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Arguments that ecolocial research on species-rich tropical forests is too little, too
late, an irrelevancy, and a luxury we can ill afford when time is ranning out (o save
tropical forests are wrong. Focused basic and applied ecological rescarch has a vital
and cost-effective role to play in tropical forest conservation and management.
Sustainable management of natural tropical forests is not possible without a better
holistic understanding of how such forests actually work ecologically and interact with
humans. Because time is short, however, we must learn “on-the-job” by conducting
research as we implement management plans. We base our argument on experience
with a large-scale study of the tropical forest on Barro Colorado Island (BCI),
Panama. In the space of 5 years, it was possible to collect essential silvics datz on
stocking levels, growth, yield, survival rates, and microhabitat requirements of a
large fraction of the BCI tree community of more than 300 mative species. We
conclude that a program of comgarable studies of representative naturat and man-
aged tropical forests at key sites thronghout the tropics would rapidly improve the
global fund of knowledge on which to base better decisions for the conservation and
management of tropical forests. International agencies and foundations should in-
erease their suppart of mission-oriented, holistic research on the community ecology
of tropical forests far beyond the present phasis on basic i jes of biodi-
versity.

On one point there is no argument: tropical forests are indeed in big trouble.

5. P. Hubbell, Dept of Ecology and Evolutionary Biology, Princeton Univ., Prince-
ton, NJ 08544, USA. - R. E. Foster, Dept of Boiany, Field Museum of Natural
History, Chicago, IL 60605, USA.

Even as international agencies, policymakers, and the
general public express concern and call for action, the
world-wide destruction of tropical forests continues to
accelerate world-wide, as the 1990 tropical deforesta-
tion figures released by the World Resources Institute
show. Tropical deforestation is causing large-scale and
long-term environmental damage and the imreversible
loss of tens to hundreds of thousands of plants and
animals. Only a tiny fraction of land is being reforested.
In Panama, for example, reforestation efforts of ail
kinds replaced a scant 4500 ha of lost forest between
1980 and 1990. During the same period, deforestation
obliterated about 865000 ha of forest, a loss rate nearly
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200 times greater than the replacement rate. Moreoves,
virtually all of these replacement “forests” consist of
monocultures of multi-purpose exotic trees such as eu-
calyptus, acacia, and gmelina in plantations that are
biodiversity deserts. Conservation of biodiversity is not
on the agenda of these reforestation programs.

It is easy to understand why this is so. Developing
countries generally depend more heavily on agricultural
and forest production for income than do countries of
the developed world. The loss of this production capac-
ity and the associated environmental degradation
threatens tropical countries with imminent economic
catastrophe. These countries are in a hurry. Rightly or
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wrongly, they see their native forests as far too complex
and slow-growing to understand and manage for suffi-
ciently high economic return to solve their near-term
economic problems. They urgently need fuelwood and
other wood products, and a restored forest cover of any
sort o rejuvenate soils and protect watersheds. The
“debt-for-nature” swaps proposed by conservation
groups do not solve these problems, and in any event
such swaps would be seriously inflationary if they ever
amounted to a large fraction of their debt. Tropical
forest countries are also skeptical about extractive re-
serves as a general model of forest management, the
so-called “fruits and nuts” approach. Extractive re-
serves may only work at unrealistically low population
densities and, even if they can be managed sustainably,
may condemn their rural populations to perpetual sub-
sistence-level poverty, Finally, they point to the hypoc-
risy of the developed world, which demands that trop-
jcal forests be protected but at the same time scems
unwilling to pay its fair share of the opportunity costs
for conserving the biodiversity it claims to cherish so
highly.

The truth is, much of the debate on both sides is
political and ideological, with little basis in proven fact.
There have been almost no rigorous, long-term tests of
the ecology and economics of alternative models of
sustainable tropicat forests management. In the few
cases where sustainable forest management systems
seem to have worked, as in Ghana, they have mostly
been abandoned with the postcolonial breakdown of
government enforcement of forestry regulations, so it is
no longer possible to analyze their long-term petform-
ance. Five years after FAO put forth its ambitious Trop-
ical Forestry Action Plan, a negligible 1% or less of
tropical forests are being managed sustainably, and the
TFAP is itself undergoing extensive revision. At present
“gystainable tropical forestry” is little more than a slo-
gan and the subject of heated scientific and economic
debate (Poore et al. 1989). Recently, strong public pres-
sure has been brought to bear on the international de-
velopment agencies, demanding that their policies be
more consistent with the sustainable management of
tropical forests and with the conservation of bio-di-
versity. Ironically, no one knows what this means ex-
cept in the broadest sense; scientific and economic gui-
delines simply do not exist.

The importance of ecological research on
tropical forests

How should ecologists respond to this crisis of igno-
rance? There are those who declaim that it is too late for
research, that research is not the limiting factor, and
that onky action will suffice. We reject this argument. In
twenty years, when the remaining tropical forests will
have become even more threatened than now, we will
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need a far better understanding of how they work than
we have today. Current policies to manage tropical
forests are largely ad hoc. The fate of tropical forests is
determined mere often by default than by design, by the
vagaries of market fluctuations and political changes,
and — on the ethereal plan of GATT negotiations and
national income accounts — by policy analysts and ac-
countants with no ecological grasp of how tropical for-
ests work nor how local people actually use the forest.
Such policies scem unlikely to have much chance of
lasting success, But in our present ignorance, ecologists
are ill-prepared to tell policymakers what to do instead.

Tt must be also said that so far the ecological sciences
have offered little to tropical forest policymakers and
managers beyond theoretical generalities. Ecologists
have much to offer, but to be effective, the discipline
needs to adopt a more balanced program of basic and
applied research on tropical forests — more balanced
than the current laissez-faire, largely curiosity-driven
approach. We need a program guided to a greater ex-
tent by goals, priorities, and timetables, and informed
by social and economic needs (Hubbell 1990). Ecol-
ogists are wnaccustomed to such a pragmatic or “clin-
ical” research mentality, but we need such a perspective
if we are to be taken sericusly in the cffort to solve
tropical forest conservation and management problems.
We need to ask ourselves: What do we really need to
xnow about the ecology of tropical forests and their
interactions with man, and what are the policy implica-
tions of this knowledge?

