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Summary
1 Both spatial and temporal processes are assumed to play an important role in
driving seedling dynamics. We assessed the magnitude of these two processes in a
neotropical forest in French Guiana. We first quantified temporal changes in seedling community structure, then evaluated the relative importance of environmental
heterogeneity and temporal fluctuations in seed arrival in determining seedling
dynamics.
2 We monitored the seedling dynamics of 6244 seedlings by censusing 370 1-m2 seedling
plots in 160 stations over 20 months. At each station, we quantified environmental
variability (light availability, soil resources, litter depth, topography), and measured
temporal fluctuations in seed input by sampling seed arrival into seed traps located
in each station.
3 Temporal changes in seedling density and diversity between four consecutive
censuses were compared with those predicted by a neutral model assuming random
recruitment and mortality. Seedling density fluctuations were considerably more variable over time than expected under the neutral assumption. Diversity changes showed
less consistent results. For the two first census intervals, seedling diversity was more
constant than under the neutral expectations. For the last census interval, seedling
diversity was more variable than expected under neutrality.
4 Seedling recruitment, mortality and diversity of recruits were modelled against
environmental variables and seed arrival. Sites with higher light availability and soil
fertility had more diverse recruits (P < 0.01) but lower seedling survival (P < 0.05).
Both density and diversity of local seed arrival had a positive effect, respectively, on
density and diversity of recruited seedlings (P < 0.05).
5 Our results show that temporal pulses in seedling community are mainly driven by
large temporal fluctuations in seedling recruitment. Annual variation in seedfall and
environmental filtering both contribute to explaining spatio-temporal variation in
seedling dynamics to a large degree. Irrespective of species identity, tropical seedling
communities are both seed- and establishment-limited. The temporal component of
seed-limitation appears to be of critical relevance in the structuring of tropical seedling
communities.
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Introduction
Spatio-temporal heterogeneity in plant distribution
remains a challenge to an integrated understanding of
natural plant regeneration in species-rich communities.
Most theories seeking to explain observed patterns of
plant species distribution have focused on either spatial
or temporal processes, rarely on both. Spatial niche
theory assumes habitat specialization of coexisting
species (Levene 1953; Ashton 1977; Tilman 1982). This
view provides an intuitive framework for explaining
the spatial distribution of tree species in relation to
physical habitat variables (Harms et al. 2001; Potts
et al. 2002; Phillips et al. 2003). Although habitat
specialization is predicted to operate throughout plant
ontogeny, it is likely to be more intense at the seedling
stage (Grubb 1977). Consequently, much attention has
focused on testing the predictions of the niche theory in
order to understand the regeneration patterns of tropical plants. Yet it remains unclear whether such patterns
hold for the seedling stage. For instance, Webb & Peart
(2000) and Baraloto & Goldberg (2004) both failed to
find strong environmental determinism in tropical seedling communities, suggesting that habitat filtering may
not be the only process structuring such communities.
Temporal niche theory (or ‘storage effect’) assumes
that temporal rather than spatial partitioning of
species will slow competitive exclusion and facilitate
species coexistence. This can be achieved if long-lived
species fluctuate in their recruitment success (Chesson
& Warner 1981). Temporal partitioning should lead to
non-equilibrium species distribution patterns that
differ sharply with those predicted by spatial niche
theory (Hurtt & Pacala 1995). In temperate forests,
large temporal fluctuations in recruitment have a much
greater effect on population dynamics than spatial
environmental heterogeneity, suggesting that the stor-
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age effect plays an important role in species coexistence
in these species-poor communities (Beckage et al. 2005).
In tropical forests, the importance of this temporal
variability has rarely been quantified, in spite of ample
evidence of important interannual fluctuations in recruitment success (Forget 1997; Connell & Green 2000;
Curran & Webb 2000). For example, a study in Mexico
(Kelly & Bowler 2002) provided indirect evidence for a
role of temporal niches in fostering the coexistence of
pairs of closely related species (but see Lusk 2003).
By examining the seedling stage one should be able
to quantify better the relative roles of spatial and temporal variation, as plants at this stage suffer the most
from both environmental constraints and competition
(Harper 1977). Recently, Wright et al. (2005) carried
out the first detailed study of the spatial and temporal
variation in seedfall and seedling recruitment in a
seasonal tropical forest in Panama. They showed that
recruitment success depends on seedfall through differential strengths of density-dependent processes during
the seed-to-seedling transition. Their result underlines
the fact that mechanisms driving seedling dynamics
may vary over time, and that both spatial and temporal
variation should be assessed simultaneously.
In this study we combine data on seedfall and habitat
quality to predict the dynamics of a tropical seedling
community. Our conceptual framework encompasses
the combined influences of spatial and temporal environmental variation on seedling communities across
microsites, as illustrated in Fig. 1. The first scenario
(Fig. 1a, a′) assumes that abiotic filtering is the main
force shaping the seedling community. Different
environmental conditions may thus support different
seedling densities and diversities. Under this scenario,
a favourable microsite should support greater seedling
density than an unfavourable one because of a higher
resource supply. Also, seedling diversity should depend

