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Light gap disturbances have been postulated t o  play a major role in maintaining 
tree diversity in species-rich tropical forests. This hypothesis was tested in more 
than 1200 gaps in a tropical forest in Panama over a 13-year period. Gaps 
increased seedling establishment and sapling densities, but this effect was 
nonspecific and broad-spectrum, and species richness per stem was identical in 
gaps and in nongap control sites. Spatial and temporal variation in the gap 
disturbance regime did not explain variation in species richness. The species 
composition of gaps was unpredictable even for pioneer tree species. Strong 
recruitment limitation appears t o  decouple the gap disturbance regime from 
control of tree diversity in this tropical forest. 

When a tree dies in a closed-canopy forest, it 
creates a "light sap." a local disturbance that 
sets in motion a mini-successional sequence 
called sap-phase regeneration, which culmi- 
nates in the replacement of the original can- 
opy tree by one or more new trees (1 ) .  A 
widely accepted generalization in community 
ecology is that localized disturbances, such as 
treefall gaps, promote the coexistence of spe- 
cies havins different resource use strategies 
and dispersal and competitive abilities-a hy- 
pothesis lcnown as the intermediate distur- 
bance hypothesis (2). A well-documented 
physiological and life-history trade-off exists 
in pioileers versus shade-tolerant mature for- 
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est trees in their degree of dependence on 
light and light gaps for germination. growth, 
and survival (3). ,4t issue here is not whether 
such life history trade-offs exist or whether 
ploneers have an absolute requirement for 
gaps. The question is whether spatial and 
temporal variation in the gap disturbance re- 
gime is actually predictive of stand-to-stand 
variation in tree species richness and compo- 
sition in paiticular tropical forests. If not, 
then the role of light gap disturbances in 
maintaining local tree diversity may need to 
be re-evaluated. 

We tested the intermediate disturbance 
hypothesis in a 50-ha plot of old-growth trop- 
ical moist forest on Barro Colorado Island 
(BCI). Panama (4).  ,411 woody plants (exclud- 
lng lianas) with a stem diameter of r 1 cm 
dbh (diamete~ at b~east  height) ha\e been 
tagged. measuied. mapped, and identified to 
the species le\el (>300,000 stems compris- 
ing 314 species) Complete censuses ha\e 
been conducted in 1982, 1985. 1990. and 
1995 (5 )  From 1983 to 1996, me measured 
canopy height and gaps annually on a com- 
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plete 5-m grid of 20,301 sample points (1,  6 ) .  
From these data and the distribution of each 
species. we classified species into three re- 
generation niche guilds: strongly gap-depen- 
dent pioneer species, shade-tolerant species, 
and intermediate species (7). Through 1995, 
u e monitored changes in 1985 sapling corn- 
munities (stems 1 to 3.9 cm dbh) in all 1983 
gap sites (canopy height <5 m) and nongap 
control areas. Control areas comprised the 
28.1% of the 50-ha plot that remained in 
undisturbed high canopy ( 2 2 0  m) mature 
forest for the entire 13-year period. Because 
stern density increases in gap areas. \ve nor- 
malized species richness by di\-iding by num- 
ber of stems. We compared species richness 
per stern in all 20 m by 20 m quadrats con- 
taining a gap in 1983 with nonoverlapping 
quadrats from control areas. We also tested 
for a relationship between the frequency of 
canopy disturbance and the 1995 species 
richness in the sapling community (8 ) .  Using 
a gap-focused method. u e  tested foi an effect 
of gap size on species richness (9) In 1985. 
1990, and 1995. we analyzed the sapling 
comulunities in same-aged (2-year-old) gaps 
created in 1983, 1988, and 1993 We ana- 
lyzed the species richness and composition of 
sapling assemblages as a function of gap size 
for the three regeneration niche guilds. The 
disturbance regime in the BCI forest produc- 
es frequent but small light gaps from the 
death of one to several canopy trees (Fig. 
1A). There are no records of severe distur- 
bances such as hurricanes ever striking cen- 
tral Panama or BCI. Gaps varied over a 46- 
fold size range from 25 m2 to the largest gap 
of 1150 m'. Light gaps markedly increased 
sapling stern densities relati\-e to nongap, ma- 
ture forest control sites (P < 0.001). Gaps of 
25 m2 were legitimately included in the 
analysis. because pioneer species successful- 
ly germinated, survived, and grew; in them 
(Table 1). 