There seem to be two general needs for greater un-
derstanding of tropical forests that can be grouped un-
der the rubrics of biogeography and community ecol-
ogy. In the case of biogeography, we need better knowl-
edge about what species and resources tropical forests
actually contain. It is pointless to devise management
plans for unknown resources. Recognizing this need,
many international agencies and conservation organiza-
tions have begun supporting tropical biodiversity, in-
ventory programs. Unfortunately, a complete inventory
of the earth’s bio-diversity is not a realistic goal. Recent
estimates peg the possible number of species on Earth
in the tens of millons of species-ranging up to 50 million
_ most of which are inseets and other arthropods living
in tropical forests. This would mean that only 2% to
10% of extant species have been named by all the
taxonomists who have ever lived. Unless there is an
unforeseen technological revolution in taxonomic meth-
ods, limited resources will force us to choose, either by
design or by accident, which groups of organisms will be
cataloged. At the moment this choice is guided almost
entirely by historical accident ~ which taxonomists and
biogeographers are alive who have interests in which
group of organisms. There is virtually no discussion of
whether we should consciously focus funding and train-
ing priorities on groups that have the greatest ecological
and economic importance, and if so, how to decide
which groups merit this attention. It is on the second
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Fig. 1. Central Panama, showing the Panama canal arca with
Gatun Lake, and Barro Colorado Island. The small black
rectangle on BCI is the 50 ha plot, measuring 1 km in the
east-west direction, by 500 m in the north-south direction.
Insert: The Republic of Panama.

question that community ecology can be of greatest
assistance.

Qur ignorance of how tropical forests work is pro-
found. If tropical forest countries decided tomorrow to
restore their degraded or destroyed native forests, it
could not be done. The basic ecology and interdepend-
encies of the vast majority of tropical forest plants and
animals are simply unknown. For most tropical trees,
we don't know basic things like what animals pollinate
their flowers or disperse their seeds, what light, water,
soil, and mycorrhizal conditions they nced to survive
and grow, what pests and diseases they carry, and which
animals critically depend on them for food. On the
human side, natural and social scientists know little
about how indigenous peoples actually use the good and
services of tropical forests. We don’t know how useful
these and other as yet undiscovered natural resources
are, what level of exploitation they can sustain, or what
impact exploitation has on tropical forest diversity and
stability. These represent serious, even debilitating gaps
in our understanding of the ecology and economics of
tropical forest management. But just as it is impossible
to inventory alt tropical biodiversity, we cannot study
the detailed community ecology of all tropical forests.
However, we do need a program to study a set of
tropical forests carefully chosen to represent the major
tropical forest types of the world.

These two approaches, biogeography and community
ecology, are mutually complementary. Neither ap-
proach alone is sufficient. The program in community
ecology is locally intensive and regionally superficial. Tt
provides great depth in understanding the function of
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particulat forest communities. The program in biogeog-
raphy is regionally extensive and locally superficial. The
community ecology studies inform the biogeographic
surveys of what key elements should be included in
regional inventories. In return, the biogeographic in-
ventories inform the community ecological studies of
their degree of generality.

Questions in tropical forest community
ecology

Our own approach has focused primarily on locally
detailed studies of the community ecology of tropical
forests, with special emphasis on trees. Along with our
colleagues, we have described the structure, species
compostion, and short-term dynamics of the tree com-
mimities in three large permanent forest plots Jocated in
the new and old world tropics. Each research site repre-
sents a major regional forest type. The longest running
of these studies and the flagship of the program is the
BCI forest dynamics project, begun in 1980 (Hubbell
and Foster 1983). The other current projects in the
program are located in peninsular Malaysia and India.

Through these studies, we have been able too answer
a number of fundamental questions about the structure
and dynamics of tropical forests. This paper highlights
some of the recent discoveries from the BCI forest
dynamics project in particular that have conservation
and management implications. To focus present dis-
cussion, we address the following questions: How spe-
cies-rich is the tree community? How variable is tree
species abundance, and why are some tree species com-
mon and others rare? Is the tree species assemblage in
equilibrium? If not, what are the rates of change in
species composition, and what are the factors that ap-
pear to be driving this change? How strong are the
stabilizing forces in the forest tending to restore equilib-
rivm in the face of these changes?

To the hands-on forest manager, the question of
whether a tropical forest is in equilibrium may seem
esoteric, but the answer to this question is important for
sustainable management. If tropical forests are non-
equilibrium assemblages continually turning over in
species and change rapidly in response to climate
change and anthropogenic disturbances, then conserva-
tion and management strategies will be different than if
forests are strongly stabilized by biotic interactions. But
apart from answering questions at the community level,
we can also address specific practical questions about
individual tree species, such as: What are their stocking
levels and recruitment rates? Can these stocking levels
be increased? What factors prevent stand densities of a
given species from becoming higher in the natural for-
est, and can these factors be controlled? How fast do
the trees grow? What are their survival rates, and how
are these and growth rates related to shade tolerance or
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Fig. 2. Species-atea curve for the BCI 50 ha plot. The dotted
line is the iheoretical curve that would be obtained if all species
were randomly mixed. The solid curve is the actual species area
curve, indicating incomplete mixing of the speeies. The error
bars indicate one standard deviation of the mean number of
species for the given sample area. Variation was generated by
starting 1he species accurnulation from differens starting points
(subsamples) withing the plot.

intolerance? How do the tree species influence each
other's performance? To present all of this information
is beyond the scape of the present paper, but we can
refer readers to recent publications for the details (Fos-
ter and Hubbeli 1990a, b, Hubbell and Foster 1990a, b,
¢, Hubhell et al. 1990, Welden et al. 1950).