Fig. 1 Conceptual framework of the possible mechanisms that drive seedling dynamics assuming that environmental conditions
do not undergo important changes over time. In all panels, different forms illustrate different species, while different patterns
illustrate different abiotic conditions. The arrow widths illustrate the intensity of the seed input. (a) Differential seedling density
and diversity are the result of differential filtering by abiotic conditions. (a′) Stability in habitat quality results in temporal stability
in seedling density and diversity. (b) Differential seedling density and diversity are the result of differential seed input driven by
species-specific fluctuations in seed production. (b′) Species-specific fluctuations in seed production result in temporal
variation in both seedling density and diversity.
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Fig. 2 Geographical location of the Nouragues station, French Guiana. The dots represent the location of the stations within the study area.

on the level of habitat specialization of seedling species
and interspecific competition. Thus, if the abiotic
environment does not fluctuate over time, seedling
density and diversity should be constant, irrespective
of the variability in seed input. Under the second scenario
(Fig. 1b, b′), patterns of seedling density and diversity
are caused by differential seed input. If one site has
higher or more diverse seed input, it will also have higher
seedling density or diversity. In this case, seedling density and diversity should fluctuate over time, following
temporal fluctuations in seed arrival. Here, we address
two issues. First, we investigate whether seedling density
and diversity are constant over time, reflecting environmental determinism in the structure of the seedling
community. We then explore the possible mechanisms
leading to these temporal patterns. Specifically, we evaluate the relative importance of local abiotic environment
and seed arrival on the dynamics of the seedling
community.

Materials and methods
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This study was conducted in a pristine tropical rainforest
of Central French Guiana, at the Nouragues Biological
Station (4°05′ N, 52°40′ W; Fig. 2; Bongers et al. 2001a).
Average annual rainfall is 2990 mm with a 2–3-month
dry season, from September to November. The study area
consists of two plateaus dominated by high mature
forest in which a grid network of permanent forest
plots covering c. 85 ha has been established (Fig. 2).

One of the plateaus, Grand Plateau (GP), is on clay soil
with a metamorphosed volcanic substrate (c. 70% clay
and 8% sand, Grimaldi & Riéra 2001) and the other,
Petit Plateau (PP), is on granitic-derived sandy soil
(c. 36% clay and 49% sand). Fruiting phenology in
the area shows marked seasonal patterns. Overall, the
species richness and biomass of ripe fruits, especially of
animal-dispersed species, peaks in April–May and is
minimal in August–September (Sabatier 1985; P.-M.
Forget, N. Norden & P. Châtelet, unpublished data).