As predicted by the inte~mediate distur- 
bance hypothesis, quadrats containing light 
gaps had substantially more species than did 
quadrats in nongap. mature forest sites (P < 
0.001. Koino1goro~--Smir~lov test) (Fig. 2,4). 
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However, this result is spurious and due en- 
tirely to the increased stem density in gaps. 
Species richness per stem was no different in 
gap sites and in nongap control areas (P > 
0.4, Komolgorov-Smirnov test) (Fig. 2B). 
The relative abundances of most species re- 
mained essentially constant for 13 years dur- 
ing regeneration of the 1983 gap sites, despite 
large concurrent reductions in total stem den- 
sity due to natural thinning as the gaps ma- 
tured (Fig. 3A). A minority of species 
changed in gap abundance, but all of these 
species also exhibited correlated population 
changes in nongap areas, implying that the 
changes in abundance were not generally gap 
related. The slopes and intercepts of the spe- 
cies-area curves in gaps and in nongap con- 
trol areas were not significantly different in 
1985, 1990, or in 1995 (Fig. 3B), indicating 
that the main effect of gaps on species rich- 
ness was a simple area effect. 

If the recent history of gap disturbance in 
a forest affects local species richness, then a 
relationship should exist between species 
richness, the frequency of canopy distur- 
bance, and the rate of gap formation. No such 
relationship exists over the 13-year period of 
this study (Fig. 3C). Nevertheless, species 
richness was not uniform over the 50-ha plot 
(Fig. 1B). The central plateau and a small 
2-ha seasonal swamp (Fig. 1B; yellow areas 
at center and left, respectively) were relative- 
ly species poor, with 22 to 64% fewer species 
per quadrat than in slope quadrats, a highly 
significant difference (P < 0.001). However, 
slopes did not experience more light gaps 
than the plateau (P > 0.8; for example, Fig. 
1A). Whatever its cause, the observed topo- 
graphic variation in species richness is not 
explained by the gap disturbance regime in 
the BCI forest (10). 

A thorough test of the intermediate distur- 

bance hypothesis requires a more detailed 
examination of the gap responses of the 
guilds of pioneers; intermediate species; and 
shade-tolerant, mature-phase species. Sapling 
communities were analyzed in five doubling 
sue classes of 2-year-old gaps (Table 1). 
Saplings of 229 species-47 of which were 
classified as pioneers, 33 as intermediate spe- 
cies, and 94 as shade tolerant, mature-phase 
species-occurred in 1284 gaps. The stem 
density of pioneer species more than tripled, 
from 0.03 to 0.10 per square meter, with a 
16-fold increase in gap size. Similarly, the 
percentage of all saplings that are pioneers in 
gaps increased more than three times, from 
7% in the smallest (25 m2) gaps to 26% in the 
largest (>400 m2). Despite these changes, 
pioneer species richness per stem and the 
percentage of pioneer species found in gaps did 
not increase at all with increasing gap sue 
(Table 1). 

The per-species percentage of gaps occu- 
pied (gap occupancy rates) for pioneers in- 
creased with gap size from 2% in the smallest 
gaps to 49% in the largest gaps. However, 
this statistic confounds the effects of the 
number and area of gaps of a particular size 
class. Because of species-area effects, it is 
necessary to compare mean per-species gap 
occupancy rates per unit area. On a per unit 
area basis, the relationship between pioneer 
gap occupancy rates and gap size was not 
significant (P > 0.4), again implying that the 
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Fig. 1. Distribution of light gaps and sapling species richness superimposed on a topographic map a 0 
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of the 50-ha permanent forest plot on Barro Colorado Island (BCI), Panama. Contour intewals are 0 0.25 0.50 0.75 1.00 1.25 1.50 
1985 Speck Per Stem Per Stem 