Barro Colorado Island and the forest
dynamics project

Barro Colorado Istand is a 11500 ha former hilltop in
central Panama that became an island when the Chagres
River was dammed, creating the main reservoir of water
for the Panama Canal, Gatun Lake {Fig. 1}. The cli-
mate of BCI is strongly seasonal, with a four and a half
month dry season from late December until Jate Aprik.
The forest is semi-evergreen and, at 2500 mm annual
rainfall, is classified as tropical moist forest by the Hold-
ridge system (Leigh et al. 1982). Since 1923 BCI has
been a biological reserve and laboratory, administered
after 1946 by the Smithsonian Tropical Research In-
stitute {STRI}. Over BCI's 70 year history, the flora and
fauna of the istand have become the best known of any
tropical forest of comparable size in the world. Over
1500 scientific papers have been written on the biota,
climate, and geology of BCIL. The publication of The
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Flora of Barro Colorado Island (Croat 1978) capped six
decades of research on the flora of the island. This
wealth of background information and the facilities and
research staff of STRI, made BCI and excellent site to
launch a long-term program on tropical forest ecology.

The BCI forest dynamics project began as a study in
basic community ecology. The organizing objective was
to understand the maintenance of tree diversity in the
BCI forest and the factors that determine relative tree
species abundance. Because we wanted a community-
level approach, the project had to have sufficient scope,
scale, and permanence. We reasoned that understand-
ing the tree community would minimally require de-
tailed demographic studies and life histories of individ-
ual species. To understand species interactions, this de-
mographic information would have to be collected in a
community setting, s0 we would need to map and tag all
plants individually. Also many tropical tree species are
infrequent or rare, so we would have to have a large
plot to obtain adequate population samples for statisti-
cal analyses of the rare as well as the common species.
Finally, since trees grow relatively slowly, we would
need a long-term study.

Accordingly, a 50 ha permanent plot was established
on the central plateau of the island, and all free-stand-
ing woody plants with a stem diameter of 1 cm dbh
(diameter at breast height) were individually tagged,
identific 1o species, measured, and mapped (Hubbell
and Foster 1983). The first census was completed in
1982; subsequent censuses were undertaken in 1983 and
1990. Long-term changes in the forest will be monitored
by recensusing the plot regularly every 5 years. The
history of the forest on BCI and elsewhere in Panama
has been revealed by the extensive paleoecological stud-
ies of Piperno (1990) and colleagues. The phytolith and
artifact record from plot site on BCI indicates that the
forest never sustained slash-and-burn maize agriculture,
but smail seasonal hunting camps were made in the
forest between 530 and 1500 AD. ~

In addition to the demographic data on trees, meas-
urements on light environments, soils and soil moisture
regime have been taken, so that differences in plaot
performance could be interpreted in relation to micro-
site conditions. An annual census of canopy structure
and treefall gaps has been conducted throughout the
plot since 1983 (Hubbell and Foster 1986b). With this
information we have been able to quantify the degree of
gap dependence among the BCl tree species (Welden et
al. 1990). Information on soils and soil water regimes
enabled us to assess the degree of edaphic or habitat
specialization among the species as well {Hubbeli and
Foster 1986c). We also have examined how patterns of
abundance and specialization are related to plant
growth form. We defined four categories of form based
on the height of the adult plant. Shrubs were plants with
an adult height of less than 4 m; understory treclets
were between 4 and 10 m; midstory trees were between
10 and 20 m; and canopy trees were over 20 m tall.
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Fig. 3. Dominance diversity curve for the 50 ha plot for alk
stems preater than 1 cm dbh. Note the asymmetry of the curve,
and the relatively high dominance of the rank-1 species (Hy-
banthus prunifolius).

Other collaborative research has included studies of the
reproductive phenology and breeding systems of the
trees (e.g., Murawski et al. 1990).

Results of the BCI forest dynamics
project

We can conveniently divide what we have learned about
the BCI forest into three topics for discussion: (1) spe-
cies composition and relative species abundance, based
on the primary census data (forest statics), (2} forest
dynamics, based on the 1985 recensus data, and (3)
research design and methodeology. The results of the
1990 recensus will not be known until next year, 50 our

conclusions on forest dynamics are based on the three-
year inferval between the first and second censuses,
1982, The implications of these findings for conserva-
tion and management are discussed following the re-
sults.

Forest statics: results of the primary census

There were 303 species among the 235 895 free-standing
woody plants > 1 cm dbh in the BCI plot in 1982. This is
a moderately species-rich forest by tropical moist forest
standards (Foster and Hubbell 1990a, b). These species
were quite thoroughly intermixed spatially, as the spe-
cies-area curve for the plot shows (Fig. 2). The theoret-
ical species-area curve that would be expected if the
plants were randomty intermingied (dotted line) can be
calcuated exactly if the abundances of species are
known (Coleman 1979). The solid line is the observed
species-area curve (+ 1 SD) obtained by repeated sub-
samplings of the plot. The observed number of species
per unit area was only slightly below the random expec-
tation. Not only were species well mixed on the spatial
scale of 50 ha, but also on farger spatial scales as well.
Although the 50 ha plot represents only 3% the area of
BC]l, it nevertheless contained 75% of all free-standing
woody species > 1 em dbh known from the entire island
(409 species).

This high degree of intermixing is a general indication
of the capacity of most BCI tree species (o regenerate
beneath themselves and amongst one another, a capac-
ity that we have formally tested quantitatively else-
where (Hubbell and Foster 19872). While this was gen-
erally true, we found significantly depressed numbers of
saplings beneath conspecific adults in some species, €s-

Tabie 1. The eighteen BCT species that constitute approximately half the total number of individuals within their respective growth
forms. Because the analysis is within growth form, these include some but not ail of 1he 18 most common species in the 50 ha plot.