   
The Nouragues Plant Regeneration Monitoring System parallels the protocol initiated in 1994 in the 50-ha
Barro Colorado Island forest dynamics plot, Panama
(Wright et al. 1999; Harms et al. 2000), and subsequently
extended to other tropical forests through the Center
for Tropical Forest Science (M. Metz et al., unpublished
data). A network of 160 0.5-m2 seed-traps was set up,
with 100 traps in the GP along five parallel trails (20 per
trail) separated by 100 m, and 60 in the PP along four
parallel trails (15 per trail) also separated by 100 m.
Traps were installed at random locations close to the
trail at nearest-neighbouring trap distances ranging
from 15 m to 50 m. Seeds and fruits were collected twice
a month since the establishment of the experiment, and
viable seeds (with undamaged endosperm) counted
and identified to species or morpho-species. Two to
three 1-m2 seedling plots were established around each
trap in February 2004, at 1.5 m from the edge of the
trap and located away from the trail, for a total of 370
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plots (250 plots in the GP and 120 plots in the PP). We
henceforth term a ‘station’ the seed-trap plus the seedling plots around the trap. In February–March 2004,
all woody seedlings in the seedling plots, including
self-supporting lianas, were tagged with a unique number,
mapped and their height measured. Individual seedlings were identified to morpho-species by comparing
them against digital photographs of a reference collection of seedling specimens growing in the vicinity
of the plots. Vouchers were matched to specimens at the
Herbier de Guyane (Cayenne, CAY). When vouchers
could not be matched reliably, they were given a morphospecies name. Subsequent censuses took place in October 2004, March 2005 and October 2005. During each
census, newly recruited seedlings were tagged, mapped
and measured, and missing seedlings were recorded as
‘dead’. Surviving seedlings were measured once a year.
Here we focus our analyses on plants < 100 cm in
height, which we will refer to as ‘seedlings’.
We report data on seedling dynamics and on seedling
diversity per station. We define seedling dynamics as
seedling recruitment, the number of recruited seedlings
per station at each census; and seedling mortality, the
proportion of dead seedlings per station at each census.
We estimated seedling diversity in each station using
the Simpson index. This index represents the probability that two randomly selected individuals belong to
different species (Magurran 2004). We also carried out
analyses using the Shannon index and Fisher’s alpha.
Because the results were similar, we only report the
results obtained with the Simpson index.

  
We characterized the local habitat of each station using
several environmental variables measured at the plot or
the station level. Environmental measures were taken
as follows.
Light availability
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In October 2004, we took hemispherical photographs
of each seedling plot using a Nikon Coolpix 2300 camera with a Nikon FC-8 fisheye lens. Photographs were
taken at 1.30 m above the ground, early in the morning
(06:30–08:00 h) or late in the afternoon (16:40–18:30 h)
to avoid over-exposure by direct sunlight. Because light
intensity varies considerably during sunset and sunrise,
the pictures were taken at different exposure times (1/60,
1/125 and 1/ 250) to ensure the same level of contrast
between canopy openings and the surrounding vegetation. The photograph with the best contrast and the
least over-exposure was chosen for analysis so that all
had approximately the same level of contrast. Digital
photographs were analysed using the Gap Light Analyser
(GLA Version 2.0; Frazer et al. 1999). This provided
estimates of the percentage of transmitted diffuse and
direct radiation. These instantaneous measures have
been shown to provide an appropriate measure of light

availability in the tropical forest understorey (Nicotra
et al. 1999; Montgomery & Chazdon 2002).
Soil sampling and chemical analyses
In October 2004, we measured pH and carbon and
nitrogen concentrations at the 160 stations. Soil pH is
expected to give valuable information about soil fertility as low pH leads to an increased concentration of
toxins in the soil (such as Al3+), and a reduced concentration of base metal cations (Sollins 1998). Likewise,
nitrogen availability may constrain productivity (Sollins
1998), and is therefore a good measure of soil fertility.
For each station, 1 kg of soil was collected, by bulking
four soil samples from the topsoil (0–10 cm depth) to
yield a single sample. Superficial leaf litter and the
humus layer were removed before soil sampling. Soils
were dried in the field at c. 60 °C for 24 h and then
stored dry until laboratory analysis. In the laboratory,
the samples were re-dried at 50 °C for 3 days and then
filtered with a 2-mm mesh sieve. Carbon and nitrogen
concentrations were measured using a CHN analyser
(NA 2100 Protein, CE Instruments®). We used the
C : N ratio as a predictive variable, rather than carbon
and nitrogen independently, because these two variables
were strongly correlated. Soil pH was measured in a
standard solution made up of one volume of soil diluted
in three volumes of water.
Leaf litter depth
We measured leaf litter depth in each plot to the nearest
0.5 cm in five random points using a ruler. Because leaf
litter fall is strongly seasonal, we measured litter depth
at each census. Mean values over time were calculated
per station.
Topography
We defined the local topography of the station as a categorical variable with three levels (flat, low slope and
steep slope).

