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Abstract. Two prominent mechanisms proposed to structure biodiversity are niche-based
ecological filtering and chance arrival of propagules from the species pool. Seed arrival is
hypothesized to play a particularly strong role in high-diversity plant communities with large
potential species pools and many rare species, but few studies have explored how seed arrival
and local ecological filters interactively assemble species-rich communities in space and time.
We experimentally manipulated seed arrival and multiple ecological filters in high-diversity,
herbaceous-dominated groundcover communities in longleaf pine savannas, which contain the
highest small-scale species richness in North America (up to .40 species/m2). We tested three
hypotheses: (1) local communities constitute relatively open-membership assemblages, in
which increased seed arrival from the species pool strongly increases species richness; (2)
ecological filters imposed by local fire intensity and soil moisture influence recruitment and
richness of immigrating species; and (3) ecological filters increase similarity in the composition
of immigrating species. In a two-year factorial field experiment, we manipulated local fire
intensity by increasing pre-fire fuel loads, soil moisture using rain shelters and irrigation, and
seed arrival by adding seeds from the local species pool. Seed arrival increased species richness
regardless of fire intensity and soil moisture but interacted with both ecological filters to
influence community assembly. High-intensity fire decreased richness of resident species,
suggesting an important abiotic filter. In contrast, high-intensity fire increased recruitment and
richness of immigrating species, presumably by decreasing effects of other ecological filters
(competition and resource limitation) in postfire environments. Drought decreased
recruitment and richness of immigrating species, whereas wet soil conditions increased
recruitment but decreased or had little effect on richness. Moreover, some ecological filters
(wet soil conditions and, to a lesser extent, high-intensity fire) increased similarity in the
composition of immigrating species, illustrating conditions that influence deterministic
community assembly in species-rich communities. Our experiment provides insights into
how dispersal-assembly mechanisms may interact with niche-assembly mechanisms in space
(spatial variation in disturbance) and time (temporal variation in resource availability) to
structure high-diversity communities and can help guide conservation of threatened longleaf
pine ecosystems in the face of habitat fragmentation and environmental change.
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niche assembly; resource availability; soil moisture; species diversity; species pool; species-rich longleaf pine
savanna.

INTRODUCTION

Community ecology is currently in a period of rapid

synthesis, with an increased emphasis on integrating

local processes (e.g., habitat selection, species interac-

tions) with regional processes (e.g., metacommunity

dynamics) to understand patterns and dynamics of

biodiversity (Leibold et al. 2004, Ricklefs 2004, Vellend
2010). Fundamental to this synthesis are pluralistic
theories of biodiversity that incorporate elements from
two general but contrasting conceptual models. The
niche-assembly model views local communities as
deterministic, ‘‘limited-membership’’ assemblages in
which local environmental conditions and biotic inter-
actions influence the assembly, diversity, and composi-
tion of communities (Hutchinson 1957, Chesson 2000,
Hubbell 2001, Chase and Leibold 2003). In contrast, the
dispersal-assembly model views local communities as
‘‘open-membership’’ assemblages in which the size of the
species pool, chance colonization and immigration
history, and demographic stochasticity primarily influ-
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ence community assembly (MacArthur and Wilson
1967, Bell 2001, Hubbell 2001). Although there is an
emerging consensus that both deterministic and sto-
chastic processes influence biodiversity and species
coexistence (Tilman 2004, Gravel et al. 2006, Adler et
al. 2007, Chase 2007), most empirical studies have
focused on testing predictions at the extreme ends of this
theoretical continuum (e.g., McGill et al. 2006).
Consequently, there is a major gap in our understanding
of how niche- and dispersal-assembly processes interact
in space and time to structure natural communities, a
critical gap to bridge in light of current threats to
biodiversity owing to global environmental change
(Clark 2009).
Ecological theory suggests conditions in which