Species Family Growth form Abundance in: 1982-85 % change
1982 1985
Alseis blackiana Rubiaceae Canopy 7587 8055 6.17
Cordia lasiocalyx Boraginaceae Midstory TH3 1665 -2.23
Desmopsis panarmenesis Annonaceae Understory 11752 12145 1M
Eugenia oerstedeana Myrtaccae Midstory 2079 2202 5.92
Faramea occidentalis Rubiacea Understory 23465 25121 7.06
Guarea guidonia Meliaceas Midstory 1784 1827 241
Gudred sp. nOv. Meliaceae Midstory 1358 1493 -4.17
Hirtella iriandra Chrysobalanaceae  Midstory 4142 4652 12.31
Hybanthus prunifolius Violaceae Shrub W1l 41106 1%
Oenocarpus mapoura - Palmae Midstory 1807 1731 -4.21
Poulsenia armata Maoraceae Canopy N 2838 -9
Protivm panamense Burseraceae Canopy 713 2838 4.61
Protium tenuifolium Burseractac Midstory 2671 2919 9.28
Rheedia edulis Guttiferae Midstory 3654 4028 10.24
Tachigali versicolor Legum.: Coesaip.  Canopy 2922 29711 1.58
Tetragasiris panamensis Burseraceae Canopy 333 3682 13.89
Trichilia tuberculata Meliaceae Canopy 12942 13164 112
Virola sebifera Myristicaceae Midstory 2404 273 -5.45
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Table 2. Various measures of relative species abundance, and commonness and rarity, within the four categories of growth form:
shrubs, understory treelcts, midstory trees, and canopy trees. Abundances are for ail siems > 1 em dbh. The “percentage rank-1
species™ is the fraction of all stems made up by the single most abundant species within the given growth form. The “number of
species constituting 30%, 90% and the bottem 1% give the count of species that collectively make up half, ninety percent, or the
rarest 1% of the total stems in the given growth form. The figures in parentheses are the percentages of species in the particular
growth form. The rightmost column gives the number and percentage of “rare” species, defined for present puposes as any species
with fewer than one individual per hectare { < 50 individuals in total).

Growth form No. of species  Median sp. % Rank-1 No. of spp. constituting No. of “rare”
abundance species species
0% 9%0% bottom 1%
Shrub 56 40 534 1 (1.8) 9 (16.0) 34 (60.7) 29 (51.8)
Treelet 60 156 41.6 2 Ay 16 (26.7) 25 (41.7) 21 (35.0)
Midstory 80 175 10 9 (11.3 32 (40.0) 21 (26.3) 20 (25.0)
Canopy 107 80 204 6 (5.6) 29 (27.1} 44 (4k.1) 41 (38.3)

pecially in the two most abundant canopy trees, Trichi-
lia tuberculata (Meliacea) and Alseis blackiana (Rubia-
ceae). In the recensus this sapling deficit was found to
result from lower sapling survival, growth, and recruit-
ment near adults, relative to the performance of sa-
plings of competing species in the same microsites {sce
below).

In addition to being well mixed in the forest, the 303
species exhibited very unequal abundances, as the dom-
inance-diversity curve for the 50 ha plot reveals (Fig. 3).
Onme shrub species, a woody violet, Hybanthus prunifo-
fius, had 39911 individuals, almost 1 in 6 plants (16.9%)
out of the total of 235895 recorded in 1982. Hybanthus
was 1.7 times more abundant than the second most
common species, Faramea occidentalis (Rubiacea), an
understory small tree with 23465 individuals, and 3
times more abundant than the most common canopy
tree species, Trichilia tuberculata, with 12942 individu-
als>1 em dbh. At the other extreme of abundance,
there were 22 species having a single individual apiece
in half a square kilometer of forest. The very common
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Fig. 4. Cumulative percentage abundance curves separated for
the shrub, understory tree, midstory tree, and canopy tree
communities. The fastest rising curve was in the shrub commu-
nity, indicating the greatest level of dominance. The lowest
dominance was found in the midstory tree community.
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species raised the mean abundance of species in the plot
to 779 individuals (SD = 2950); but the median species
abundance was much lower (102 individuals), corre-
sponding to a density of only 2 individuals per ha.

One consequence of this very unequal species abun-
dance is that the BCI forest is taxonomically rather
simple if one ignores rare species. If we break the com-
munity down by growth form and ask how many species
constitute half of the individuals, one species (Hyban-
thus) constitutes more than half of the shrubs, 2 species
more than half of the understory treclets, 9 species
maore than half of the midstory trees, and 6 species more
than half of the canopy trees - 18 species in all (Table 1).
If we ask how many species make up 90% of the individ-
uals of each growth form, there are 9 shrubs, 16 treelets,
32 midstory trees, and 29 canopy trees — only 78 species,
or one guarler (25.7%) of the total species in the plot.
Conversely, if we focus on the rarest species and ask
how many species of each growth form collectively
make up the last 1% of the individuais of their respec-
tive growth form, then there are 34 shrubs, 25 treelets,
21 midstory trees, and 44 canopy trees (Table 2). Thus,
there are almost seven times as many species in the last
1% of individuals than there are in the first 30%.

Further inspection reveals that the patterns of relative
species abundance were not the same among plants of
different growth form in the BCI forest. There was
greater dominance in the shrub and understory treelet
communities than in the midstory and canopy tree com-
munities (Fig. 4). However, the shrub and canopy tree
communities had a greater number and percentage of
rare species. There was no relationship between dom-
inance by common species and species richness or per-
centage of rare species (Table 2). Among shrubs and
understory treelets, the single most abundant species
constituted 53% and 42% of their respective communi-
ties, whereas among midstory and canopy trees, the
rank-1 species were only 10% and 20%, respectively
{Table 2). In spite of greater dominance in shrubs, the
highest fraction of rare species — those averaging fewer
than one individual per ha - occurred in shrubs as well
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Fig. 5. Dominance-diversity curves for the shrub, understory
tree, midstory tree, and canopy tree communities. Note the
truncation of the understory and midstery tree curves, reflect-
ing the relatively low numbers of rare understory and sub-
canopy tree species. [n contrast, there were more rare shrubs
and canopy tree species.

(52%). The next highest fraction of rare species was
among the canopy trees (38%), and the lowest was
among midstory trees (25%). These differences pro-
duced quite different dominance-diversity profiles
among the four growth forms (Fig. 5).

The explanation for these huge differences in relative
species abundance - ranging over 4.7 orders of magni-
tude — is only partially understood. On the one hand, we
can say thal no canopy tree species can become as
abundant as Hybanthus simply because of its size: there
are only about 20000 teees of all species > 10 cm dbh in
the entire 50 ha plot. On the other hand, we still do not
know why Hybanthus is co common; the other woody
violet shrub in the BCI plot, Rinorea sylvatica, is only
1/15th as commeon. We have been able to show, how-
ever, that common species, more often than rare spe-
cies, tend to be habitat and regeneration niche general-
ists (Hubbell and Foster 1986b, c, Welden et al. 1990).
The association commonness with habitat and regener-
ation niche generalists, and rarity with specialists, was
especially apparent after the dynamic data on growth,
survival, and recruitment became available after the
recensus (see below).