2 m. (A) Distribution of light gaps in the 1983 canopy census. Each srnall square represents an area 
of 5 m by 5 m, the smallest gap size censused. A c2 analysis between habitat type and gap Fig. 2. Cumulative distributions of species rich- 
abundance showed no correlation between gaps and topographic features of the plot in 1983 or in ness in the sapling community for all 20 m by 
any later year. (8) Distribution of sapling species richness in the 20 m by 20 m quadrats in the 20 m quadrats containing 1983 gaps after 13 
50-ha BCI plot (1250 total quadrats), showing the relationship between topography and species years (solid line) and for quadrats in nongap 
richness. Yellow: <29 species per 400 m2; blue: 30 to  39 species per 400 m2; tan: 40 to 49 species control areas that remained in mature, high- 
per 400 rn2; reddish-brown: >50 species per 400 m2. The central plateau and the srnall seasonal canopy forest over the entire 13-year period 
swamp (center and left, respectively) have 22 to 64% fewer species than slope areas to  the east, (dashed line). (A) Distribution of species rich- 
south, and west. Note the lack of correlation with the 1983 gap sites in (A). A similar lack of ness per quadrat. (B) Distribution of species 
correlation between species richness and gap disturbances also exists in the other years. richness per stem. 
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Table 1. Cuild composition and per-species occupancy rates in 2-year-old light gaps of different sizes for 
the 1985, 1990, and 1995 census years combined, for the 1 to  4 cm dbh sapling communities in five 
size-classes of gaps: 25-49 m2, 50-99 m2, 100-199 m2, 200-399 m2, and >400 m2. Stem data represent 
the 174 species in the three censuses that could be classified into pioneer, shade-tolerant, or intermediate 
guilds, and that were present in sites of 2-year-old gaps created in 1983, 1988, and 1993. SD, standard 
deviation. 

principal effect of gap size on species rich- 
ness of the pioneer g u ~ l d  is a simple area 
effect. Moreoter. the conlposition of the pi- 
oneer guild was highlq- unpredictable among 
same-sized and same-aged gaps. consistent 
\vith the observed low. gap occupancy rates. 

Stern densities of shade-tolerant species 
decreased from 0.86 per square meter in 
snlall gaps to 0.66 per square meter in the 
lasgest gaps. Per-species gap occupancy rates 
per unit area decreased from 6% in the small- 
est gap-size class to 3"; in the largest size 
class. Despite this decline. the density of the 
shade-tolerant guild collectitely was six 
tilnes higher that of the pioneer guild in large 
gaps (Table I ) .  In large gaps, shade-tolerant 
species had a specific occupancy rate not 
signlficantlq- different from the pioneer guild 
( t  test. P > 0.05). Intermediate species. as 
expected. were intermediate in their gap oc- 
cupancy rates (Table 1). Although pioneer 
species achieved parity in gap occupancy 
rates (but not in stem densities) nit11 the 
shade-tolerant guild in the largest gap sizes. 
they were at a numerical disadtantage in 
smaller gap sizes. This is the primal?; reason 
for the observed rarity of niost pioneer spe- 
cies in the BCI forest (large gaps are rare). 
However. that rare pioneers did nlallage to 
achie\-e parity in occupancq- sates nit11 the 
lnore abundant. shade-tolerant species in 
large gaps is strong etidence of the higher 
dispersal and colonization ability of pioneers. 

The %el?; low area-nol~nalized gap occupan- 
cy rates-? to 3'6 for pioneer species and 3 to 
6 9  for the more abundant shade-tolerant and 
intermediate species--are consistellt with re- 
cmihnent limitation as a nlajor factor detelmin- 
ing local species riclu~ess and species compo- 
sition in the BCI forest. Recruitnlent lilllitation 
is defined as the failure of a species to recruit in 
all sites fatorable for its grovc.th and sul-vi\-al. 
LVe ha\-e direct evidence of strollg recruitnlent 
linlitation in BCI trees from a 10-year seed trap 
shidy and from a seedling census. More than 
1.3 X lo6 seeds of 260 main census species 
(that is. species recorded in the 50-ha plot cen- 
sus wit11 stenls > 1 cln db11) were collected and 
identified o ter  this period (Fig. 4A). No seeds 
were collected fi.0111 >50 species having adults 
in the plot, and a mean of 88?6 of the species 
failed to deliver even one seed to any given trap 
in more than a decade of continuous seed trap- 
ping. Only seten species dispersed 2 1  seed 
into Inore than 75'4 of the 200 traps; and 50% 
of the species collected had seeds in six or 
fewer traps (Fig. 4B) ( I  I ) .  

