
Oecologia 

DOI 10.1007/s00442-008-1269-6 

COMMUNITY ECOLOGY - ORIGINAL PAPER 

Quantifying the effects of seed arrival and environmental 
conditions on tropical seedling community structure 

C. E. Timothy Paine • Kyle E. Harms 

Received: 4 August 2008 / Accepted: 4 December 2008 
© Springer-Verlag 2009 

Abstract Though it is recognized that both stochastic and 
deterministic processes structure all communities, empiri- 
cal assessments of their relative importance are rare, partic- 
ularly within any single community. In this paper, we 
quantify the dynamic effects of dispersal assembly and 
niche assembly on the seedling layer in a diverse neotropi- 
cal rain forest. The two theories make divergent predictions 
regarding the roles of seed arrival and environmental heter- 
ogeneity in generating community structure. Put simply, 
dispersal assembly posits that the stochasticity inherent to 
seed arrival structures communities, whereas niche assem- 
bly suggests that heterogeneity in post-dispersal environ- 
mental conditions is more important. We experimentally 
sowed 15,132 seeds of eight tree species at varying levels 
of density and diversity. Every six months we censused the 
seedlings that germinated and assessed the abiotic and 
biotic conditions of each plot. We assessed the density, 
diversity, and species composition of three nested subsets 
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of the seedling layer: seedlings germinated from sown 
seeds, all seedlings germinated between July 2003 and 
2004, and all woody seedlings. We partitioned the variance 
in density and diversity of each subset of the seedling layer 
into components representing seed-addition treatments and 
environmental conditions at 6- to 12-month intervals. Seed 
additions initially explained more variance in the density 
and diversity than did environmental heterogeneity for 
seven of eight sown species, but explained little variance in 
the density or diversity of the entire seedling layer. Species 
composition was better explained by seed-addition treat- 
ments than by environmental heterogeneity for all three 
subsets and in all time periods. Nevertheless, the variance 
in community structure explained by seed-addition treat- 
ments declined over the two years following germination, 
presaging shifts in the relative importance of dispersal 
assembly and niche assembly. Our study quantifies how 
dispersal assembly and niche assembly may vary among 
the components of an ecological community and shift 
dynamically through time. 

Keywords    Community assembly • Dispersal • 
Niche differentiation • Seed addition • Variance partitioning 

Introduction 

Niche assembly and dispersal assembly, two bodies of the- 
ory that seek to explain the structure of ecological commu- 
nities, have frequently been interpreted as adversarial. 
Niche assembly suggests that community structure arises 
through the interplay of relatively deterministic interspe- 
cific interactions and tradeoffs across a spatially heteroge- 
neous landscape (Chase and Leibold 2003). Dispersal 
assembly, by contrast, takes the view that community 
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structure arises from stochasticity in dispersal and demog- 
raphy (Bell 2001; Hubbell 2001). Many aspects of niche 
assembly have found empirical support: species distribu- 
tions often track environmental conditions (Harms et al. 
2001; Arii and Lechowicz 2002; John et al. 2007), competi- 
tion can structure community composition (Fargione et al. 
2003; Harpole and Tilman 2006), and species differ in trait 
values, which can affect demographic performance (Bloor 
and Grubb 2003; Shipley et al. 2006). While challenged by 
abundant evidence of non-neutral patterns, dispersal assem- 
bly theories predict some aspects of community structure, 
such as relative species abundance, accurately and with 
extreme parsimony (Hubbell 2001; Volkov et al. 2005). 
Hybrid models that combine stochastic dispersal with 
deterministic niche assembly have been developed recently 
(Tilman 2004; Gravel et al. 2006), but empirical evaluation 
of these assembly theories has been scant. 

Previous examinations of the roles of dispersal assembly 
and niche assembly in shaping community structure have 
generally yielded a single estimate per community. As data 
sources, these studies have used snapshots of relative spe- 
cies abundance distributions (Volkov et al. 2003, Etienne 
and Olff 2004), spatial distributions of species at local and 
regional scales (Condit et al. 2002; Karst et al. 2005), and 
community dynamics data at local and continental scales 
(Clark and McLachlan 2003; McGill et al. 2005; Harpole 
and Tilman 2006). Even so, it is increasingly evident that 
dispersal assembly and niche assembly simultaneously 
affect all ecological communities (Chase 2003), and that 
their roles may shift both among and within communities 
(Chase 2007). Previous studies have often averaged over 
within-community variation in dispersal assembly and 
niche assembly to generate a single estimate of their 
relative importance (but see Gilbert and Lechowicz 2004 
for a refreshing counterexample). This study takes an 
experimental approach to quantify within-community vari- 
ation in the roles of dispersal assembly and niche assembly. 