Before turning to the dynamics of the BCI forest, we
consider a final question about species densities or
“stocking levels™ that is of practical importance in silvi-
culture, The lower diameter cutoff for forestry invento-
ries to measure stocking levels is usually 10 cm dbh.
Smaller stems of saplings and subadult trees are often
termed “advance regeneration”. The question is often
asked: is there a general relationship between the stock-
ing level of tree species, i. €., densities > 10 cm dbh, and
the amount of advance regeneration? Under some se-
lective logging regimes, such as the Malayan Uniform
System, the decision to log is based on levels of advance
regeneration. If sufficient sapling regeneration is pre-

R}

1 » Specles Abundence, Stems 1-10 cm dbh

sent, then logging is permitted. The relationship be-
tween abundance of trees > 10 cm dbh and those 1-10
cm dbh is shown in Fig. 6 for all BCI midstory and
canopy tree species. Although there is a significant posi-
tive relationship between the two abundances
{p<0.0001, R* =0.674), the ability to predict levels of
advance regeneration from the abundance of large trees
is weak, The stocking level of plants > 10 cm dbh pre-
dicts advance regeneration with an error of about plus
or minus one order of magnitude (Fig. 6).

Forest dynamics: results of the recensus

Probably the most unexpected discovery of the recensus
was the remarkable dynamism and instability of the
cld-growth farest on BCI (Hubbell and Foster 1990b,
c). This instability should have been anticipated from
the primary census. We noticed that many tree species,
whether gap specialists or shade-tolerant, mature-phase
generalists, exhibited very different densities and pop-
ulation size structures from one hectare to the next
(Hubbell and Foster 1987b). This variability indicates
that the recent population histery of a given species
must have been different in different parts of the forest.
However, we were unprepared for the magnitude of the
change and instability that we found in 1985. Over justa
3-year period, 40% of the 300 BCI species changed by
more than 10% in totat abundance (Hubbetl and Foster
1990b).

Large changes were not limited 1o one growth form,
but occurred in all growth forms, from shrubs to trees.
A majority of species experienced population declines,

100000
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1 + Spacies Abundance, $tems > 10 cm dbh

Fig. 6. Relationship between the number of trees of large size
(> 10 <m dbh), and the number of saplings and pole-size trees
between | and 10 cm dbh (“advance regeneration™). For all
canopy and midstory tree species in the BCE plot. The R? value
for the regression is 0.674.
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Fip. 7. Patterns of average
percent change in total
abundance among species of
different plant families in
the BCI plot over the period
covering the El Nifio
drought of 1982-1983,
ranked by percentage
change. The error bars
represent one SE of the
mean percentage change in
abundance of the species in
the given family. Families
without error bars were
generally monospecific.
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some of which were catastrophic. Some species in-
creased. Closely refated species, congeners and confa-
milial species, were much more likely to have similar
trajectories of population change, both in direction and
magnitude, than expected by chance (Hubbell and Fos-
ter 1990c). When families were ranked by the average
percent change in abundance of theit member species,
strong differences were apparent (Fig. 7). For example,
all 8 species of paim declined, and the average percent-
age change in total abundance per species was -23%.
However, all 6 species in the family Myrtaceae in-
¢creased, for a mean change per species of + 12%.
Increases in population size were particularly charac-
teristic of common species, and decreases of occasional
or rare species (Hubbell and Foster 1990c}. Of the 44
species with more than 1000 individuals apiece in 1982,
three-quarters (34 species, 77%) registered increases.
Among the 18 very common species making up half of
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the individuals of their respective growth form (Table
1), only 5 species exhibited declines (p <<0.05), and only
1 of these experienced a serious decline (~22.0%), the
moisture-loving species, Poulsenia armata {Moraceae).
Conversely, of the 63 species with fewer than 10 individ-
uals in 1982, 50 species (79%) were decreasing or stayed
the same. This is strong evidence of the nonequilibrium
status of the BCI forest. Instead of finding that rare
species have a frequency dependent per-capita advan-
tage over common species, which would tend to main-
tain the current species assemblage, the rare species are
heading toward local extinction. Indeed, three rare spe-
cies present in 1982 were no longer there in 1985 (Hub-
bell and Foster 1990c). Many of the rare species in
decline appear to be ruderal species that are commen
roadside and pasture-edge trees and shrubs. Small pop-
ulations of these species may have been sustained in
old-growth forest by immigration from nearby pastures
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Fig. 8. Mean annual percent growth rate for species of different
orders of magnitude in abundance, Growth rates are averages
of the median growth rates of saplings 1-4 cm dbh for midstory
and canopy tree species. Very common species (> 1000 indi-
viduals apicce) grew 10 times more slowly on average than rare
species {10100 individuals apiece). Error bars are one stan-
dard deviation.

in precanal days, and are now in permanent decline due
to the succession of these adjacent pastures to forest.

Mortality rates were high in all size classes, but were
expecially elevated in large trees. Nearly 15% of all
canopy trees over 32 cm dbh died between 1982 and
1985 (Hubbell and Foster 19%0a). This is more than
300% higher than the rate of tree mortality previously
reported from BCT (Putz and Milton 1982). The appar-
ent cause of this heavy mortality was a severe El Nifio
drought which began in the wet season of 1982 and
extended through the dry season of 1983. In that year,
dry season rainfall was 85% below normal, and the dry
season was 6 weeks longer than ususal (Windsor 1990).
As might be expected, the species that were hardest hit
tended to be moisture-loving species found in normaily
wetter habitats within the plot (Hubbell and Foster
1996Gc).