In a seedling census of 2000 1-m2 quad- 
rats stratified in a 5-111 grid over a 5-ha sub- 
plot, the   no st con~nlonly encountered species 
occurred in only 14.g0/o of the quadrats. 
Three-fifths (177 species. 56'6) of all main 
census species in the 50-ha plot were com- 
pletely absent from the seedling census. Of 
the 136 lllain census species in the seedling 

Cap size class (m2) 
Cuild composition of gaps 

25-49 50-99 100-199 200-399 2 4 0 0  

Total number of gaps of this size class 894 283 
Total area of gaps in this size class (m2) 22,350 16,475 

Pioneer species (n = 47) 
Number of 1-3.9 cm dbh stems (n = 2957) 590 653 
Density of saplings per m2 0.03 0.04 
Total number of pioneer species 42 3 7 
% of pioneer species present 89.36 78.72 
Species per stem 0.07 0.06 
% of all stems that are pioneers 7.08 10.62 
Per species mean % gap occupancy 1.58 4.80 
SD of % gap occupancy 1.83 5.52 
Per species % gap occupancy per 25 m2 1.58 1.40 

Intermediate species (n = 33) 
Number of 1-3.9 cm dbh stems (n = 1124) 410 309 
Density of saplings per m2 0.05 0.05 
Total number of intermediate species 2 7 30 
% of intermediate species present 81.82 90.91 
Species per stem 0.07 0.10 
% of all stems that are intermediate species 4.92 5.03 
SD of % gap occupancy 2.32 4.31 
Per species % gap occupancy per 25 m2 1.89 2.05 

Shade-tolerant species (n = 94) 
Number of 1-3.9 cm dbh stems (n = 18,753) 7,167 5,037 
Density of saplings per m2 0.85 0.82 
Total number of shade-tolerant species 93 92 
% of shade-tolerant species present 98.94 97.87 
Species per stem 0.01 0.02 
% of all stems that are shade-tolerant 85.98 81.94 
Per-species mean % gap occupancy 6.18 11.47 
SD of % gap occupancy 10.34 14.91 
Per species % gap occupancy per 25 m 2  6.18 5.74 
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Fig. 3. Species richness and relative species abundance in  gaps. (A) Changes in relative species 
abundance in the 1983 gap areas for the 1 t o  4 c m  dbh saplings of  the 25 most  abundant species 
in the BCI 50-ha plot.  W i t h  the exception of  a few species, relative abundances remained virtually 
unchanged over 13 years o f  gap regeneration. Only  three o f  the top  25 species had net changes in  
gap abundance > I%.  Similar patterns are seen in  the 100 most  abundant species. (B) Species-area 
curves for gaps and nongap control areas. The error bars are 95% confidence Limits for the means 
of  the three censuses in  1985, 1990, and 1995. The slopes o f  the species-area curves for gap and 
nongap areas are statistically indistinguishable. The log-log species-area relationship for the pooled 
data is: loglO(number of  species) = 0.71{loglO[gap area(m2)]} - 0.09. (C) The lack o f  relationship 
between history o f  canopy disturbance and local species richness. Species per stem in the 20 m by 
20 m quadrats (1250 to ta l  quadrats) for the 1 t o  4 c m  dbh sapling communi ty  versus the mean 
number of  canopy height transitions in  each 20 m by 2 0  m quadrat over the 13-year interval 
1982-95. The regression line explains < I %  o f  the variance. 
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census, three-quarters (74.3%) occurred in 
< 1 % of the quadrats and one-fifth (19.1%) 
occuiTed in <0.1% of the sites. Quadrats in 
gap sites had nearly five times as many seed
lings as nongap sites (72). These studies 
demonstrate that local species richness is es
tablished very early during gap-phase regen
eration, that gaps promote higher communi
ty-wide establishment success, and that com
munity-wide recruitment limitation is also 
very severe, even for pioneer species. 

Theoretical studies show that recruitment 
limitation can be a powerful force for maintain
ing diversity in species-rich communities (13). 
Under recruitment limitation, many sites are 
won by "default" by species that are not the 
absolutely best competitor for the site. Strong 
recruitment limitation does not prevent ultimate 
competitive exclusion in model communities, 
but it so slows down the rate that the elimina
tion of inferior competitors can be nearly infi
nitely delayed. The winning-by-default as
sumption of the theory is strongly supported by 
the BCI study. First, there is a high degree of 
constancy of relative species abundance during 
gap-phase regeneration despite large changes in 
stem density during gap regeneration (Fig. 3A). 
This implies that mortality in gaps is fundamen
tally a random-thinning process in stems >1 
cm dbh. To a first approximation, the probabil
ity of winning a gap site is equal on a per-stem 
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Fig. 4. Evidence for dispersal l imitation in BCI 
trees from a 10-year seed trap study using 200 
traps in the 50-ha plot. Seeds of a total of 260 
species of the 314 species in the plot census 
were collected at least once. (A) Frequency 
distribution of the number of species captured 
per trap during the 10-year trapping period 
(1987-96). The average number of species per 
trap was 30.8 ± 7.5 SD. (B) The tota l number of 
traps into which each species dispersed at least 
one seed during the 10-year trapping period. 