We base our study on the divergent predictions of dis- 
persal assembly and niche assembly regarding the relation- 
ship between community structure and the two stages of 
seedling recruitment: seed arrival and seedling establish- 
ment. Under strict dispersal assembly, the arrival of seeds 
would generate community structure, whereas under strict 
niche assembly, heterogeneity in the environmental condi- 
tions encountered by juveniles would structure communi- 
ties. We define "environmental conditions" broadly, 
including all factors, biotic and abiotic, that may affect 
seedling growth and survival. Much effort has been dedi- 
cated to elucidating the myriad environmental conditions in 
tropical forests that affect the structure of the seedling layer. 
They include, among others, soil moisture (Engelbrecht and 
Kursar 2003), light availability (Nicotra et al. 1999, 
Montgomery and Chazdon 2002), competition (Lewis and 

Tanner 2000) and seed predation (Paine and Beck 2007). 
By contrast, the role of seed arrival in generating seedling 
community structure has received less attention, directed 
primarily towards its effects on seedling density and diver- 
sity (Harms et al. 2000; Norden et al. 2007). 

We performed two very simple experiments to quantify 
the effects of seed arrival and environmental heterogeneity 
on the structure of the seedling layer. In the density experi- 
ment, we added seeds of a single species at varying levels 
of density to plots. In the richness experiment, we added 
exactly 24 seeds at varying levels of richness to plots. In 
both experiments, we then monitored the germination and 
survival of the resultant seedlings. By simultaneously mon- 
itoring the environmental conditions of each plot, we were 
able to partition the variance in seedling community 
structure (density, richness and species composition) into 
components representing seed arrival and environmental 
heterogeneity. These partitions represent the degree to 
which dispersal assembly and niche assembly structure the 
seedling community. We performed these analyses on three 
nested subsets of the seedling layer, and repeated them 
every 6 (or 12) months to better understand the within- 
community dynamics of these processes. 

Materials and methods 

Study site and species 

This study was conducted at Estacion Biologica Cocha 
Cashu (EBCC) in the moist floodplain forest of Peru's 
Manu National Park (~12°S, 71°W, -350 m elevation, see 
site descriptions in Terborgh 1990; Paine 2007). The site is 
characterized as tropical moist forest (Holdridge 1947). The 
forested floodplain of the Manu River is extremely diverse, 
with an average of 174 species that attain a diameter of 
10 cm at breast height per hectare, and at least 825 in the 
floodplain as a whole (Pitman et al. 2002). Average annual 
precipitation is 2,200 mm, falling mainly between October 
and April (Paine 2007). 

Tree species were included in the seed-addition experi- 
ments of this study based upon three criteria. First, their 
seeds had to be sufficiently large to be easily cleaned and 
sown. Second, fruit needed to be available between April- 
May 2004, the period in which seeds were added. Third, 
fruiting adults had to be sufficiently common and fecund to 
provide 1,600-3,100 seeds per species for sowing. These 
criteria yielded eight species, all of which reach the canopy 
as adults, and all of which are primarily mammal-dispersed 
(Foster and Janson 1985). The eight species are members of 
widely separated phylogenetic lineages, including one basal 
eudicot, two palms, and dicots from four other orders 
(Davies et al. 2004). Adult stem density of the eight species 
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encompassed the entire range of abundances observed 
among canopy trees in this forest, ranging from 0.08 to 
32 ha-1 (median = 1.3 ha-1; see Paine and Beck (2007) for 
methods). Seeds for sowing were cleaned as in Paine and 
Beck (2007); briefly, fruit pulp and dispersal structures 
were removed manually, using water only when necessary. 
Seeds that bore any evidence of insect or fungal damage 
were discarded. Average seed mass ranged from 0.4 to 
3.9 g (median = 0.8 g). Seed viability was assessed by 
observing germination in a shadehouse at EBCC. Ten seeds 
of each species were sown into ten pots (six for T. pleeana) 
filled 1:1 with forest soil and sand and monitored for 
one year. Species names and distinguishing characteristics 
are presented in Table 1. Further natural history informa- 
tion about the species employed in this experiment is avail- 
able in Paine (2007). 

Experimental design 

We conducted two seed-addition experiments to quantify 
the roles of seed arrival and environmental heterogeneity in 
shaping seedling community structure. In July 2003, 230 
plots were laid out in 23 blocks of ten plots each. Plots were 
circular, with an area of 1 nr, and permanently marked 
with a central iron rebar. The following April, each block 
was expanded to 24 plots, and a 24th block was added for a 
total of 576 study plots. Blocks were randomly located 
throughout a 4-km2 area of mature floodplain forest at 
EBCC. Blocks were located to avoid recent tree-fall gaps or 
frequently inundated swales. Within a block, plots were 
arranged in two (occasionally three) parallel rows, sepa- 
rated by 10 m. Spacing between neighboring plots was var- 
ied between 5 and 10 m to minimize autocorrelation of 
environmental variables. The geographic distance among 
plots therefore ranged from 5m to 2 km. Over the three- 

year study, four of the 576 plots were destroyed by fallen 
trees and excluded from analysis. 

The density and richness experiments were conducted in 
separate plots. Sixteen plots in each block were used by the 
density experiment, four for the richness experiment, and 
the remaining four served as unsown controls for both 
experiments. The natural recruitment rates of the eight 
sown species were estimated by their emergence in control 
plots, where no seeds were sown. 