 
Temporal fluctuations in seedling density and diversity
To assess whether seedling density and diversity were
constant over time, we calculated the observed net
change in seedling density and diversity at the station
level between consecutive censuses. We predicted that
constancy in seedling density and diversity would
result in low interstation variance of net change. We
compared the observed variances with those obtained
from a simulated neutral seedling dynamic model, in
which all the individuals had the same prospects of
birth and death. One thousand random replications
were generated using the observed number of recruited
and dead seedlings at each census. For each replication,
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we calculated the interstation variance in the change
of both seedling density and diversity. This was used to
generate a frequency distribution of the expected
variances for seedling density and diversity, which were
compared with the observed variances. Constancy or
variability in seedling density and diversity between
consecutive censuses should result in observed variances differing significantly from the values expected
under neutral seedling dynamics. We repeated this
analysis on recruited and dead seedlings independently
to determine whether the patterns were primarily
driven by recruitment or by mortality.
Relating seedling dynamics to environment and
fluctuations in seed supply
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In a second set of analyses, we evaluated whether seedling dynamics and seedling diversity could be predicted
by biotic and abiotic environmental factors using
linear mixed models for repeated measures (Pinheiro
& Bates 2000). Mixed effects models are useful in cases
where temporal pseudo-replication in the seedling
variables measured at each station violates the crucial
assumption of independence of errors (Crawley 2002).
The response variables were: (i) seedling recruitment m−2,
the mean number of recruited seedlings per station
at each census; (ii) seedling mortality rate, defined as
the proportion of dead seedlings per station between
censuses; and (iii) diversity of recruits, the diversity of
recruited seedlings per station at each census measured
with the Simpson index.
We regressed seedling recruitment m−2 and seedling
mortality rate against seed arrival (number of intact
seeds fallen in the intercensus period), physico-chemical
environmental factors and seedling density. Because
seedling–seedling interactions are potentially important processes at local scales (Coomes & Grubb 2000),
we included seedling density as a predictive variable in
our analyses. The diversity of recruits was regressed
against the diversity of seed input (also measured with
the Simpson index) and physico-chemical environmental
factors. Because the response variables were spatially
autocorrelated among 1-m2 plots within stations, we
performed all regression analyses at the station level by
averaging these response variables across plots at each
station. The census period was considered as a random
factor. This allowed us to estimate the amount of variance explained by the temporal variability without
including it as a predictor (Crawley 2002). In order to
respect normality, all seedling and seed variables were
log-transformed.
In preliminary explorations of our data set, we found
significant collinearity among the environmental
predictors. Therefore, we used a stepwise procedure
to select the best submodel for these environmental
factors. The model selection procedure was based on a
penalized likelihood measure of the goodness of fit, the
Akaike Information Criterion (AIC). As the goodness
of fit statistic R2 is not an appropriate measure for

Table 1 Summary of environmental characteristics of the 160
stations. Shown for each variable is the mean (standard
deviation) and the range

Trans. direct radiation (%)
Trans. diffuse radiation (%)
C (% of dry soil)
N (% of dry soil)
C:N
pH (1 : 3 in H2O)
Litter depth (cm)

Mean (SD)

Range

4.99 (2.67)
3.88 (1.50)
29.83 (9.84)
2.57 (0.82)
12.04 (1.48)
4.81 (0.34)
2.56 (1.35)

0.35–16.19
1.32–9.60
13.21–62.42
1.16–5.56
8.53–16.72
3.96–6.09
1–7

mixed models, we assessed a posteriori the quality of
the model by calculating the squared correlation
between fitted and observed values (Pinheiro & Bates
2000). To assess the relative contribution of each
factor in the selected model by the stepwise procedure
we eliminated terms sequentially, and we compared
the AIC among these models (Burnham & Anderson
1998). For each model where the i th factor was
removed, we calculated ∆i where ∆i = AICi − AICmin
and AICmin is the AIC of the model selected by the
stepwise procedure. High values of ∆i reflect a high
contribution of the removed term in explaining the
variance of the model.
Statistical analyses were performed using the R
statistical package (R Development Core Team 2005,
version 2.1.1). We used the packages ‘nlme’ for linear
mixed models (Pinheiro et al. 2005), and ‘vegan’ (Oksanen
et al. 2005) for the calculation of the Simpson diversity
index.

