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ne of the mysteries of biology is
O how the estimated 5 to 50 million
species on Earth coexist. Some of
the diversity results from the separation of
Earth into five continents and the some-
what parallel diversifications of each.
Diversity within a
Enhanced online at continent is partly
www.sciencemag.org/cgi/  explained by large-
content/ful/283/5401/495 ¢nqle gradients in
climate, resource
availability, productivity, and disturbance—
in combination with interspecific trade-
offs that cause each species to have opti-
mal performance at a particular point on
these gradients. The largest part of the
world’s diversity, however, may come from
a poorly understood phenomenon—the
ability of hundreds to thousands of species
that seemingly compete for the same few
resources to coexist in relatively homoge-
neous local sites in lakes, grasslands, rain-
forests, coral reefs, and intertidal habitats.
A long-term study in a Panamanian rain-
forest, reported by Hubbell and colleagues
on page 554 of this issue, has now provid-
ed important insights into how such coex-
istence may occur (7).

Almost 40 years ago G. E. Hutchinson
noted that the coexistence of hundreds of
species of algae in lakes was paradoxically
high compared with the prediction of
then-current theory that the number of
species should not exceed the number of
resources for which they competed (2).
Comparably diverse assemblages of poten-
tial competitors occur in many types of
ecosystems around the world. Four major
classes of theoretical solutions to this
paradox of diversity have since been pro-
posed, all of which predict, as a first ap-
proximation, almost unlimited diversity.
Given the appropriate trade-offs in species
traits, high diversity can be caused by lo-
cal spatial heterogeneity (3), by nonequi-
librium conditions (4, 3), by interactions
among at least three trophic levels (for ex-
ample, plants, herbivores, and parasites)
(3, 6), or by neighborhood recruitment
limitgtion (local absence of young of supe-
rior competitors) (7—9). These theories
solved the paradox, but the mystery re-
mains: What actually explains high local
diversity in nature?
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Since 1980, Hubbell and collaborators
have been studying the dynamics of a
tropical rainforest on Barro Colorado Is-
land, Panama, by mapping and periodical-
ly recensusing the locations of treefall
gaps and of more than 300,000 individual
trees. They used these data to test two hy-
potheses frequently cited as possibly ac-
counting for high diversity in rainforests—
the intermediate disturbance hypothesis
(one of many variants of nonequilibrium
coexistence) and the recruitment limita-

Rainforest diversity. The diversity of this
Panamanian rainforest, and of other ecosys-
tems, may hinge on spatially patchy dispersal.
Local absence of a superior competitor can al-
low an inferior species to win by default.

tion hypotheses. The intermediate distur-
bance hypothesis (10, /1) states that dis-
turbances, such as treefall gaps, lead to a
predictable successional sequence in
which one tree species replaces another,
and another, culminating in dominance by
a canopy tree species. If disturbances are
rare, almost all sites are dominated by the
late successional canopy species, and total
stand diversity is low. If disturbances are
frequent, almost all sites are dominated by
early successional, pioneer species, and
diversity is again low. However, at inter-
mediate rates of disturbance, there are a
range of sites, some newly disturbed, some
of intermediate age, and some old enough
to be dominated by late successional

canopy species. This would allow-the full
range of species traiis to coexist and lead
to maximal species diversity.

Hubbell’s team also examined the im-
portance of coexistence by recruitment
limitation (8, 9). Plants compete only with
individuals living sufficiently nearby that
each could cast shade on or have roots that
overlap with the other. Because of poor
dispersal ability, low local abundance, or
chance events, however, many plant
species may be absent from such a neigh-
borhood and thus have their abundance be
recruitment limited. Like a team that fails
to appear at a sporting event, a species that
is locally absent has forfeited any chance
of competitive victory at the site. This can
allow inferior competitors to win by de-
fault. If there is recruitment limitation, the
winners of local competition are not nec-
essarily the best competitors that exist in
the region, but the best competitors that
happened to colonize a particular site. This
can lead to essentially unlimited diversity
(S, 9).

Much of the evidence that Hubbell
and colleagues gathered supports recruit-
ment limitation over the intermediate dis-
turbance hypothesis. For example, they
found that the composition of gaps was
amazingly constant over the 12 years of
their study. Because this suggests that lit-
tle successional replacement was occur-
ring, it fails to support the intermediate
disturbance hypothesis. They also ob-
served a significant positive correlation
between changes in species abundances
in gaps and those in non-gap areas, which
further suggests that the changes in com-
position that did occur were not succes-
sional. They found a low diversity of
seedling and sapling species in gaps. This
seemed to result from the low number of
seeds and of plant species in the seed that
fell on a site, which they measured using
a series of 200 seed traps spread through-
out their plot. The absence of most
species from any given gap is highly sug-
gestive of recruitment limitation. In sup-
port of the victory-by-default hypothesis,
they observed that pioneer species, which
presumably are poorer competitors, per-
sisted in gaps.

One of their assertions, however, and
related tests, seems open to debate. They
suggested that the intermediate distur-
bance hypothesis assumes higher diversity
within gaps. Diversity within gaps,
though, need not change during succes-
sion for the intermediate disturbance hy-
pothesis to explain high diversity of a lo-
cality. All that is needed is for the species
composition of gaps to change through
time, and for intermediate disturbance to
lead to the greatest range of gap ages.
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