The 16 density experiment plots in each block were, in 
turn, divided evenly among the eight sown species. Due to 
an insufficiency of seeds, not every sowing density was 
represented in every block, and "block" terms were not 
included in the statistical models. The density experiment 
was repeated with each of the sown species. In it, seeds of a 
single species were sown at doubling classes of density up 
to a species-specific maximum, as suggested by Clark et al. 
(2007). The species-specific maximum sowing density was 
the maximum density of the natural seed fall observed after 
exhaustively searching for seeds in ten randomly located 1 - 
m2 quadrats beneath the crowns of at least five fruiting 
adult trees of each sown species (50 nr per species, in 
total). The adult trees under which we searched were sepa- 
rated by at least 100 m. The maximum observed density 
varied among species from 48 seeds/nr for Duguetia 
quitarensis and Diospyros subrotata to 120 seeds/m2 for 
Iriartea deltoidea. 

The four plots per block randomly assigned to the rich- 
ness experiment received exactly 24 seeds, representing 
two, four, six or eight species, with species drawn ran- 
domly and evenly from the pool of eight sown species. In 
this way, evenness was maximized, and the species rich- 
ness of the added seeds was confounded neither with total 
sown density nor species composition. Annually, a median 
of six vertebrate-dispersed species (quartiles: 4-8) arrive in 

Table 1   Natural history of species added as seeds in this experiment, sorted by family 

Species (family) Seed rain 
(seeds m~2 year-1) 

Seed 
mass (g) 

Adult 
density (ha-1) 

Seed 
viability (%) 

Duguetia quitarensis Benth. (Annonaceae) 0.36 

Iriartea deltoidea Ruiz and Pav. (Arecaceae) 0.24 

Socratea exorrhiza (Mart.) H. Wendl. (Arecaceae) <0.01 

Buchenavia grandis Ducke (Combretaceae) <0.01 

Diospyros pavonii (A. DC.) J.F. Macbr. (Ebenaceae) 0.02 

Diospyros subrotata Hiern. (Ebenaceae) <0.01 

Trichilia pleeana (A. Juss.) C. DC. (Meliaceae) 0.13 

Heisteria nitida Engl. (Olacaceae) 0.06 

0.41 3.65 55 

3.86 323 61 

3.44 0.08 88 

1.93 0.17 52 

0.61 0.17 42 

0.79 2.33 56 

0.86 3.35 25 

0.22 0.25 55 

All species are canopy trees, except /. deltoidea and S. exorrhiza, which are canopy palms. Annual seed rain was estimated from fortnightly col- 
lections of 289 0.5-m2 seed traps in the floodplain forest at Estacion Biologica Cocha Cashu (EBCC) between January 2003 and 2006. Adult density 
was determined in three permanent plots totaling 10.25 ha in the EBCC trail system. Data on seed rain and adult density was kindly provided by 
Dr. John Terborgh. Seed mass is the air-dry weight of fresh seeds with all dispersal structures removed (see Paine and Beck 2007 for details). Seed 
viability is reported as the mean percentage of seeds germinating within 12 months of sowing in a shadehouse (see text for details) 
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a square meter of forest floor, according to an ongoing 
seed-trapping project at EBCC (J. Terborgh, unpublished 
data). Seed additions in the richness experiment thus 
spanned the range of species richness that would annually 
arrive in the seed rain. 

For both experiments, seeds were manually sprinkled 
over plots without disturbing the soil or leaf litter in any 
manner (as in Tilman 1997). The vegetation in each plot 
was then lightly shaken to ensure that no seeds remained 
perched atop their leaves. We began the density experiment 
in July 2003 with one species, Diospyros pavonii, as a pilot 
study immediately following the first census. The richness 
experiment began in May 2004. The density experiments 
for the remaining seven species also began at that time. 

All plots were observed every 6 months between July 
2003 and 2006, at the height of the dry season (July) and 
the wet season (January). At each census, we tagged all 
new individuals of the eight sown species that had germi- 
nated since the previous census. In addition, we monitored 
three aspects of the environment of each plot: the biotic 
neighborhood, soil moisture, and global light index. We 
evaluated two components of each plot's biotic neighbor- 
hood. At every July census, we tagged and measured seed- 
lings and small saplings of free-standing nonsown woody 
species between 10 and 50 cm tall, excluding any that bore 
only cotyledons. For brevity, we refer to both seedlings and 
small saplings as "seedlings," regardless of whether they 
bore cotyledons. At all censuses except those of January 
2004 and 2006, we estimated the percent cover of under- 
story palms, ferns, herbaceous vegetation (mostly Maranta- 
ceae, Heliconiaceae, and Araceae), and coarse woody 
debris (limbs, trunks and roots >5 cm in diameter). We 
used the four estimates of cover, along with the density and 
species richness of nonsown seedlings, as descriptors of the 
biotic neighborhood of each plot. Soil moisture was evalu- 
ated gravimetrically to a depth of 5 cm in July 2004, and 
with time-domain reflectometry in July 2005, January 2005 
and 2006 (depth: 15 cm; Field Scout TDR 200, Spectrum 
Technologies). Light availability was quantified as the glo- 
bal light index in Gap Light Analyzer 2.0 (Frazer et al. 
2000) from canopy photos taken 67 cm above each plot in 
July 2004. 