Results
During this survey we censused a total of 6244 seedlings.
We marked 4705 seedlings during the initial census and
1539 recruits in the three subsequent censuses (Table 1).
Among the 4705 seedlings censused initially, 1199
(25.5%) had died by the final census. Recruited seedlings suffered a higher mortality rate, with 469 (43.2%)
seedlings out of the 1084 recruited from the second and
the third censuses dead by the final census. Simpson
diversity index was locally high at the station level
(range 0.51–0.97, median = 0.93), with most species
being represented by one or very few seedlings.

     
 
Observed interstation variances in net change of seedling density were significantly higher than under neutral
expectations between all consecutive censuses (Table 2).
This was mostly due to high variance in the number of
recruited seedlings. The observed variance in changes
in seedling diversity was significantly lower than the
neutral expectation for the two first census intervals but
was significantly higher for the last interval.
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Table 2 Observed interstation variance in the net change of seedling density, in the number of recruited and dead seedlings, and
in the net change of seedling diversity (Simpson index) between consecutive censuses. Confidence intervals of the variances
(obtained from 1000 randomizations) are given in parentheses

Interval 1
Interval 2
Interval 3

Variance in the net
change in density

Variance in
recruitment

Variance in
mortality

Variance in the net
change in diversity

24.41 (6.42 –10.54)
8.63 (4.40–7.17)
20.78 (5.0–7.84)

22.01 (7.44 –11.52)
4.74 (2.53 – 4.12)
19.06 (3.69–5.93)

7.43 (4.77–7.53)
6.54 (4.51–7.17)
7.14 (4.75–7.34)

9 × 10−4 (11 × 10− 4−14 × 10−4)
3 × 10−4 (5 × 10 −4−7 × 10−4)
12 × 10−4 (7 × 10 −4−10 × 10−4)

Table 3 Results from the linear mixed model predicting the number of seedlings recruited m −2, the proportion of dead seedlings
per station and the diversity of recruits m−2. If the predictor was not selected in the stepwise procedure or is not used in the model
the cell is empty. Significant effects are indicated with asterisks (***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05). ∆ is the difference between
AICmin (obtained for the best model) and the AIC of the model lacking the independent variable
ln(number of recruits + 1)

ln(seed density + 1)
ln(seed diversity + 1)
ln(seedling density + 1)
direct radiation
diffuse radiation
pH
C:N
leaf litter depth
slope

ln(diversity of recruits + 1)

Estimate

∆

Estimate

∆

Estimate

∆

0.05*
–
0.16***
–
0.05***
–
–
–
–

3.15
–
8.62
–
8.34
–
–
–
–

–
–
−0.03***
0.01*
–
0.03**
–
–
–

–
–
16.14
2.01
–
6.33
–
–
–

–

–
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ln(percentage mortality + 1)

The relationships between seedling dynamics and environment and seed arrival are summarized in Table 3.
Seedling recruitment significantly increased with transmitted diffuse radiation, seedling density and seed
arrival. Seedling density had the strongest effect on
seedling recruitment, followed by transmitted diffuse
radiation and seed arrival. The proportion of dead
seedlings significantly increased with transmitted
direct radiation and pH, but decreased with seedling
density. Seedling density had the strongest effect on
seedling mortality, followed by pH and transmitted
direct radiation. Finally, the diversity of recruits
increased with transmitted direct radiation and seed
diversity but decreased with C : N ratio. Transmitted
direct radiation had the strongest effect on the diversity
of recruits, followed by seed diversity and C : N ratio.
Neither litter depth nor slope had a significant effect
on any of the response variables studied. The squared
correlation coefficient between fitted and observed
response variables was generally small (R2 = 0.14, 0.06
and 0.14 for recruitment, mortality and diversity models, respectively). The census period had a weak effect,
but this effect was considerably higher in the recruitment and diversity models (ratio of the variance
attributed to the census over residual variance, henceforth VCR = 0.08 for both models) than in the mortality
model (VCR < 10−9). Hence, the total number of recruits
and their diversity varied much more among censuses
than the proportion of dead seedlings.

