ments that deal with multiple incident car-
rier streams are also of interest. Such ex-
periments would permit the investigation
of exchange effects on the noise, which
represent an explicit demonstration that we
deal with indistinguishable particles. If
carriers were incident from both contacts 1
and 3, the conductor in panel B of the fig-
ure would be noiseless in the zero-temper-
ature limit. All current correlations would
then vanish. A first experiment in this di-
rection has recently been performed by
Liu et al. (8), who demonstrated that in the
presence of currents incident from two
contacts the noise is reduced below the
value that is measured if current is inci-
dent from one contact only.

In contrast to conductance, which can
be specified in terms of transmission prob-
abilities for one carrier to traverse the con-
ductor from one contact to another, ex-
change effects in noise correlations are
specified by scattering amplitudes with an
amplitude and a phase (4). The conductor
in panel C of the figure is one possible
experimental setup that would permit
demonstration of the phase sensitivity of
exchange effects. This conductor is an
electrical equivalent of an optical interfer-
ometer. The contacts connect to a central
orbit that circles the outer wall of the con-
ductor. In the presence of two incident cur-
rents, the exchange effect in one of the
current-current correlations is a function
of the phase of the periodic orbit; depend-
ing on this phase, the exchange effect ei-
ther vanishes or is as large as the noise of
the two currents added classically.

Current-current correlations are a sensi-
tive probe of the statistical properties of a
system. In systems that are composed of su-
perconductors and normal conductors (such
as metals or semiconductors), it has been
predicted that the correlation functions can
change sign because of strong electron-hole
correlations resulting from reflections at the
interface between the superconductor and
the other material (9). Measurements of cur-
rent-current correlations in the fractional

"quantum Hall regime should be even more

276

interesting. Current theoretical understand-
ing attributes such states to quasi-particles
that are very unconventional in that they are
neither fermions nor bosons. In contrast to
the integer quantum Hall effect, which can
be explained by using the edge states de-
scribed above, our understanding of the
fractional quantum Hall effect is rather lim-
ited. Presently, it is not even clear whether
noise should be generated at the interface of
a normal contact and a two-dimensional
electron gas (/0) in a fractional quantized
state.

Optical experiments have reached a
particularly high level of sophistication
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since sources producing twin pairs of pho-
tons have become available. Sources that
produce such entangled states (coherent
superpositions of multiparticle states) of
electrons are not yet available but are
clearly desirable for noise experiments and
also in the emerging field of quantum
computing. The Pauli principle works to
suppress noise. But its effectiveness can be
overcome in systems far from equilibrium
if collective electron motion becomes im-
portant. This was demonstrated in recent
experiments on resonant tunneling struc-
tures (//) and has been investigated theo-
retically (/2). Yet another interesting av-
enue is the connection of shot noise and
the dephasing of quantum coherent elec-
tron transport (/3). These considerations
promise interesting future experiments on
electron coherence and statistical effects in
a wide variety of systems.
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PERSPECTIVES: ECOLOGY

Heeding the Warning in
Biodiversity's Basic Law

Michael L. Rosenzweig

he great 19th-century scientist
T Alexander von Humboldt gave ecolo-
gy its oldest law: Larger areas harbor

more species than smaller ones (/). Even
back then, naturalists were quick to per-
ceive the mathematical regularity of this
species-area rela-

Enhanced online at tionship (2). For
www.sciencemag.org/cgi/ most of the 20th
content/full/284/5412/276  century ecologists
have keenly stud-

ied this relationship convinced that, in find-
ing the explanation for it, they would un-
cover the key to understanding and predict-
ing Earth’s biodiversity (3). The report by
Harte et al. on page 334 of this issue (4) is
an elegant contribution to the onslaught of
recent advances leading toward an explana-
tion. The puzzle of the species-area rela-

- tionship is now in full retreat. Admittedly,

we have not yet achieved its unconditional
surrender. But, given the mass extinction of
plant and animal species that human cul-
ture and population growth have set in mo-
tion, our progress toward that surrender
comes just in the nick of time.

Debate about the mathematical form
taken by the species-area relationship be-
gan about 1920 and still continues (5). The
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form S = C4* (the number of species found
in a sampled patch of area 4 is a constant
power of 4) proved a convenient mathe-
matical equation for reporting, organizing,
and analyzing this relationship. No one
claimed to understand why. Then Fisher
connected the problem of species diversity
to that of species abundance (6). Preston
soon introduced and championed the log-
normal form of species-abundance distri-
bution (7). He also supplied a flawed, al-
though enchanting, proof that a certain
type of log-normal distribution implied a
species-area relationship that came quite
close to S = CA* with z about 0.26 (a num-
ber close to values derived from data sets
of island plant and animal diversity) (8).
May’s flourishes and extensions (9) to Pre-
ston’s work were so impressive that they
made us believe, for a while, that we could
finally tuck this chapter of ecology into its
bed for good.

But the data would not cooperate (/0).
Species-area relationships with z-values
strikingly different from 0.26 kept pop-
ping up (/). Worse still, these z-values
had a definite pattern: Larger scales of
space and time generated species-area re-
lationships with larger z-values.