Identifying seedlings in such a diverse forest is a 
challenging task. To facilitate identification, we developed 
living and digital reference collections. Seeds of all avail- 
able and identifiable species were sown into a greenhouse 
at EBCC between 2003 and 2005. Greenhouse-grown seed- 
lings were studied and photographed repeatedly throughout 
their germination and establishment (all images are 
publicly available at http://manuplants.org). All tagged 
seedlings were identified in the field based on field charac- 
teristics and comparisons with greenhouse-grown individu- 
als. Voucher photographs of unidentified seedlings were 

taken in the field. Post hoc comparisons of voucher 
photographs with the reference collection allowed further 
identifications to be made. Nevertheless, not all seedlings 
could be confidently identified to species. Recognizable 
seedlings that could not be assigned to a species were 
assigned to higher taxa, and/or assigned to morphotypes. 
We assume that morphotypes represent distinct species; 
every morphotype that we identified in the course of the 
project was indeed a distinct species. The identification of 
each seedling was re-evaluated and refined (if necessary) at 
each census. By the final census, in July 2006, 75, 18 and 
4% of seedlings were identified to species, genus or family 
level, respectively; 3% remained unidentified. 

Data analyses 

Prior to assessing the effects of our seed-addition treat- 
ments, we checked for correlations between establishment 
conditions and geographic distance. Such correlations 
could confound their relationships with seedling commu- 
nity structure. We assessed the correlation between envi- 
ronmental conditions and geographic distance with Mantel 
tests (Mantel 1967; Gilbert and Lechowicz 2004). Mantel 
tests test the significance of the correlation between two 
matrices through permutation (McCune and Grace 2002). 
We calculated the Euclidian distances among plots and the 
scaled Euclidian dissimilarity of environmental conditions 
of each plot and calculated a Pearson correlation coeffi- 
cient. Then we permuted the elements of one matrix, recal- 
culated the correlation, and determined how often a 
stronger correlation would be expected by chance. The sig- 
nificances of observed correlations were assessed with 
1,000 permutations. 

For both experiments, we assessed the variance 
explained by seed-addition treatments, environmental con- 
ditions, and their one-way interactions. Data from the den- 
sity experiment and the richness experiment were analyzed 
in an identical fashion, with only a change in response vari- 
ables: stem density in the density experiment, and species 
richness, Shannon index of diversity, and species composi- 
tion in the richness experiment. We assessed these relation- 
ships using three nested sets of seedlings: seedlings 
germinated from experimentally added seeds (henceforth 
"sown species"), all seedlings (both sown and nonsown) 
that recruited between July 2003 and 2004 (henceforth 
"2004 cohort"), and the entire seedling layer together 
(regardless of individual ages). 

To quantify the effects of seed arrival and environmental 
conditions on seedling stem density and species diversity, 
we used step wise model selection based on Akaike's infor- 
mation criterion (AIC, Burnham and Anderson 2002). We 
began with a multiple regression that included log-trans- 
formed sown density (or log-transformed sown species 
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richness) and all measured environmental variables as pre- 
dictor variables. Stepwise selection was used to select the 
best combination of variables (including one-way interac- 
tions) for predicting each response variable. Models were 
compared on the basis of AIC, and both forward and back- 
ward steps were possible (Venables and Ripley 1999). Mul- 
ticollinearity was not an issue, as the variables representing 
environmental conditions were essentially uncorrelated 
(mean \r\ = 0.03). Repeated measures analyses were not 
conducted, as not all environmental conditions were mea- 
sured at all census periods. Instead, separate models were 
created for each census period. We extracted the variance 
explained by the seed-addition treatment, the sum of the 
variance explained by environmental conditions, and the 
variance explained by seed-addition by environment inter- 
actions using Type I sums of squares. Because seed arrival 
is the first stage of recruitment, the seed-addition variable 
always entered the model first. Thus, the percent variance 
explained by environmental conditions represented that 
which remained after accounting for seed arrival; i.e., the 
degree to which environmental conditions change the com- 
munity structure generated by seed additions. 

Finally, we quantified the effects of seed arrival and 
establishment conditions on seedling species composition. 
These analyses were performed for the richness experiment 
only. Mantel tests assessed the strength of (partial) correla- 
tions between sown species composition, environmental 
conditions, and seedling species composition (McCune and 
Grace 2002). The correlation between sown and seedling 
species composition was calculated with a Mantel test as 
described above. The relationship between environmental 
conditions and seedling species composition was calculated 
with a partial Mantel test, allowing an estimation of the par- 
tial correlation of environmental conditions and seedling 
species composition, after accounting for the correlation of 
sown and seedling species composition. Two sets of 
distance matrices for species composition were calculated, 
based on Chao-Jaccard and Sorenson (Bray-Curtis) dissim- 
ilarity indices (Chao et al.  2005). The use of different 

dissimilarity indices did not change the resulting correla- 
tions in any meaningful way, and for brevity, only results 
based on the Chao-Jaccard index are presented. We tested 
the significance of the (partial) correlations by permuting 
the seedling species composition matrix 1,000 times (hold- 
ing the sown species composition and environmental simi- 
larity matrices constant), and recalculating the correlation 
coefficient. Mantel tests were repeated at each census 
period to assess changes over time in the relative impor- 
tance of seed arrival and environmental conditions. 