0.11**
–
0.01***
–
–
−0.11*
–
–

6.75
–
10.13
–
–
2.7
–
–

Discussion
    
  
Net changes in seedling density between consecutive
censuses were always significantly higher than under
the neutral expectation. At a given site, seedling density
was thus very variable over small time scales (c. 6 months).
Such variation in local seedling density was mostly
related to large recruitment events experienced at some
stations. Many studies have shown that seedling populations undergo long-term changes in abundance over
time (Forget 1997; Connell & Green 2000; DeSteven
& Wright 2002), resulting from episodes of very high
seedling recruitment rather than from intermittent
mortality events (DeSteven 1994; Connell & Green 2000;
Delissio et al. 2002). Our findings show that temporal
pulses in seedling recruitment are a major cause of the
large variation in seedling density across the forest
understorey. These fluctuations in local seedling density seem to be independent of seasonality. The largest
departures from randomness for both variation in
seedling density and seedling recruitment were observed
between the March and October censuses for both
years, which coincides with the germination peak at
Nouragues (June–July; N. Norden, personal observation).
However, we also found that net changes in seedling
density were larger than expected under neutral dynamics
between the October and March censuses, when seedfall is minimal. Because these short time scale fluctuations of seedling density were consistently observed

increase diversity by benefiting rare species (Janzen
1970; Connell 1971). Because recruitment appeared to
be far more variable over time than mortality, changes
in seedling diversity are likely to be driven by temporal
variation in the diversity of recruited seedlings.
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Temporal variation in the seedling community structure appeared to be largely driven by pulses in seedling
recruitment. Successful recruitment reflects the combined
effects of spatio-temporal variability in seed arrival and
habitat filtering. Below, we discuss the importance of
each of these factors in driving seedling dynamics.
Environmental filtering

Fig. 3 (a) Histogram of the observed seedling diversity changes
between the March 2005 and the October 2005 censuses.
(b) Frequency distribution of the expected interstation
variance in the seedling diversity changes between the March
2005 and the October 2005 censuses resulting from 1000
randomizations of neutral seedling dynamics. The dot represents
the observed interstation variance of net change in seedling
diversity.
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between four consecutive censuses, we believe that this
is a robust result, and that these fluctuations will persist
over longer time periods.
Changes in seedling diversity between consecutive
censuses were less consistent than seedling density
changes. For the two first census intervals, seedling
diversity was less variable than under the neutral expectation, whereas it was more variable than expected
under neutrality for the last census interval. This finding suggests that local seedling diversity may remain
constant in spite of important changes in the number of
individuals. However, constancy was only observed
over short time periods, as revealed by the large interstation variance in the last census interval (Fig. 3).
Because the Simpson index gives more weight to the
more abundant species, this measure is little affected by
addition or loss of rare species. However, our results
were unchanged using other diversity indices (Fisher’s
alpha and Shannon) that have greater sensitivity to rare
species. This suggests that the bias towards common
species was not significant. It is difficult to compare our
results with published studies addressing temporal
changes in diversity as such studies are scarce. A disproportionate seedfall from a single species may result
in reduced seedling diversity (Hubbell 1980), and
intense conspecific density-dependent mortality may