The directional change in forest composition may also
be due to long-term climate change in central Panama.
Many of the increasing species appear to be species with
greater drought tolerance. Windsor (1990} had docu-
mented a decrease of more than a 20% in the mean
annual rainfall on BCI over the past 70 years. Although
definitive proof is lacking, there is reason to suspect that
this drop in precipitation has been caused by the pro-
gressive deforestation of central Panama over the past
50 years. Deviations in rainfall decrements can be
traced to historical differences in when local deforesta-
tion took place-

The data on patterns of survival, growth, and recruit-
ment confirmed the overall association of commonness
with generalist and rarity with specialist regeneration
strategies (Welden et al. 1990). Common species tended
to be slow-growing species and rare species faster grow-
ing (Fig 8). Common species were generally more
shade-tolerant, and recruited in gaps as well as in the
understory, and had high survival in both gaps and
understory shade. Across species, there was a strong
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Fig. 9- Negative correlation between annual survival rate of
saplings 1-4 cm dbh in understory shade vs median anmual
percent growth in the sun in treefal] gaps, for canopy and
midstory tree species. There were many siow-growing, shade-
tolerant species for which the median growth rate was “zero”.
In the first census, we measured diameter in half-centimeter
increments, so the actual growth rate in these species was 100
skow to detect.

40000

= Hybasthu
30000
k’, Farames
20000 -
i Trichilia
3
E
7 4 «—- Desmopsis
210000 1 '
L e v £ AlBOIT
. e,
30 i *
- “E;a.h P poapp ket
o |
4] 20 40 60 ar

Parcentage of 1-2 £m doh Saping Rscruils n Gaps

Fig. 10, Relationship between the percentage of 1-2 em dbh
new sapling recruits in gaps (the “index of heliophily™} and the
total abundance of the species in 1982. Note that species with
high indices of hefiophily were all occasional of rare, never
common. The vertical bar at 13% represents the expected
percentage of saplings in gaps based on the percentage of total
plot area in gaps in 1983. Four out of 5 of the mast common
species cluster about this line, These specics were statistically
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story shade.
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Fig. 11. The effect of sample size on the ability to detect
statistical significance between anual percent growth rates of
BCI tree species in light gaps vs understory shade. The points
represent individual tree species with particular values of
growth rate difference and population size. The legend (hox)
indicates the level of statistical significance achieved by the
difference in growth raies.

negative association between sapling survival rate in
understory shade, and median sapling growth rate in
gaps, suggesting strong life-history tradeoffs between
shade-tolerance and gap specialization. For BCl trees, a
decrease in mean annual survival of about 5% accompa-
nies each 10% increase in median anpual growth rate
{Fig. 9). One measure of gap specialization is the per-
centage of new sapling recruitment that occurs in gaps.
We have proposed using this percentage as an “index of
heliophily” (Hubbell and Foster 1986b). Species with
high indices of heliophily were occasional of rare, never
very common in the BCI forest (Fig. 10). This can be
explained by the gap disturbance regime on BCI, which
seidom generates the large gaps suitable for regener-
ation in very light-demanding species (Hubbell and Fos-
ter 1986b).

The resuits of the recensus also shed light on the
factots limiting population size in BCT tree species and
regulating tree species diversity in the BCI forest. Using
natural variation in local population density, we were
able to test for the existence and strength of density-
and frequency-dependence contributing to the mainte-
nance of diversity in the tree community. As mentioned
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above, we found strong density dependence in the two
most abundant canopy tree species, but not in the re-
maining majority of tree or shrub species. By modeling
population growth in an explicit spatial context, we
could demonstrate that the observed density depend-
ence was sufficient to limit population size at current
abundances in Trichilia, the most abundant canopy spe-
cies, but not in Quararibea asterolepis (Bombacaeae),
the fith most common canopy tree (Hubbell et al. 1990).
For most of the remaining tree and shrub species, how-
ever, we concluded that populations are far below the
conspecific densities at which strong density-dependent
effects would noticeably affect their dynamics (Hubbell
and Eoster 1986a, 1987a, unpubl., Condit et al., un-
publ., Hubbell et al. 1990}. As for frequency depend-
ence, we found evidence, not of stabilizing effects due
to rare species advantage, but destabilizing rare species
disadvantage, which predicts the progressive loss of rare
species.

Research design and methodology

The details of the ficld methodology, data entry, and
database management for establishing and maintaining
50 ha plot studies in species-rich tropical forest are now
published {Manokaran et al. 1990). The detection, cor-
rection, and management of errors for a database of this
magnitude (20 to 30 megabytes of primary raw data,
and increasing with each recensus by 5 to 10 megabytes)
is a topic in its own right, and will be discussed sep-
arately (Hubbell et al. unpubl.). There are also many
important gaps in the BCI research program that have
not yet been filled due in part to insufficient funding.
For example, the animal communities and human uses
of the forest have been studied only imermittently or
not at all, and no thorough program of research on the
reproductive biology of the BCI tree community has
been undertaken to date. Elsewhere we outline a com-
plete program for priority research on the community
ecology of tropical tree communities to mect conserva-
tion and management needs (Hubbell 1990).

The main point we wish to emphasize here is the
critical importance of having adequate sample sizes for
understanding the community ecology of species-rich
tropical forests. The decision to choose a 50 ha sample
or some other plot size is dictated by the biology of the
rarest species of interest and by the questions to be
answered. If the question is how species-rich is a partic-
ular forest, a smaller sample may suffice than if one
wants to know the relative abundance of the species. As
we have seen above, the rarest 40% of the species in the
BCI forest collectively constituted just 1% of the total
individuals, making them hard to catch without large
samples. Very accurate relative abundance information,
particularly of rare species, requires a total stand enu-
meration. If one further wants to understand the pop-
ulation dynamics of the tree species, then one needs
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even larger population sizes for demographic analyses,
As a rule of thumb, 500 individuals of all size classes
gives a reasenable number for estimates of size-specific
growth and survival rates. By this criterion, only one
quarter of the BC species (77, 25.2%) are sufficiently
abundant to be analyzed. If we relax this criterion to a
smaller sample size, say 100 individuals, then we can
analyze up to half of the BCI species (157 species,
51.3%).

We need especially large samples to discern habitat
preferences and regeneration requirements of tropical
trees — perhaps the ecological information most valua-
ble to silviculturalists and forest managers. To illustrate
this problem, we show how sample size affects our
power to detect significant differences in growth rate
between plants growing in gaps vs in the shade (Fig. 11).
This difference is an important ecological indicator of
whether a species is light demanding or shade tolerant.
For example, given observed growth rate variation, a
12% ditference in mean growth rate between gaps and
shade could be picked up at p < (.05 with a total sample
size of about 150 individuals. However, a 2% difference
in growth rate, to be detected at p<<0.0001 would re-
quire a sample size on the order of 5000 individuals
(Fig. 11). In many closed-canopy tropical forests there
is likely to be a correlation between shade intolerance
and rarity. In such tropical forests, small plot sizes are
to be especially avoided if one goal is to quantify, com-
pare, and contrast the gap requirements of individual
tree species.