All analyses were performed in the R statistical package 
(R Development Core Team 2007). The MASS and vegan 
packages were used to implement the stepwise selection 
and Mantel tests, respectively (Venables and Ripley 1999; 
Oksanen et al. 2007). 

Results 

Over three years, 1,360 seedlings germinated from the 
15,132 seeds that we added, constituting a mean germina- 
tion rate of 9.0%. Germination varied by an order of magni- 
tude among sown species, from 2.1% in D. quitarensis to 
21.3% in D. pavonii. One hundred six seedlings of sown 
species recruited in control plots to which no seeds were 
experimentally added; a mean natural recruitment rate for 
each species of 0.008 seedlings m-2 year-1. Three rela- 
tively common and fecund species recruited more than ten 
seedlings each into control plots, whereas no seedlings of 
Socratea exorrhiza, which is rare in the immediate study 
area, recruited naturally. 

Correlations between environmental variables and geo- 
graphic distances were very weak at all census periods (Man- 
tel's r < 0.09), but were significant in July 2004, January 
2005 and July 2005 (P < 0.03, Table 2). Seed-addition treat- 
ments were randomly assigned to plots, and should, there- 
fore, have been uncorrelated with geographic distance. We 
tested this assumption with another set of Mantel tests, and 
found it to be valid (Mantel's \r\ < 0.01, P > 0.55, Table 2). 

Table 2  Mantel tests compared the correlation of geographic distance and environmental dissimilarity, and geographic distance and seed-addition 
treatments 

Environmental dissimilarity 

Mantel's r 

Seed-addition treatments 

Mantel's r 

July 2004 

January 2005 

July 2005 

January 2006 

July 2006 

0.05 

0.09 

048 

0.03 

0.03 

0.030 

0.001 

<0.001 

0.087 

0.166 

0.00 

0.00 

-0.01 

-0.01 

-0.01 

0.553 

0.686 

0.743 

0.839 

0.920 

Significance was tested with 1,000 randomizations of the geographic distance matrix. Environmental dissimilarity was twice weakly and posi- 
tively, but significantly, correlated with geographic distance. Seed-addition treatments were uncorrelated with geographic distance 
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We tagged 4,792 non-sown seedlings over the three-year 
study, representing 320 species, 185 genera and 66 families 
(Paine 2007). Each 1-m2 study plot contained, on average, 
6.4 ± 4.8 individual stems, and 5.0 ± 3.0 species 
(mean ± SD; Fig. 1). Nonsown seedling density peaked in 
July 2004 and declined thereafter. We did not monitor natu- 
ral seed rain in the context of this study, but this degree of 
temporal variation in seedling stem density has been associ- 
ated with fluctuations in seed rain density elsewhere in 
tropical South America (Norden et al. 2007). 

Density experiment 

Seed arrival was a better predictor of seedling stem density 
than were environmental conditions (Figs. 2, 3). During the 
early stages of the density experiment, sown density 
explained more of the variance in seedling density than did 
all environmental variables combined, indicating that seed 
arrival  strongly  limited  seedling  density   [21 ± 2%  vs. 
11 ± 2%    (mean ± SEM),    respectively;    F, (U)" 15.63, 

Oecologia 

density was low and unrelated to sown density, suggesting 
that environmental conditions strongly affected the perfor- 
mance of this species. Models of seedling stem density 
explained an average of 39% of total variance, leaving 61% 
of the variance unexplained. The variance explained by 
sown density was initially substantial (mean over eight 
sown species ± SEM, January 2005: 27 ± 5%), and 
declined over time. Nevertheless, seed arrival still signifi- 
cantly limited stem density at the final census, explaining 
16 ± 4% of the variance. At the final census, environmental 
conditions explained more variance in stem density than 
did sown density for three species. Statistical interactions 
among seed-addition treatments and environmental vari- 
ables were frequently significant, but rarely substantial 
(6±1%). In the 2004 cohort, seed-addition treatments 
explained only a small fraction of the variance in stem den- 
sity (Fig. 3). Instead, the stem density of the 2004 cohort 
was best explained by environmental variables (R2 > 0.66). 
Neither seed arrival nor environmental conditions 
explained the stem density of the entire seedling layer 

P = 0.0002]. For one species, D. quitarensis, seedling stem       (R < 0.09). 