We found that light availability had important effects
on seedling recruitment and mortality. Tropical plant
species display a broad array of responses to variable
light environments (Lee et al. 1996; Montgomery &
Chazdon 2002; Dalling et al. 2004). For instance,
Montgomery & Chazdon (2002) found that, despite a
strong light gradient partitioning by tropical tree
seedlings at low light conditions, all species showed a
positive relationship between light availability and
seedling growth. This suggests that in tropical forests
light availability is a limiting resource for most tree
species at the seedling stage. In their study of a tropical
forest seedling community in Costa Rica, Nicotra et al.
(1999) showed that the observed spatial pattern of
seedling density depends on the past influence of light
availability on recruitment. Our result is consistent
with that of Nicotra et al. (1999), and suggests that spatial variation in light availability affects the recruitment
process at both the species and the community level.
Soil acidity had a positive effect on seedling mortality
rates, but no effect on recruitment. As pH and C : N
ratio were negatively correlated (P < 0.001), it is possible that high seedling mortality was associated with
high N availability. The relationship between pH and
soil fertility is at best weak, although several studies
suggest that high pH is usually associated with richer
soils (Sollins 1998; Phillips et al. 2003; Tuomisto et al.
2003). Several fertilization experiments in tropical
forests have shown that both seedling recruitment and
growth show a positive response to nutrient availability
(Gunatilleke et al. 1997; Lawrence 2003; Ceccon et al.
2004; Baraloto et al. 2006). One possible explanation
for our result is that, because seedlings grow faster in
fertile sites, spatial competition becomes more intense,
leading to an increased mortality among seedlings. Fertile
soils may thus enhance seedling turnover, a pattern
also observed across neotropical plots for trees ≥ 10 cm
d.b.h. (Phillips et al. 2004).
The diversity of recruited seedlings increased with
both light availability and soil fertility. Models seeking
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to explain species coexistence in heterogeneous environments predict that plant diversity should be a unimodal function of measures of habitat productivity
(Ashton 1977; Tilman & Pacala 1993). At low fertility
levels, increases in fertility are correlated with increases
in diversity and the reverse pattern is observed at high
fertility levels. In a recent meta-analysis compiling 15
tropical studies, Lawrence (2003) suggests that, because
seedlings of most tree species respond positively to
increased nutrient availability, competitive exclusion
may be more intense in fertile sites, resulting in a
decline of diversity with fertility. Likewise, Ceccon
et al. (2004) found that the addition of fertilizers to
study plots in a tropical dry forest in Mexico diminished seedling diversity. The Guianan shield has poor
soils (ter Steege et al. 2006), and the Nouragues station
is characterized by closed canopy forest leading to low
light levels (Bongers et al. 2001b). Hence, the positive
relationship between diversity of seedling recruits and
both soil fertility and light availability may be simply
interpreted by the existence of limiting resources.
Seedling density had a strong positive effect on both
seedling recruitment and seedling survival rates. The
relationships between seedling density and either seedling survival or recruitment have often served as tests
of density-dependent effects on plant populations
(Hubbell 1980; Augspurger 1984; Webb & Peart 1999;
Blundell & Peart 2004). In this study, we focused on a
community-level response, and it is therefore difficult
to interpret our result within this framework. The
positive relationship between seedling recruitment and
seedling density may be due to seed sources, which may
largely control seedling density and recruitment at
local stations (Muller-Landau et al. 2002).
Seed arrival
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Seed arrival also played an important role in the
recruitment process. We found a significant positive
effect of seed density on the density of recruits. Sites
receiving fewer seeds thus had lower recruitment,
which suggests a community-level seed-limitation. In a
seed addition experiment performed at BCI (Panama),
Svenning & Wright (2005) also found that the whole
plant community was seed-limited in terms of both
seedling recruitment and overall seedling density. Taken
together, these results suggest that seed arrival plays a
major role in seedling community dynamics.
Manipulation experiments have shown that seed
arrival from the species pool may largely determine the
diversity in local sites (Houle & Phillips 1989; Eriksson
1993; Zobel et al. 2000). In our empirical study, the
species pool can be identified as those trees found next
to each station, and their species diversity is reflected in
the diversity of incoming seeds. We found that the
diversity of recruited seedlings was positively related
to seed diversity, which suggests that seed limitation
influences local diversity by limiting the diversity of
recruited seedlings. We were unable to find reports of

similar studies addressing this relationship in a tropical
community (but see Harms et al. 2000), so we cannot
infer that this pattern is general.

Conclusions and perspectives
Overall, our results do not support the view that
habitats have fixed attributes favouring temporal
constancy in seedling spatial structure. We have shown
that, because of large temporal fluctuations in seedling
recruitment, recruitment and mortality events do not
compensate for each other in the short term. This causes
important changes in seedling density and diversity
over time. Scenario 2 of Fig. 1 appears to provide a
better description of the processes underlying the observed
structure in this seedling community. However, the role
of the environment cannot be neglected. The environmental filtering appears to be controlled by both biotic
and abiotic factors. Our whole community was both
seed- and establishment-limited. Linking seed limitation processes to annual variation in seedfall provides
useful insights into the storage dynamics of tropical
seedling communities. Further studies on the temporal
variation in seed production at both the population
and the community levels throughout a number of
tropical forests will be required to clarify the role of
temporal partitioning on species coexistence.
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