some crude generalizations. Paleobiology promises to give 
us the perspective to assess and react to the biodiversity crisis 
scientifically. 

6. Promote research on the relationship between genetic vari
ability and population viability and ultimately evolvability 
(50, 53). Most evolutionary and conservation biologists 
assume that increasing genetic variance always enhances the 
probability of population survival and evolution, but this 
assumption is not generally true (75). In constant and 
unpredictable environments, genetic variance reduces pop
ulation mean fitness. In predictable, highly variable envi
ronments, genetic variance may be essential for adaptive 
evolution and population persistence. Because almost all 
predictions point to natural populations losing genetic vari
ability, we may need to reexamine Fisher's Fundamental 
Theorem in the light of advances in understanding of the 
genetics of quantitative and quasineutral trait evolution. 
Also the possible conversion of nonadditive genetic variance 
to additive variance in small populations leading to increased 
variance in fitness needs more study, as does the issue of 
genetic load, which takes time to evolve and is still difficult 
to detect experimentally (76). If most new variation so 
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produced is deleterious, or mildly deleterious, then perhaps 
these concerns can be set aside in the short term. 

7. Promote research on genetic control of pests and their 
vectors to diminish their importance in disturbed ecosystems 
and improve the human condition (e.g., ref. 77). 

8. Promote the development of a global system of nature 
reserves especially in the tropics. The current IUCN goal of 
10% national set-asides to represent each biome and the 
latest proposals to focus efforts on biodiversity hot spots (a 
Global 200 and a Global 25, among others) all deserve 
encouragement, because they will save biomes and biotas 
more effectively than single species conservation efforts 
(78-80). The arguments for greater cooperation between 
the various stakeholders (academic, nongovernmental, gov
ernmental, and local communities) and for better science in 
setting global priorities should be heeded (81, 82), but 
scholarly debates among ourselves about the weaknesses of 
any one proposal are counterproductive if they delay action. 
Solutions offered by scientists will almost always be com
promised in their application to the real world by reasonable 
human rights concerns, and furthermore, the sooner we 
move beyond parks and reserves in our planning, the better 
(83, 84). 

9. Promote political, legal, and regulatory changes to redesign 
and recommission existing protected areas so that they may 
better conserve their native biotas in the face of climate 
change, edge effects, and increased demand for sustainable 
use by local people and recreational use. 

10. Finally, some of us advocate a shift from saving things, the 
products of evolution, to saving the underlying process, 
evolution itself ( 46, 72, 85). Facilitating this process will 
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ultimately provide us with the most cost-effective solution to 
the general problem of conserving nature. The human 
predicament requires that we accept responsibility for this 
process and its products. Like it or not, evolutionary biolo
gists have to recognize that the ultimate test of their science 
is not their ability to solve the riddles of the past and the 
origin of species, but rather to manage their viability and 
prevent their premature extinction, to manage the bio
sphere's future. In this sense, if they turn around and face 
forward in time, evolutionary biologists become conserva
tion scientists. The traditional dichotomy between one group 
doing fundamental research and the other doing applied 
work is false. Conservation biology provides some of the 
most difficult problems ever tackled by science-difficult 
because of their complexity and because many cannot be 
approached with the reductionist methods that served us 
well in other fields. Because these problems affect the 
viability of our own species and the biosphere generally, 
there is no more significant scientific challenge demanding 
our attention this century. "If, then, we wish for evolution to 
proceed in ways that we consider progressive we ourselves 
must become the agents to make it do so. And all our studies 
of evolution must finally converge in that direction" (86). 
Nowadays, we would never use the word "progressive," but 
the challenge remains valid and more urgent. 
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Intervening in evolution: Ethics and actions 
Paul R. Ehrlich* 

Department of Biological Sciences, Stanford University, Stanford, CA 94305 

Biologists should help to guide a process of cultural evolution in 
which society determines how much effort, if any, is ethically 
required to preserve options in biological evolution. Evolutionists, 
conservation biologists, and ecologists should be doing more 
research to determine actions that would best help to avoid 
foreclosing evolutionary options. 