8   • 

t%   4   • 

8  - 

4  - 

b 

- 
• Sown 

Non-sown 
2004 Cohort 

— _ 

July 
2003 

July 
2004 

July 
2005 

July 
2006 

Fig. 1 a Stem density and b species richness of sown and nonsown 
seedlings over three years. Individuals and species that constitute the 
2004 cohort are stippled. The 2004 cohort comprised both sown and 
nonsown species 

Richness experiment 

The species richness of seedlings germinated from sown 
seeds was strongly affected by seed arrival, but was also 
influenced by environmental heterogeneity (Figs. 4, 5). In 
January 2005, sown species richness explained 27% of 
the variance in seedling species richness; environmental 
variables explained 2%. Eighteen months later, at the final 
census, the variances explained by seed arrival and environ- 
mental conditions had roughly equalized, at 8 and 11%, 
respectively. The analyses of the Shannon diversity index 
closely paralleled those of species richness, and are not 
shown. The species richness of the 2004 cohort was well 
explained by environmental variables (R2 > 0.42), and not 
by sown species richness (R2 < 0.03). Neither seed-addition 
treatments nor environmental variables explained the spe- 
cies richness of the entire seedling layer (R2 < 0.06). 

Seedling species composition was also assessed in the 
richness experiment. Seedling species composition was 
more tightly correlated with the species composition of 
added seeds than with environmental conditions (Table 3). 
The correlation between sown species composition and 
seedling species composition was strongest in July 2005 
(Mantel's r = 0.41), and weakened over the following 
two years (r = 0.29). Partial correlations between environ- 
mental conditions and the species composition of sown 
seedlings, after accounting for seed arrival, were significant 
at no time (\r\ < 0.02, P > 0.094). The species composition 
of the 2004 cohort was significantly, though weakly, corre- 
lated with seed-addition treatments. The strength of this 
correlation also declined between July 2004 and 2006, from 
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0.14 to 0.03. Even so, the correlation of the 2004 cohort 
species composition and environmental conditions was 
weaker, and only significant in July 2005 (r = 0.05, 
P = 0.007). Looking at the entire seedling layer, seedling 
species composition was more tightly correlated with sown 
species composition than with environmental variables 
(Mantel's r^^: 0.23-0.28, Mantel's r^i^n^: 0.04-0.08). 

Discussion 

other hand, decades of research in tropical forests have 
supported the view that recruitment patterns are primarily 
generated by environmental conditions, including—among 
other factors—the availability of light, water, and nutrients, 
competition and seed predation (Nicotra et al. 1999; Lewis 
and Tanner 2000; Montgomery and Chazdon 2002; 
Engelbrecht and Kursar 2003; Paine and Beck 2007). With 
effects on density, diversity and species composition, seed 
arrival also affects the community structure of the seedling 
layer. 

Seed arrival limits density, diversity, and shapes species 
composition 

The density experiment showed the arrival of seeds to affect 
strongly the density of tree seedlings in a highly diverse 
neotropical forest. This outcome was expected, and is con- 
sistent with the results of previous seed-addition studies 
(Makana and Thomas 2004; Svenning and Wright 2005), 
and observational studies of adult and seedling community 
structure (Webb and Peart 2001; Terborgh et al. 2008). The 
richness experiment further showed seed arrival to limit 
seedling species richness, a novel result in tropical forests. 
This finding parallels results from temperate grasslands 
(Tilman 1997; Foster and Tilman 2003; Foster et al. 2004), 
and is consistent with tropical forest studies that have 
inferred dispersal limitation to be strong, through seed trap- 
ping (Clark etal. 1998, Clark et al. 1999, Hubbell et al. 
1999; J. Terborgh, unpublished data), or observations of 
adult distributions at local (Condit et al. 2000; Seidler and 
Plotkin 2006) and regional scales (Condit et al. 2002; 
Tuomisto et al. 2003). 

A novel result of the richness experiment is that even a 
single seed arrival event can shift the species composition 
of the seedling layer. This finding is robust, in that the spe- 
cies composition of experimentally added seeds was sig- 
nificantly and positively correlated with not only the 
composition of the seedlings that germinated from those 
seeds, but also with the seedlings comprising the 2004 
cohort, and with the entire seedling layer (Table 3). In this 
diverse forest, the arrival of a seed of a rare species to a 
small plot can make its composition dissimilar from that of 
neighboring plots, moving it to a remote part of multidi- 
mensional "species-composition space." Though common 
species were included in our pool of sown species, others, 
such as Buchenavia grandis and S. exorrhiza, are locally 
rare as adults and germinated many seedlings. Thus, the 
one-time seed additions we performed were sufficient to 
shift the species composition of the entire seedling layer, 
and this compositional shift persisted for two years follow- 
ing germination. 

At face value, the finding that seed arrival influences 
seedling community composition is unsurprising. On the 

Within-site variation in the roles of dispersal assembly 
and niche assembly 

After showing seed limitation to be strong, we partitioned 
the variance in seedling community structure to infer the 
roles of dispersal assembly and niche assembly on each 
subset of the community over time. Put simply, seed arrival 
and environmental conditions imposed complex and 
dynamic forces on the seedling community. Combining the 
results of the density and richness experiments, seed-addi- 
tion treatments initially explained more variance in stem 
density, diversity and species composition than did envi- 
ronmental heterogeneity (Fig. 3, 5, and Table 3), suggest- 
ing the dynamics of the youngest seedlings to be consistent 
with dispersal assembly. Nevertheless, the variance 
explained by the seed-addition treatments decreased 
through time, indicating an increase in the importance of 
niche assembly through time. Broad conclusions are 
complicated by results from the 2004 cohort and the entire 
seedling layer, in which heterogeneity in environmental 
conditions explained far more variance in stem density and 
species richness than did seed arrival, even though their 
species compositions were significantly correlated with 
those of the seed-addition treatments. In the following para- 
graphs, we highlight some salient themes in these results. 