Implications for conservation and
management

There are still many important questions that remain
unanswered, but we have made substantial progress
toward understanding the structure and dynamics of
tropical moist forest in Panama, as represented by the
BCI forest. We have endeavored to show that a great
deal of practically useful ecological information about a
species-rich tropical forest can be obtained in a reason-
ably short amount of time (3-5 years). Perhaps this is
the single most important result of the BCI study, to
demonstrate the feasibility of gathering essential life
history data on growth, survial, and recruitment rates,
and regeneration requirements, simultaneously on a
substantial fraction of the tree community. The large-
plot approach is quite cost-effective on a per-species
basis (see below).

The results showing the very thorough spatial mixing
of tree species is potentiaily good news for tropical
forest conservation. Much has been made of the high
levels of point endemism, particularly in tropical mon-
tane forests, and the difficulty of conserving all these
endemics. In some Andean forests, for example, large
numbers of endemics may be restricted to the sides of a

58

single mountain, with total ranges under a few tens of
square kilometers (Gentry 1986). However, such ex-
tremes of point endemism may not be common for trees
in lowland tropical forests. We have seen that the BCI
plot contains three-quarters of all the known tree spe-
cies from BCI in 3% of the island area. Unfortunately,
we cannot extend this analysis to a regional scale until
the tree flora in Central America is better known. But
we can do so in peninsular Malaysia, where the tree
flora is very well known. The 50 ha plot at Pasoh forest
Reserve, one of the two paralle] studies to the BCI plot,
contains 802 species, one-quarter of the 3197 tree and
shrub species in Mataya (Kochummen et al. 1990). This
is quite remarkable given the fact that the Pasoh plot
represents only 0.00038% of the original lowland forest
estate (131600 km?) of Malaya. In fact, the Pasoh plot
contains almost half of all species that might be ex-
pected to be there based on ecological considerations of
similar forests o the peninsula.

The BCI forest dynamics study has confirmed the
extraordinary rarity of large numbers of tree species in
tropical forests. However, we were surprised by the fact
that in spite of retatively high species richness, there was
also moderately high dominance by a few species, par-
ticularly in the BCI shrub and understory tree commu-
nities. This may not be a general result. There was
comparatively much less dominance in the Pasoh forest,
which also had over two and a half times the number of
species that BCI had. The commonest species at Pasoh
constituted only 2.7% of the stand vs 16.9% for Hyban-
thus in the BCI plot.

Many of the rare species seem to be so because they
are adapted to regenerate only under high-light condi-
tions in large gaps, which are created only infrequently
in the BCI forest. Many of these species are also light
hardwoods of commercial value. To increase their stand
densitites in natural forest may require opening the
canopy to a greater extent than is desirable for the
undisturbed maintenance of other plants and animals in
the forest. Enrichment planting of saplings in gaps lefi
by logging may be a viable alternative to increase their
representation in the next generation. Some of these
species may also take well to plantation.

A variety of static and dynamic tests were conducted
to search for self-limiting density dependence in BCI
tree species. These tests failed to discover strong density
dependence except in the two most common <anopy
tree species, where it was demonstrably sufficient 0
regulate densities at or near current abundances and
prevent total dominance, While we do not know the
mechanism behind this density dependence, we suspect
that it may be pathogenic heart-rot fungi, at least in the
case of Trichilia (Hubbeil et al. 1990). For the remaining
species, our cusrent hypothesis is that there are few
density-dependent brakes on further population
growth. Many of these less common species may coexist
in drifting relative abundance for long periods of time
driven by time-varying, density-independent factors af-
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fecting mortality and recruitment rates. To manage a
forest with such dynamics, the best strategy is a large
reserve that can buffer the local fluctuations of tree
populations.

We were especially surprised by the rapid and diree-
tional change in the old-growth forest on BCl in such a
short period of time (3 years). The forest has not sus-
tained heavy impact from humans within the past sev-
eral centuries. Admittedly, change was accelerated by
the stress of the extreme drought of 1982-83. Never-
theless, the results show the speed with which a forest
can respond to climate change if stressed. In view of
predictions that global change in the tropics will bring
increased droughtiness and seasonal unpredictability, it
seems a safe bet to anticipate that tropical forests will
continue to show disequilibrium behavior for the fore-
seeable future. Our results also suggest that regional
deforestation may proveke major changes in maisture
regimes in neighboring forest reserves that could in furn
trigger major changes in forest structure and composi-
tion.

TToward a global network of tropical
forest research sites

As an isolated study, the BCI forest dynamics project
can be easily justified on both basic and applied re-
search grounds, but it would gain far more value as part
of a global network of tropical forest research sites and
comparable research projects. In a real sense each one
of these studies is a single data point in the effort to
understand the community ecology of tropical forests.
We need the comparative perspective to separate gen-
eral results from focal ones. It is hoped that interna-
tional development agencies and foundations will in-
creasingly recognize the importance of community ecol-
ogy to the long-term success of their awn mission to
promote the conservation and sustainable management
of tropical forests.

The Smithsonian Tropical Research Institute has re-
cently established a Center for Tropical Forest Science
(CTFS) 1o help coordinate this global research program
on the community ecology of natural tropical forests.
The program is different from most other tropical for-
estry programs in focus, scale, scope, and standardiza-
tion:

Focus. The CIFS research program has adopted a
holistic approach to understanding how natural tropical
forests work as ecological communities. In contrast,
most tropical forestry today is focused on evaluating the
performance of a small number of multiple-use tropical
tree species, typically exotics grown n plantations apart
from and ignoring the natural ecological setting in which
they evolved. Such eHorts are and will continue to re-
main crucial to satisfying the increasing wood and fuel-
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wood requirements of heavily deforested tropical coun-
tries, and they may also help to lessen pressures to cut
the last remaining forests, However, international de-
velopment agencies are also committed to reducing
rates of deforestation, managing tropical forests sustain-
ably, and conserving biodiversity. With the new empha-
sis on natural forest management, the holistic, commu-
nity-ecology approach is needed to understand the mu-
tual interactions and dependencies among the species,
and therefore the conservation and management needs
of natural tropical forests.