There i.s no qu�stion that Homo sapiens, in addition to causing 
t�e SIXth maJor spasm of biotic extinction (1-4), is also 

altenng the course of evolution for millions of years in the future. 
Many of the important issues raised by that alteration have been 
beautifully laid out by Norman Myers (5). Here I explore three 
overarching questions. The first is a fundamental backuround 
one: Where do ethics come from? This leads to the :econd. 
Considering that just two or three human generations are 
dramatically changing the biotas that will comprise a major 
portion of the environment of tens of thousands of future 
ge.ner�tions, what ethical obligations might this impose on 
scientists to respond in various ways? And the third is: If we are 
ethically obligated, what might scientists do to be more effective 
in informing society of its options in this area? These are 
complex issues; I deal only with the tip of the iceberg here. 

The ethical questions about intervention in the evolutionary 
process are very similar to questions about the closely related 
Issue of the preservation of biodiversity (2). Most of us believe 
that people in the future should be able to obtain from biodi
versity a wide variety of esthetic pleasures, ecosystem goods, and, 
especially, ecosystem services (6). Humanity is now faced with 
the prospect of a continuing loss of the populations (7) and 
�pecJ�s (8) t�at supply those values. But, beyond this loss, society 
IS takmg actiOns that will modify both the rate of evolutionary 
regeneration of populations and species and the nature of the 
replacements produced. Our acceleration of the rate of extinc
ti�ns and m�difi�ation of the evolutionary process immediately 
raises an ethical Issue long recognized by economists and others 
(9) as that of "intergenerational equity." The basic question is: 
At what rate, if any, is it moral for the current generation to 
discount the future? This question, in turn, leads us to the much 
more general questions of the origins and nature of ethical 
systems. 

Where Do Ethics Come From? 

Many people, following (most famously) Plato (10) and Kant 
( 11), believe that, in essence, there exists a universe of ethics 
quite independent of the universe in which we dwell (or, 
equivalently, there is a god with all of the answers). To those 
holding that belief, answers to questions about the ethics of 
redirecting evolution have always been "out there"; our task is 
simply to discover them. Others believe that ethics can be derived 
directly from the evolutionary process itself-that, basically, 
whate�er behavior has evolved is good because it evolved (for an 
overview, see ref. 12). They contend that one can determine what 
ought to be from what is (a contention that is often called by 
opponents of this view "the naturalistic fallacy"). I, and many 
others, take a third view (13): there is no extrinsic source of 
ethics, but human beings have evolved the capacity to hold and 
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share values. Natural selection has, however, not helped us much 
in deciding what values to hold. The content of ethical systems
the 

_
things that a human being believes are right or wrong, moral 

or Immoral-is assumed in this view to be almost entirely a 
product of cultural evolution. 

Our dilemma of whether or how to change ethical systems so 
they can deal with human alteration of evolutionary processes 
assumes that cultural evolution is the primary source of values. 
After all, if there were an independent ethical universe we could 
tap into, it seems unlikely that ethics would differ as much as they 
do from culture to culture and time to time. A couple of centuries 
ago, slavery was ethically acceptable, as it had been since the 
dawn of history. It still is in some subcultures. An example, closer 
to the topic of this symposium, of cultural evolution that has 
altered ethics over the last few centuries is the widenin<> of the 
circle of caring: the attribution of rights first to all hum a; beings 
(as opposed to only some group of kin or pseudokin), then to 
domestic animals, then to charismatic wild animals, and even
tually to all organisms and ecosystems. Furthermore, one can 
observe ethics evolving all of the time at a rate that cannot be 
explained by genetic evolution. It's happening at this meeting. 
No

_ 
one .was expressing concern about changing evolutionary 

traJectones even two decades ago. One could, of course, argue 
that the external ethical universe exists, and it is our communi
catio� with that universe or a deity that is continually culturally 
evolvmg. But that does not seem to be a very informative 
approach if we wish to understand the evolution of ethical 
systems. On the other hand, I see no sign that the process of 
evolution itself has provided many, if any, standards to undergird 
a system of ethics, including ethics about the maintenance of that 
process. 