One would expect the inferred role of niche assembly to 
increase through ontogeny. Dispersal is a singular event for 
sessile organisms; it establishes the initial distribution of 
individuals and species. Thereafter, bouts of ecological 
filtering, such as those imposed by drought, occur at irregu- 
lar intervals (e.g., Delissio and Primack 2003). In longitudi- 
nal studies like ours which track a cohort through time 
(e.g., Makana and Thomas 2004; Svenning and Wright 
2005), the inferred role of niche assembly will increase 
over time as incidents of ecological filtering accumulate. 
Simultaneously, longitudinal studies of experimentally 
sown cohorts may underestimate the long-term effects of 
seed arrival. As in this study, a one-time addition of seeds 
may not affect the density or diversity of the entire seedling 
layer. Even so, if seed arrival frequently affects the struc- 
ture of cohorts, its influence will accrue in community-wide 
stem density, species richness, and species composition. In 
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Fig. 2  Density of recruited 
seedlings of eight sown species 
over time, by sown density, sort- 
ed by the abundance of recruited 
seedlings. Each line represents 
the mean stem density in plots 
where there were a variable 
number of seeds in July 2004 
(July 2003 for Diospyros pavo- 
nii). Seed-addition treatments 
increased seedling density for 
seven of eight species. Note that 
the scales of the y-axes differ 
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this context, it is important to note that our one-time seed 
additions slightly increased the density of the 2004 cohort 
and affected that cohort's species composition. This sug- 
gests that the effects of multiple seed-arrival events may 
accumulate in the structure of the seedling layer as a whole. 
"Press" experiments, in which seeds are repeatedly added 
to plots over time, would be essential to assess this hypoth- 
esis. 

The roles of dispersal and niche differentiation may also 
vary among subsets of a community. Among seven of our 
eight sown species, stem density was strongly limited by 

seed arrival, indicating the early dynamics of these species 
to be consistent with theories of dispersal assembly. The 
eighth, D. quitarensis, was affected primarily by heteroge- 
neity in environmental conditions. The low recruitment rate 
of D. quitarensis is not simply a result of low viability, as 
55% of its seeds germinated in the shadehouse (Table 1). It 
is important to note that all eight of the species sown in this 
study are vertebrate dispersed and relatively large-seeded. 
A recent meta-analysis suggests establishment limitation 
may be more intense on species with smaller seeds and abi- 
otic dispersal (Clark et al. 2007). Although the generality of 

4y Springer 



Oecologia 

Fig. 3  Percent variance in the 
stem density of seedlings germi- 
nated from sown seeds was bet- 
ter explained by seed-addition 
treatments than by environmen- 
tal heterogeneity. Each bar rep- 
resents the percent variance 
explained by seed-addition treat- 
ment, environmental heteroge- 
neity, their interactions, or 
unexplained (residual). Bars are 
grouped by species and, within 
species, sorted by observation 
period. The lowermost two sets 
of bars represent the effects of 
sown density on the density of 
the 2004 cohort and the entire 
seedling layer density, respec- 
tively. The environmental heter- 
ogeneity variance represents the 
variance explained by all envi- 
ronmental variables. Only spe- 
cies that germinated rapidly 
upon sowing were analyzed in 
July 2004; nd indicates that no 
data were available. * P < 0.01; 
** P< 0.001; ***P< 0.0001 
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our results for smaller-seeded taxa is presently unknown, 
our results are consistent with the findings of the meta-anal- 
ysis: D. quitarensis had the second-smallest seeds among 
the sown species. 

Finally, the breadth of environmental conditions investi- 
gated, together with the number of variables assessed to 
quantify them, are likely to limit the imputed role of niche 
assembly. In this study, the range of environmental condi- 
tions to which seedlings were exposed was limited by 
experimental design to the habitat to which the great major- 
ity of seeds arrive: relatively undisturbed closed-canopy 
forest. Even so, the range of environmental conditions 

experienced by seedlings in the understory of closed-can- 
opy forest is not trivial (Montgomery and Chazdon 2002). 
All studies that seek to quantify the degree of niche differ- 
entiation are susceptible to a fundamental criticism: the 
variables utilized by the investigators to summarize the 
environment may fail to adequately represent the condi- 
tions experienced by the studied organisms. This charge 
may be levied against the present study: many environmen- 
tal variables remained unqualified, including (among oth- 
ers) soil nutrients. We doubtlessly would have found a 
more prominent role of environmental variation in predict- 
ing community structure had we measured a wider variety 
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Fig. 4 Species richness of sown species (a), the 2004 cohort (b), and 
entire seedling layer (c). Each line represents the species richness in 
plots where zero, two, four, six or eight species were added as seeds in 
July 2004. Adding a diverse set of seeds significantly increased the 
species richness of the subsequent recruits, but had limited effects on 
cohort richness and the richness of the entire seedling layer, since their 
inter-plot variance was great. Arrows indicate the timing of seed addi- 
tions. Note that the scales of the j-axes vary 

of environmental variables or extended the experiment 
across broader environmental gradients to include, for 
example, flooded swales or tree-fall gaps. 