The theoretical bubble burst too (/2). It
had relied on a tacit assumption of self-sim-
ilarity among species (the abundance distri-
bution of complete sets of species is the
same regardless of the spatial scale at which
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it is measured). But log-normal abun-
dance distributions at one scale of
space turn out not to be log-normal at
any other! May’s proof also tacitly re-
quired that there be no relationship
between the size of a species’ geo-
graphical range and its population
density. But species that are abundant
where they are found, tend to occur
in more places than those with sparse
populations (13).

Harte et al. turn the problem on
its head. They do not rely on the log-
normal (or any other) distribution.
They assume only self-similarity.
From that they deduce S = CA*. They
also deduce an abundance distribu-
tion more realistically heavy-tailed
than the sacrosanct log-normal.
(Heavy-tailed distributions imply that
many improbable events will occur.
In this case, these events are the ap-
pearance of scarce species.) The
many scarce species in those heavy
tails are precisely what make the
tropics and other rich biotas so di-
verse. The log-normal abundance
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Losing biodiversity. The relationship between the area
of land and the number of species it supports (larger ar-
eas support more species than smaller areas) is called the
species-area relationship (SPAR). Because humans have
expropriated 95% of Earth’s surface from other species,
life faces a mass extinction in three phases. After a de-
cline in species diversity in a provincial area, a biota first
loses all of its endemic species, that is, those populations
whose habitat has been entirely expropriated (phase 1).
Then a provincial area loses all of those species that be-
come sink species (those unable to reproduce fast
enough to replace themselves) as a result of the area’s
decline (phase 2). Finally, the provincial area descends to
a new lower steady state because its accidental losses fail
to be replaced fast enough to maintain the old diversity.

of area for the maintenance of diversity. But
they should rejoice at the gift of all that
time—time to ameliorate the damage.

Loss of the sink species will not end
the story. There will be a third phase of ex-
tinction. Diversity will relax to a new sus-
tainable steady state. If we continue to ex-
clude nature from 95% of Earth’s terrestri-
al surface, species-area relationships teach
us that the new steady state will only be
about 5% of current diversity (3).

Phase 3 depends upon rare accidents
that happen within the same time scale as
speciation. So phase 3 may take tens of
thousands of years to complete. But such
accidents include the introduction or evolu-
tion of new diseases, or the total disappear-
ance of habitat owing to climate change.
Thus, we may not have as much time as one
would have predicted from considering only
the science of species-area relationships.

The problem suggests its own solution.
The land remains. Share it more generously
with other species (/8). Do the research to
discover gentler ways to occupy the land,
ways to reconcile our uses with those of the
many species that also need it to sustain life.

distribution simply does not fit.

I am less sanguine than Harte et
al. about the chance that self-simi-
larity will hold true over the entire
range of spatial scales. As they admit,
some data do not fit, the diversities of trop-
ical freshwater fishes in different biogeo-
graphical provinces, for example. The cu-
mulative diversities of these fishes have a z
of 1.36, and future discoveries of new
species will change that value very little
(14). Yet, the mathematical maximum al-
lowed by the Harte model is 1.

The difficulty may arise because diversi-
ty is determined by different processes at
different scales (3, 15). The largest scale is
the biological province, defined as an area
in which most of the species originated in-
ternally (by the relatively slow process of
speciation). The diversity of provinces de-
pends on their rates of speciation. The di-
versity of islands depends on the rates at
which species colonize the islands from a
nearby province and then become extinct on
the island. And the diversity of provincial
patches depends on the number of habitats
they contain and the rate at which individu-
als move in to shore up the ever-declining
local sink populations. (Sink populations
are those that cannot reproduce fast enough
to replace themselves.)

If diversity is controlled by such differ-
ent processes at different scales, is it fair to
expect a single model to predict diversity at
all scales? I suspect that Harte et al. have
cracked the problem just for traditional
species-area relationships, the areas of
which are cumulative patches within a sin-
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In each case, we can predict the loss of diversity by using
the species-area relationship of the appropriate scale.

gle province. That is a major achievement,
but it leaves open the question of possible
explanations for other kinds of species-area
relationships (such as interprovincial and
inter-island) as well as the question of why
diversity is a self-similar property of area
within biogeographical provinces.

We can use our increased understand-
ing of species-area relationships to help
conserve species. Most conservation ef-
forts concentrate on saving habitats rather
than area. But if, in the long run, area is
the true prime mover on which diversity
depends, we should reevaluate how little
emphasis we place on it.

Species-area relationships suggest that
because we have wrested away some 95%
of Earth’s surface from the world of nature
(16), life faces a mass extinction in three
phases (see the figure). Phase 1 (predicted
by equation 7 of the Harte study) is the loss
of endemic species, that is, all species
whose entire range of habitat disappears in-
to human hands. This loss is modest but in-
stantaneous. Phase 2 is relaxation to an is-
land state owing to the loss of the sink
species, that is, those species whose re-
maining populations are all sink popula-
tions. Together, these two phases will cost
Earth about half of its plant and animal
species (3). Modeling the rates of loss is a
significant challenge, but data suggest that
the loss will take centuries (/7). No won-
der some complain that we have not seen
enough extinction to confirm the importance
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