-r:he evolution of ethics appears to be a product of a complex 
bram that evolved for, among other things, dealing with other 
smart individuals living in the same social groups. The roots of 
ethics seem to trace to the evolution of empathy-the ability to 
imagine another's viewpoint. Being able to consider the mental 
pro�esses of members of one's group and relate emotionally to 
their st.ates ��ubtless had a reproductive payoff and probably was 
a pred1sposJtJon created by natural selection. But much of the 
behavior that "�volutionary psychologists" (e.g., refs. 14 and 15) 
and others attnbute to genetic predispositions clearly can't be 
the direct result of biological evolution-we haven't the genes to 
do the job. Genes cannot incorporate enough instructions into 
the brain's structure to program an appropriate reaction to every 
conceivable behavioral situation, or even very Iaroe numbers of 
them. Here is an instance where a little bit of reductionist 
analysis suggests the hopelessness of seeking a genetic reduc
tio�ist expla�ation of most of human behavior, including our 
ethical behaviOr related to the course of evolution (13). There 
are something on the order of 30,000 loci in the genome, whereas 
there are roughly 100 to 1000 trillion connections (synapses) 
between over a trillion nerve cells in our brains. That's at least 
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one billion synapses per locus, even if every locus in the genome 
contributed to creating a synapse. Clearly, those connections can 
be only partially specified by genetic information; the environ
ment and cultural evolution must play a very large, often 
dominant role in establishing the complex neural networks that 
modulate human behavior. To put it in shorthand, we could be 
said to have a "gene shortage," a point lost on popular writers 
in their enthusiasm to find "a gene" for every human behavioral 
characteristic (e.g., refs. 16 and 17). 

Scientific Response to Human Modification of Evolutionary 
Trajectories 

In this symposium, we are starting a dialogue over the ethical 
issues of human alteration of the future course of evolution, 
which can be viewed as an extension of the dialogue that already 
includes decision makers and the general public in discussions 
over human responsibility for abating the extinction crisis (18). 
I believe we can't look either to a deity or to evolution itself for 
answers. It is up to the human community to decide what the 
ethical course is, and to take whatever steps are then deemed 
ethically appropriate. Thus the answer to my second broad 
question seems to be that it is up to us as scientists to determine 
what are our own ethical obligations, and to help society at large 
to make its decisions. 

Achieving some level of consensus on those obligations will 
not be an easy task. At one extreme, some will advise restoring 
huge areas of wilderness to provide evolutionary opportunities 
for continuation of megavertebrate diversification. That, clearly, 
is the view of those involved in the Wildlands Project (e.g., ref. 
19)-and it's where I would come down emotionally if I could 
ignore the practical and ethical complexities of its implementa
tion in most parts of the world. At the other extreme are the 
technological optimists who assume that genetic engineers will 
soon be able to produce any needed biodiversity to order and so 
see no reason to preserve what is left or worry about future 
evolutionary trajectories. They have a very high rate of discount
ing the future, because they assume that coming generations will 
be sufficiently richer and more technologically adept to solve any 
problems that altered evolution can present. This latter view will, 
of course, appeal to many in our gadget-oriented society, espe
cially those who believe their financial security will be best 
protected under a "business as usual" scenario. And between 
those at the extremes (who will at least have considered the 
issue) will be the vast majority of humanity, people who simply 
see little reason to value most of biodiversity. 

In the coming ethical debate, we must be extremely careful to 
take a broad view of the "human community" and not subcon
sciously assume that everyone shares the views of the community 
of evolutionary biologists, ecologists, and conservationists from 
rich countries. There is, understandably, considerable resent
ment in developing countries over what they view as a preference 
among conservation biologists for locking away land to protect 
biodiversity (and presumably future evolutionary options) with
out considering the present, sometimes dire needs of local 
communities or indeed of regions or even entire poor nations 
(20, 21).  Choices will often have to be made between protecting 
the health and welfare of human beings living today, and risking 
those of future generations; evaluating such trade-offs and 
deciding on courses of action is likely to be difficult. For instance, 
revenue from logging a tropical forest might be used to help poor 
people living near the forest today. Would it be worth forgoing 
that revenue to preserve the forest as a potential generator of 
diversity that might improve the lives of people 2000 or 200,000 
generations in the future? How are values to be assigned, and 
who should make this sort of decision? Is there any ethical need 
to consider the effects of today's actions that far or farther in the 
future? Could or should we strive to create such an ethical 
imperative? Can we possibly know enough to sensibly fashion an 
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evolutionary ethic? Is it reasonable to imply an evolutionary 
discount rate of zero? Those who, like me, personally believe 
attention should be paid to the consequences of our actions for 
the long-term future must develop our arguments very carefully 
and not assume that there is a self-evident ethical need to do so. 