dispersal- and niche-assembly mechanisms may struc-
ture biodiversity (e.g., Chase 2003, Tilman 2004, Gravel
et al. 2006, Chase 2007), but few empirical studies have
examined the interplay between these processes in high-
diversity communities. Species-rich communities have
played a prominent role in the continued debate over the
relative importance of niche and dispersal assembly in
community ecology (e.g., Hubbell 2001, Tuomisto et al.
2003, Silvertown 2005, Wills et al. 2006, John et al. 2007,
Kraft et al. 2008, Myers and Harms 2009a, Paine and
Harms 2009, Vergnon et al. 2009). In these communities,
arrival of propagules from the species pool is often
predicted to have a strong influence on local biodiversity
and species composition, for at least three reasons. First,
a striking feature of many species-rich communities is
that they contain large numbers of rare species (e.g.,
Volkov et al. 2007). Populations of rare species, in turn,
will often be recruitment limited owing to reduced
dispersal and fecundity (‘‘recruitment limitation as a
rule’’; Barot 2004). Under these conditions, competitive
exclusion can be delayed (Hurtt and Pacala 1995),
allowing species that arrive to communities from the
potential species pool (or metacommunity) to persist in
those communities, thereby maintaining or increasing
local diversity (Hubbell 2001). In the absence of
immigration, populations of many rare species will be
prone to demographic stochasticity, which increases the
importance of ecological drift in community assembly
(Hubbell 2001). Second, high-diversity communities are
often assembled from large species pools. Consequently,
many species can potentially attain membership in a
given local community, increasing the likelihood that
chance colonization and immigration history influence
species composition (Chase 2003). Dispersal-assembled
communities with similar environmental conditions are
therefore predicted to have dissimilar species composi-
tion (Chase 2007). Finally, rare species may interact
infrequently in high-diversity communities (Grubb 1986,
Hubbell and Foster 1986), which reduces the likelihood
that deterministic, pairwise species interactions (e.g.,
interspecific competition) contribute to community
assembly (Myers and Harms 2009a).

Although theory suggests an important role for
dispersal assembly in high-diversity communities, mem-
bership in local communities may also depend on the
ability of species to tolerate niche-based ‘‘ecological
filters’’ imposed by local abiotic or biotic conditions
(e.g., Keddy 1992, Diaz et al. 1998, Myers and Harms
2009b). Here, immigration may have a weaker influence
on local diversity if ecological conditions prevent species
from establishing in local communities (e.g., as in
species-sorting metacommunity models; Leibold et al.
2004), resulting in more limited-membership assemblag-
es. Alternatively, high rates of immigration may
decrease local diversity if they increase the probability
that dominant competitors or predators are introduced
into local communities (Mouquet and Loreau 2003).
The relationship between immigration and local diver-
sity will also be influenced by the strength of niche-based
filters in space and time: In the presence of an
exceptionally strong filter, local diversity may be largely
decoupled from immigration, resulting in relatively
closed-membership assemblages. In contrast to dispers-
al-assembled communities, niche assembly is predicted
to increase similarity in species composition among
communities with similar environmental conditions,
especially when those conditions include strong ecolog-
ical filters (Chase 2003, 2007).

Here, we used an experimental approach to investi-
gate how seed arrival from the species pool interacts
with multiple ecological filters to assemble high-diversi-
ty, herbaceous-dominated groundcover communities in
the longleaf pine (Pinus palustris) ecosystem. This
ecosystem provides an ideal setting for exploring
mechanisms of community assembly in species-rich
plant communities, in several important ways. First, at
small spatial scales, these groundcover communities
harbor the highest levels of plant species richness in
North America and comparable levels of species
richness to other high-diversity, herbaceous-dominated
plant communities worldwide (Walker and Peet 1983,
Peet and Allard 1993), and are therefore highly
amenable to experiments relative to many species-rich,
woody-dominated communities (e.g., tropical forests).
Second, frequent fire is a key component of this
ecosystem (Earley 2004). At the landscape scale,
frequent, low-intensity fires maintain high local diversity
through a variety of potential mechanisms, such as
reduction of biomass and litter, and by reducing
dominance of woody species (Walker and Peet 1983,
Glitzenstein et al. 2003). At small scales, spatial
variation in local fire intensity reduces abundances of
dominant groundcover species (shrubs and bunchgrass-
es; Thaxton and Platt 2006; P. R. Gagnon, K. E. Harms,
W. J. Platt, H. A. Passmore, and J. A. Myers,
unpublished data) and may function as an important
niche-based filter influencing local community assembly
and species coexistence (e.g., Walker and Peet 1983,
Brewer 2006, Platt et al. 2006, Myers and Harms 2009a).
Third, soil moisture plays an important role in shaping
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patterns of species richness and composition at multiple
scales (Walker and Peet 1983, Peet and Allard 1993,
Kirkman et al. 2001), suggesting a second important
niche-based filter, especially for seed and seedling
recruitment (Iacona et al. 2010). Finally, this ecosystem
has experienced some of the highest levels of habitat
destruction worldwide (,2% of the original ecosystem
remains), underscoring the need to understand ecolog-
ical processes that can aid in the conservation and
restoration of threatened biodiversity (Earley 2004).
We used a factorial field experiment to test three