basis (for same-sized plants) regardless of spe
cies. Second, detailed maps of the BCI forest 
reveal that individual saplings compete with a 
mean of just 6.3 neighbors (that is, maximally 
only six species) during their entire ontogeny 
from 1 cm dbh until they reach the canopy (14). 
Third, overlapping sapling generations and 
size-asymmetric competition, especially among 
species in the shade-tolerant guild, further level 
the competitive playing field during gap regen
eration (regardless of species, the largest plant 
has a higher probability of winning the site) 
(15). Thus, many or even a majority of the trees 
in the BCI forest canopy are likely to have won 
their sites by default. 

We conclude that the relatively mild gap 
disturbance regime on BCI is largely decoupled 
by recruitment limitation from controlling vari
ation in local tree diversity in the BCI forest. 
Gaps do promote tree diversity, but mainly by 
increasing community-wide seedling establish
ment. This leads to a reassessment of gaps as 
playing a relatively neutral role in maintaining 
species richness, promoting whatever diversity 
and mix of tree species that happens to be 
locally present in a given forest for reasons 
other than the local disturbance regime. Al
though gaps are required for pioneers to persist 
in the mature forest, this general statement has 
little predictive power, because (i) there are no 
mature tropical forests without gaps and (ii) 
there is virtually no gap-to-gap predictability of 
the species richness in gaps or of the composi
tion of any regeneration niche guild, including 
pioneers, due to strong recruitment limitation. 
Our analysis was restricted to a single tropical 
forest, but we predict that the search for a strong 
and predictable relationship between gap distur
bance regimes and tree species richness in trop
ical forests will prove fruitless. Many tropical 
moist forests have similarly mild disturbance 
regimes, but nevertheless differ greatly in spe
cies richness. The most profound implication of 
recruitment limitation for community ecology 
is that it potentially decouples the control of 
species richness and relative species abundance 
from resource-based niches in ecological com
munities. Recruitment limitation makes it com
paratively easy to explain the coexistence of 
arbitrarily large numbers of species that have 
similar resource requirements in species-rich 
communities such as tropical moist forests. 

References and Notes 
1. S. P. Hubbell and R. B. Foster, in Plant Ecology, M. J. 

Crawley, Ed. (Blackwell Scientific, Oxford, 1986), pp. 
77-96. 

2. J. H. Connell, Science 199, 1302 (1978); R. T. Paine 
and S. A. Levin, EcoL Monogr. 51 , 145 (1981). 

3. D. R. Strong,/ Biogeogr. 4, 215 (1977); R. E. Ricklefs, 
Am. Nat. I l l , 376 (1977); G. S. Hartshorn, in Tropical 
Trees as Living Systems, P. B. Tomlinson and M. H. 
Zimmerman, Eds. (Cambridge Univ. Press, New York, 
1978), pp. 617-638; F. A. Bazzaz and S. T. A. Pickett, 
Annu. Rev. Ecol. Syst. 11, 287 (1980); J. S. Denslow, 
Biotropica (Suppl.) 12, 47 (1980); G. H. Orians, Trop. 
Ecol. 23, 255 (1982); in The Ecology of 
Natural Disturbance and Patch Dynamics, S. T. A. 

Pickett and P. S. White, Eds. (Academic Press, New 
York, 1985), pp. 307-323; Annu. Rev. Ecol. Syst. 18, 
431 (1987); T. C. Whitmore, Ecology 70, 536 (1989); 
M. D. Swaine and T. C. Whitmore, Vegetatio 75, 81 
(1988); A. Brandani et al.J. Trop Ecol. 4, 99 (1988); 
P. M. Vitousek and J. S. Denslow,/ Ecol. 74, 1167 
(1986); J. S. Denslow et a/., Oecologia 74, 370 (1987); 
Ecology 71, 165 (1990); Ecology 66, 682 (1985); 
E. W. Schupp et a/., Ecology 70, 562 (1989); F. A. 
Bazzaz, Plants in Changing Environments (Cambridge 
Univ. Press, Cambridge, 1996); D. Tilman, Plant Strat
egies and the Dynamics and Structure of Plant Com
munities (Princeton Univ. Press, Princeton, NJ, 1988); 
D. A. Clark and D. B. Clark, Ecol. Monogr. 62, 315 
(1992). 