Among-site variation in the roles of dispersal assembly 
and niche assembly 

Among-site differences in the intensity of ecological filtra- 
tion will affect the relative importance of dispersal assem- 
bly and niche assembly. Where ecological filtration is 
relatively weak, dispersal assembly may dominate commu- 
nity dynamics. Just as neutral drift is expected for genomes 
in the absence of selection (Kimura 1983), dispersal assem- 
bly may be expected for communities in the absence of eco- 
logical filtering. Similarly, just as selection nonrandomly 
alters the relative abundance of alleles, ecological filtering 
may fall more strongly upon individuals of some species 
than upon others, thus driving a community toward niche 
assembly. Accordingly, communities subject to intense pre- 
dation or disturbance regimes appear resistant to stochastic- 
ity in community structure, and are well fitted by niche- 
assembly models (McGill 2003; McGill et al. 2006; Chase 
2007). On the other hand, communities subject to relatively 
benign environments and moderate rates of predation and 
disturbance appear more sensitive to stochasticity, and are 
well fitted by models of dispersal assembly (Fukami 2004). 

Despite the simplicity of our manipulations, they affor- 
ded a degree of resolution into dispersal assembly and 
niche assembly unavailable to observational studies. The 
paired seed trap-seedling plot design employed in many 
observational studies (e.g., Harms et al. 2000; Norden et al. 
2007) has a key weakness: the seed rain captured by the 
seed traps is not identical to that which arrives in the neigh- 
boring seedling plots. In contrast, by experimentally adding 
seeds, we knew with greater (though still not complete) cer- 
tainty the composition of the seed rain arriving in our seed- 
ling plots. Furthermore, by conducting independent 
manipulations of the density and the species richness of the 
seed rain, we were able to disentangle their influences, 
which are frequently confounded in natural seed rain. The 
combination of seed additions and variance partitioning 
permitted a detailed dissection of the interacting roles 
played by dispersal assembly and niche assembly within a 
single diverse community. 

Conclusion 

This study showed that seed arrival not only limits the den- 
sity and diversity but that it also affects the species compo- 
sition of the seedling layer of a diverse tropical forest. The 
complex roles played by the main forces structuring the 
seedling layer, dispersal assembly and niche assembly, 
were illustrated by a variance-partitioning analysis. The 
relationship between seed-addition treatments and commu- 
nity structure varied among subsets of the seedling layer, 
and became weaker over the course of the experiment. We 

4y Springer 



Oecologia 

Fig. 5  Variance in species rich- 
ness of sown seedlings, the 2004 
cohort, and the entire seedling 
layer was explained by seed 
additions, environmental condi- 
tions, and their interactions. 
Only three sown species had ger- 
minated by July 2004, so the 
species richness of sown seed- 
lings was analyzed only after 
January 2005. Abbreviations are 
as in Fig. 3 
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Table 3 Seed-addition treatments better predicted seedling species 
composition than does environmental heterogeneity, even two years 
after germination 

Seed arrival 

Mantel's r 

Environmental 
heterogeneity 
after arrival 

Mantel's r 

Sown species 

July 2004 nd nd nd nd 

January 2005 0.41 <0.001 -0.02 0.878 

July 2005 0.30 <0.001 0.02 0.094 

January 2006 0.32 <0.001 0.01 0.255 

July 2006 0.29 <0.001 -0.02 0.902 

2004 cohort 

July 2004 0.14 <0.001 0.03 0.109 

July 2005 0.05 <0.001 0.05 0.007 

July 2006 0.03 0.005 0.01 0.336 

Entire seedling layer 

July 2004 0.28 <0.001 0.05 0.014 

July 2005 0.24 <0.001 0.08 0.000 

July 2006 0.23 <0.001 0.04 0.021 

The correlation of the species composition of sown seeds with the 
species composition of three subsets of the seedling layer was assessed 
with Mantel tests. The correlation of post-dispersal environmental 
conditions with the species composition of the three subsets of the 
seedling layer was assessed with partial Mantel tests that controlled for 
the species composition of the sown seeds 

thus infer dispersal assembly to play a relatively strong role 
in the initial stages of seedling recruitment, but that role is 
likely to weaken over time for most species. When (or if) 
niche assembly assumes a dominant role, its timing remains 
unclear. We note that our scope for inference is limited by 
several factors; prominent among them is the fact that we 
studied only the earliest stages of recruitment in long-lived 
trees. If the effects of seed arrival persist through time, 
despite ongoing ecological filtering, stochastic processes 
may play an important role in generating the structure and 
dynamics of diverse tropical forests. 
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