mechanistic hypotheses concerning community assembly
and the maintenance of local biodiversity. First, we
tested the hypothesis that species-rich groundcover
communities constitute relatively open-membership
assemblages. For this hypothesis, we used a seed-
addition experiment to test the prediction that seed
arrival from the species pool increases local diversity.
This approach provides insight into the consequences of
an expanded species pool on local community assembly
(Myers and Harms 2009b), but does not disentangle the
causes of seed arrival (e.g., dispersal vs. fecundity
limitation; Clark et al. 1998) or its stochastic and
deterministic components (Turnbull et al. 2008, Clark
2009). Second, we tested the hypothesis that two types of
ecological filters influence local diversity and member-
ship from the species pool: local fire intensity and soil
moisture. We increased pre-fire fuel loads to test the
prediction that locally intense fires decrease local
diversity of resident species, but increase recruitment
and diversity of immigrating seeds by reducing effects of
other ecological filters in postfire environments (e.g.,
space and biomass). In the soil moisture experiment, we
tested the predictions that dry and wet soil conditions
decrease and increase local diversity, respectively,
especially through their effects on recruitment of
immigrating seeds. Third, we tested the hypothesis that
ecological filters increase similarity in the species
composition of immigrating seeds. This analysis allowed
us to assess whether local communities assembled from
an experimentally standardized species pool exhibited
more deterministic community composition when eco-
logical filters are present relative to when they are absent
or weak.

METHODS

We conducted our study in an upland, mesic, .100-
ha longleaf pine savanna at Camp Whispering Pines,
Tangipahoa Parish, Louisiana, USA (308410 N, 908290

W; mean annual temperature ! 198C; mean annual
rainfall ! 1626 mm; 25–50 m above mean sea level; see
Platt et al. 2006 for a detailed description of the study
site). The site has a large potential species pool (.300
vascular plant species) and high species richness at local
scales (22 species/0.5 m2 [our findings]; ;30 species/1 m2

[K. E. Harms, W. J. Platt, H. A. Passmore, J. A. Myers,
and P. R. Gagnon, unpublished data]; 103 species/100 m2

[Platt et al. 2006]), including a diverse groundcover

assemblage of forbs, grasses, sedges, and shrubs. The
relatively fertile soils consist of well-drained sands mixed
with and capped by windblown loess (Platt et al. 2006).
The site has been restored and maintained with biennial
growing-season prescribed fires (April–May; Fig. 1a)
since 1994. Our two-year experiment was conducted
from May 2007 to April 2009 in an area burned in May
2007.

Experimental design

Our experiment consisted of a 2 3 3 3 2 factorial,
split-plot design with three treatments: local fire
intensity (control [natural, low-intensity fire], high), soil
moisture (low, control, high), and seed arrival (control,
high). We randomly assigned disturbance and soil
moisture treatments to 60 23 3 m plots located in two
sites (blocks) separated by ;400 m (n! 30 plots/block).
Plots were oriented with the long axis north–south,
positioned at least 7 m apart and at least 2 m from pine
trees, located in areas with relatively homogeneous cover
of large-stature bunchgrasses, and, to maximize light
availability, located in or just south of gaps in the pine
overstory. In each plot, we randomly assigned seed
arrival treatments to 2 0.5-m2 subplots. To reduce edge
effects, we positioned subplots 0.5 m inside plots and
separated them by 1 m. In order to record locations and
densities of plants, we divided each subplot into 50-grid
cells with aluminum nails marking the corners of each 10
3 10 cm cell (Fig. 1d). In total, each treatment
combination was replicated 10 times.
We manipulated local fire intensity by increasing fine-