Seale. Tn coliaboration with institutions in host coun-
tries, the CTFS promotes long-term tropical forest re-
search projects. At the three current sites in Panama,
peninsular Malaysia, and India, more than half a miltion
individual trees are under continuous, long-term study.
This represents more than 1000 native tropical tree
species, over twenty times the number of tropical tree
species currently under intensive development for plan-
tation forestry by international development agencies.
Three more research sites, in Thailand, Sarawak, and
Indonesia, are being added, and others in Africa, Ma-
dagascar, and South America are in the planning stage.
The database is expected to grow to include several
million trees and several thousand tree species by the
mid 1990’s. Within the next decade, the goal is to obtain
forestry-relevant data on tree species representing as
many of the major tree gronps (genera} and forest types
in the tropics as possible.

Apart from scientific werits, there are mAjor econo-
mies of scale that occur in large-plot studies. The most
important economy is that data can be gathered on the
fundamental ecology of hundreds of species simulta-
neously. How much does it cost? The first and second
censuses of the BCI plot in constant 1980 dollars cost
approximately $620:000 for equipment, supplies, travel,
about 15 field assistants and data entry persennel during
census years, and computer costs. By the end of the
second census, there were records on about 242000
plants. Thus, the cost was about $2.56 per plant, not
including the salaries of the principal investigators,
Hubbell and Foster, This cost may sound high, but on a
per-species basis it is good value for the money. Thus,
for the 303 BCI species, the average cost was only about
$2000 per species. Even if we restrict the valuation to
the roughly 50% of the species for which we obtained
reasonably good data on life history and regeneration
requirements, the average cost is only $4000 per spe-
cies. It is doubtful that separate studies on the ecology
of 150 tropical tree species would cost a little as $4000
per species. Separate studies of species would cost more
if they each had to establish the community setting
independently, whereas such costs are borne collec-
tively by all species in the-plat approach. Even this cost
estimate is probably high for repeating such a study
today in most other tropical countries. BCI costs were
high in part because it was the pilot project on which
many of the logistics and methods were developed and

59




debugged. In addition, wages for field assistants are
lower in many tropical countries than in Panama.

Scope. The goal of the CTFS research program is (o
extend considerably beyond the boundaries of tradi-
tional forestry, to include research on animal popula-
tions and human uses of the forest. Plant-animal inter-
actions will be a major research focus, particularly the
plant food requirements of threatened vertebrates, and
the long-ternt security and predictability of food avail-
ability in the forest to support animals. Also important
to include are the animal agents essential to plant repro-
duction (pollination and seed dispersat), especially in
trees.

In regard to management, a goal of the Center will be
to foster new economic approaches to tropical ferest
management that have greater ecological validity and
incorporate critical biological and social tradeoffs. The
program will include research to assess such tradeoffs,
for example, the impact of logging and other extractive
uses of the natural forest on conservation of biodiversity
and sustainability. The permanent plots in natural forest
serve as essential scientific control plots for experiments
in silviculture and extractive reserve design, and for
assessments for the ecological and economic tradeoffs
among alternative exploitation and management sys-
tems.

Standardization. A special strength of the program is
the high degree of standardization of research methods
and database management protocols across all sites, so
that the data and results can be nigorously compared
around the world, In the case of trees, this international
standardization has helped to cope with the enormous
number of species in tropical forests. By comparing the
ecology of closely related trees in diverse tropical for-
ests simultaneously using standard methods, we can
more easily and quickly generalize the results to cover a
broad fraction of the world’s tropical tree species,
thereby sidestepping the nearly impossible task of
stadying them all - a task for which there are neither
sufficient time nor resources.

Summary

We propose a global program of comparative research
on the community ecology of natural tropical forests,
the beginnings of which are already in place. The ap-
plied objectives of this program are threefold: first, to
povide basic data of practical value on the ecological
performance (growth, survival, seproduction, yield,
stocking, and regeneration requirements) of a large
fraction of the local tree flora in the natural forest;
second, to monitor long-term forest dynamics and
changes in species composition in response to natural
and anthropogenic disturbance; and third, to serve as
essential scientific control plots for experiments in silvi-
culture and extractive reserve management. The results
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from these long-term plot studies will enable the devel-
opment of ecologically more valid economic approaches
to tropical forest conservation and sustainable manage-
ment.

The main results of the BC! forest dynamics project
5o far can be summarized as follows: In the first recen-
sus in 1985, unexpectedly large changes in absolute
abundance {greater than 10%} were observed in 40% of
all species even though the inter-ceasus interval was just
3 years. The stabilizing effects of density dependent
factors were generally weak in the face of these chang-
¢s, except in the most abundant canopy tree species.
Large changes in abundance were not limited to species
of one growth form, but occurred in all growth forms,
from shrubs to trees. The main cause for these changes
was the severe drought of the 1982-1983 El Nifio year,
the most severe in Panama in this century. Catastrophic
declines exceeded 20-40% in some moisture-loving spe-
cies. Palms were especially hard hit by the drought, but
other groups weathered the drought well. Related taxa
(¢. g. congeneric species and confamilial genera) were
much more similar in population trajectory than ex-
pected by chance.

Tn addition, rare species experienced more declines,
and common species more increases, than could be
explained by chance. Very rare species, with fewer than
10 individuals apiece in the half-square kilometer plot,
were 3 times as likely 1o decrease than increase. Con-
versely, species with more than 1000 individuals each
were 3 times more likely to increase than decrease. We
concluded that the current species mix is not an equ-
librial one, due in part to late-stage successional chang-
es that appear to be eliminating currently rare second-
ary forest species, and in part to episodic climatic dis-
turbances such as El Nifio droughts that differentially
affect BCI tree species. Seasonal tropical forests may be
more often hit by periodic severe droughts than wet
tropical forests and therefore may be especially vul-
nerable to climate change.
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