Evolutionists, ecologists, and systematists can begin address
ing these complex issues in four ways: through public education, 
interacting with those in other disciplines and walks of life, 
changing our research agendas, and working to find practical 
ways of influencing the evolution of ethics. Considering the long 
debate over the preservation of biodiversity (e.g., in the United 
States, continuing battles over the Endangered Species Act), it 
is clear to me that scientists concerned with answering the sorts 
of questions posed above and developing an ethics of preserving 
evolutionary processes will be caught in one of many mismatches 
in rates of cultural evolution (13). The speed at which society is 
changing the evolutionary prospect seems fated to remain much 
more rapid than the rate at which society is developing ethics to 
deal with the challenges that change may present. In this 
situation, the first and most obvious thing that we should do is 
alert the public and decision makers to the possible problem. I 
hope the colloquium on The Future of Evolution will mark the 
beginning of an effort by the concerned scientific community to 
do just that. Ecologists have gradually begun to realize that their 
responsibilities to society extend far beyond simply doing first
rate science and reporting the results in the scientific literature 
(22, 23). Evolutionists and systematists have lagged behind 
ecologists in awareness and action, but now is the time to start 
closing the gap (24 ). 

Despite the uncertainties that are inherent in science, on issues 
of great importance to humanity, scientists must keep the public 
apprised of the latest consensus view of the pertinent scientific 
community (including recommendations for possible policy 
changes). Uncertainties, of course, should be made explicit in 
such communications, and when a scientist expresses a personal 
opinion diverging from the consensus, it should be clearly 
labeled as such. The idea that science should (or can) be 
value-free, a view expressed by several researchers recently (e.g., 
23) and widely held in society, simply reflects a failure in the 
education of both scientists and members of the general public. 
The same can be said for the opinion that scientists should not 
make predictions about such things as future evolutionary 
trajectories because they may not be accurate, or the idea that 
one should wait until "uncertainties are resolved." Scientists, of 
course, make value judgments all of the time in their choice of 
projects (what is "worthwhile" investigating), choice of methods 
(e.g., how much disturbance of an ecosystem or injury to 
organisms would be justified by the information gained), and 
interpretation of results ("the most important conclusion from 
this study is . . .  "). We cannot avoid such judgments, because 
being steeped in values is an important part of being human. The 
relative objectivity of science comes primarily not from the 
efforts we all make to be objective, but from adherence to rules 
(honesty, full disclosure of procedures, attempts to falsify one's 
own hypotheses), the adversarial nature of the enterprise (peer 
review, replication by others, eventual rewards for showing the 
paradigm has no clothes), and the existence of nature (an 
assumption) to serve as a final arbiter. 

Making predictions is an important part of science, and a 
major challenge in the area of evolution is to make the best 
possible predictions on what human intervention means to the 
evolutionary process. We must seek ways that some of those 
predictions can be tested in the relatively short term. When the 
predictions are not fulfilled (they frequently will not be), the 
reasons for the failure should provide an entree into finding just 
what part of the system was inadequately understood. And, of 
course, one thing that separates science from other ways of 
knowing is that uncertainties are never fully resolved. At best, the 
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community agrees that the uncertainties are minimal (although 
many a paradigm has crashed after such agreement), and 
individual scientists will always differ on the degree of trust they 
put in a given conclusion. Our credibility should rest on the 
openness with which we explain the uncertainties, our readiness 
to change conclusions and recommendations as new data come 
in, being clear on how our own views relate to the scientific 
consensus, and persistence in telling politicians that neither they 
nor anyone else can supply absolute certainty on a scientific 
issue. Credibility cannot and should not rest on an implicit notion 
that "science" in the abstract can be trusted. 