4. The climate, soils, and an overview of the ecology of 
the BCI forest can be found in E. G. Leigh Jr. et a/., Eds. 
The Ecology of a Tropical Forest: Seasonal Rhythms 
and Long-Term Changes (Smithsonian Institution 
Press, Washington, DC, 1982) and in T. Croat, The 
Flora of Barro Colorado Island (Stanford Univ. Press, 
Stanford, CA, 1978). 

5. R. Condit et a/., Bioscience 42, 822 (1992). 
6. Canopy heights were classified into five height class

es: 0 m (canopy < 2 m), 2 m (canopy > 2 and < 5 m), 
5 m (canopy > 5 and <10 m), 10 m (canopy >10 and 
<20 m), and >20 m. Gaps in our analysis all had 
canopy heights in the 0-rm or 2-rm height classes; that 
is, foliage may have been present between 0 and 5 m 
above the ground, but not above. This height was 
appropriate for the 1 cm dbh sapling, which had a 
mean height of 2.3 m. 

7. S. P. Hubbell and R. B. Foster, Rev. Biol. Trop. (Suppl. 
1) 35, 22 (1987); C. W. Welden, S. W. Hewett, S. P. 
Hubbell, R. B. Foster, Ecology 72, 35 (1991); R. C. 
Condit, S. P. Hubbell, R. B. Foster, Ecol. Monogr. 65, 
419 (1995); / Trop. Ecol. 12, 231 (1996). 

8. The number of transitions between canopy height 
classes was counted over the 13-year period from 
1982-95 at each 5-rm grid point. The mean of the 
number of transitions was computed for the 16 sam
ple points within each 20 m by 20 m quadrat. 

9. Gap sizes were measured by the number of contigu
ous 5 m by 5 m quadrats (sharing a side) with 
canopies < 5 m in height. 

10. Our hypothesis for higher species richness on the 
slopes is that slopes are more favorable dry-season 
habitats for seedlings. Soil moisture levels on the 
slopes remain high longer into the dry season than on 
the plateau, due to many seepage areas and springs 
[P. Becker et al.J. Trop. Ecol. 4, 173 (1988)]. 

11. K. E. Harms, thesis, Princeton University (1997); 
and S. J. Wright, unpublished data. 

12. B. Wechsler, senior thesis, Princeton University (1995); 
W. E. Pugh, senior thesis, Princeton University (1996); E. 
Carlisle, senior thesis, Princeton University (1997); S. 
Finklestein, senior thesis, Princeton University (1998). 

13. D. Tilman, Ecology 75, 25 (1994); G. C. Hurtt and 
S. W. PacalaJ. Theor. Biol. 176, 1 (1995). 

14. S. P. Hubbell, R. B. Foster, R. Condit, unpublished data. 
15. J. Weiner, Ecology 66, 743 (1985); Trends Ecol. Evol. 

5, 360 (1990). 
16. We thank M. Aide, S. Aguilar, A. Alexander, Z. Batista, 

A. Hernandez, B. Hoffman, K. Lertzman, R. Mihalik, M. 
Mitre, J. Solis, and I. Valdespino for taking more than 
250,000 canopy height measurements during this 
study. J. Klahn, R. Perez, S. Aguilar, and S. Williams 
coordinated the more than 100 participants in the 
1982, 1985, 1990, and 1995 censuses. We also thank 
O. Calderon for counting and identifying > 1 0 6 seeds 
in the seed traps over the years. We thank D. Hamill, 
S. Hewett, B. Minor, and U. Smith for database man
agement during the first three censuses, P. Phillips for 
Fig. 1, and J. Dalling, A. Herre, and P. Phillips for 
comments on the manuscript. We thank NSF, the 
Smithsonian Tropical Research Institute, the Geral-
dine R. Dodge Foundation, EarthWatch, the Guggen
heim Foundation, the Pew Charitable Trusts, the John 
D. and Katherine T. MacArthur Foundation, and the 
Andrew W. Mellon Foundation, as well as numerous 
other private donors, for their generous support of 
this research. 

22 January 1998; accepted 4 December 1998 

www.sciencemag.org SCIENCE VOL 283 22 JANUARY 1999 557 

http://www.sciencemag.org