A second way that evolutionists, ecologists, and systematists 
can contribute fully to the cultural evolution of ethics relating 
to future biological evolution is to participate increasingly in 
interdisciplinary research and interaction with people with 
different backgrounds and attitudes. We will wish to outline 
for society the likely consequences of alternative courses of 
action (or inaction) and, at least by implication, advocate 
certain courses of action. But without input from economists, 
political scientists, legal scholars, the business community, and 
others, some of the alternatives presented may at best have 
little chance of acceptance by society as a whole, or at worst 
produce results counter to those intended. Remember, it is not 
for us to dictate what society wants, but rather to interact 
vigorously with the public in an attempt to achieve ends that 
both make sense scientifically and are socially and politically 
feasible. As I indicated, in virtually all cases, society will be 
faced with increasingly difficult choices among alternate 
courses of action. Many will involve trade-offs between 
desirable outcomes, and scientists must help to clarify them. 
As individuals, not as scientists, we also may advocate our 
own preferences. The latter is important; although we can
not dictate a course of action to the rest of society, neither 
should we be disenfranchised when it comes to social decision 
making. 

Third, beyond improving scientific outreach, we should be 
reexamining our research agendas so that they yield as much 
information as possible pertinent to evaluating the scale of 
anthropogenic impacts on the future course of biotic evolu
tion, and attempting to find ways to ameliorate those consid
ered potentially the most serious-as Norman Myers has been 
urging for more than a decade. The papers presented in this 
colloquium indicate that this process is finally underway, and 
much recent work is, perhaps serendipitously, pertinent to 
major issues. For instance, the question of whether isolation is 
the key to geographic speciation (25-27) or whether differ
ences in selection pressures are equally or more important (28) 
is now being reexamined in some detail (29). The answer to 
that question could be important if society decides that it 
wishes to encourage the continued generation of diversity. If 
different selection pressures are paramount, then the un
planned trend toward reducing once-continuous tracts of 
habitat into many isolated but similar fragments will not 
enhance speciation to the degree that some may hope. In any 
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case, we don't know enough to establish with confidence 
conservation priorities aimed to influence future evolutionary 
effects. 

One example of a potentially fruitful research agenda is that 
of the new discipline of countryside biogeography (30-32). 
Ecologists and conservation biologists have recently started to 
realize that there is no longer such a thing as an undisturbed 
habitat-no pristine systems to study. They have begun to focus 
more attention on the ecology of organisms in the vast areas that 
have already experienced substantial anthropogenic distur
bance. The goals of countryside biogeography include determin
ing what elements of biodiversity are best able to persist in 
altered habitats, establishing the relationship between degree of 
intensification of land use and an area's conservation value, 
evaluating the importance of remnant habitat to the delivery of 
ecosystem services, and finding ways to enhance the conserva
tion/service-delivery value of human-dominated countrysides. 
This work could also provide a foundation for what we might call 
"countryside evolution," which could examine the possible 
impact of various patterns of habitat alteration on evolutionary 
trajectories and seek ways to enhance the evolutionary potential 
of communities persisting in areas heavily impacted by human 
activities. 

It is clear that the activities of Homo sapiens are dramatically 
altering the future course of biological evolution, and, if current 
trends continue, the degree of alteration is likely to accelerate 
and lead to substantial discontinuities. But the possible conse
quences of this for humanity are much less obvious, so it is hard 
to present specific options except self-evident ones such as: "if 
society wishes to preserve opportunities for continued diversi
fication of large animals in groups such as the big cats, horses, 
antelopes, and our closest primate relatives, more effort should 
be put into the conservation of large tracts of wilderness." More 
broadly-and more importantly-environmental scientists to
day can simply recommend that those whose values include a 
concern for the options of distant future generations take more 
care when meddling in a process billions of years old, which, 
when severely perturbed, could change the biosphere dramati
cally for millions of years in unpredictable ways. We can and 
should do better. 

Fourth, in addition to adding to the knowledge base that society 
will need in its decision-making, scientists should participate in the 
hard work of outlining feasible ways of accomplishing changes they 
deem advisable. Although the mismatch-between the rate at 
which society is altering the evolutionary future and the rate at 
which it is recognizing, evaluating, and taking action on the 
issue-is severe, we should not despair. The rate at which our 
society evolves new ethics to deal with various aspects of the human 
predicament, including the evolutionary dilemma, can be acceler
ated. Cultural evolution clearly can be directed (13, 33), but a 
determined effort by a large and diverse sample of people is 
required. This symposium must be just a beginning. 
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