fuel loads (pine needles) in plots before an early-
growing-season prescribed fire in May 2007 (Fig. 1a).
On the morning of the fire, we evenly distributed 12 kg
of dry pine needles over half of the plots (high-intensity
treatment; 2 kg/m2), mimicking the upper range of
observed fuel loads at our study site (Thaxton and Platt
2006). Fire-logger data collected in a separate, concur-
rent experiment using similar methods (addition of 2 kg/
m2 of pine needles to nearby 4-m2 plots burned the same
morning) demonstrated significantly higher maximum
fire temperatures and total heat release in fuel-addition
relative to control plots (H. A. Passmore, P. R. Gagnon,
W. J. Platt, K. E. Harms, and J. A. Myers, unpublished
data). All control and fuel-addition plots burned during
the fire. One week postfire, we collected a litter/ash
sample from a central 203 20 cm area in each plot and
monitored the samples for seedling emergence in a
growth chamber. There was little to no seedling
emergence in either fuel treatment, indicating that any
seeds potentially present in the litter and added pine
needles were either consumed by, or killed during, the
fire. In addition, even though most litter was consumed
by fire in both fire intensity treatments, photographs
taken in the field prior to collection of the litter/ash
samples showed less litter remaining in the fuel-addition
plots relative to control plots (Fig. 1e, f ).
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We manipulated postfire soil moisture using rain
shelters and irrigation to decrease and increase soil
moisture as would occur under drought and high-
rainfall conditions, respectively. In our high soil
moisture treatment, we irrigated 20 plots 2–4 days per
week during the growing seasons of 2007 and 2008 using
an automated sprinkler system connected to the camp’s
water supply. Plots were generally watered for 30–60

min in the early morning and late afternoon. Natural
rainfall at a nearby weather station (Amite, Louisiana; 6
km northwest) averages 1670 mm/year, with a mean
monthly maximum in January (170 mm), a monthly
minimum in October (100 mm), and additional peaks in
March (150 mm) and July (160 mm). Approximately
30% of the total mean annual rainfall occurs during the
three warmest summer months (June–August). We

FIG. 1. Field experiment testing effects of seed arrival and ecological filters on community assembly and local biodiversity in a
species-rich longleaf pine savanna at CampWhispering Pines, Louisiana, USA. (a) Prescribed fire. (b) Environmental heterogeneity
created by spatial variation in local fire intensity in 6-m2 plots one month postfire. High-intensity fire (left plot, marked with white
stakes) increased space and decreased biomass relative to low-intensity fire (right plot). (c) Rain shelters used to impose drought
conditions on local communities. (d) Local community (0.5-m2 subplot) in the low-intensity fire treatment one month postfire.
Postfire litter and plant density in an adjacent pair of (e) high-intensity and (f ) low-intensity fire plots photographed ,1 week
postfire (central 203 20 cm area of the plot, marked with nails at the four corners). Note that there was reduced litter and postfire
densities of resprouting and seed-bank species following locally intense fires. Photo credits: J. A. Myers.
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added ;1700 mm of water to each irrigated plot over a
period of 6 months (June–November) in 2007, and;800
mm of water over a period of 3 months (June–August)
in 2008. Relative to control plots, we estimate that we
increased total mean annual rainfall by ;100% in 2007
and by ;50% in 2008.
In our low soil moisture treatment, we covered 20

plots (332 m) with individual rain shelters (3.5 m length
3 2.5 m width 3 1.5 m height) constructed out of a
wooden frame and transparent polyethylene film roof
(Tufflite IV 6-mil [0.15 mm], clear [91% light transmis-
sion] four-year poly film; Gothic Arch Greenhouses,
Mobile, Alabama, USA) 2 weeks after the fire (Fig. 1c).
The rain shelters were sufficiently tall to allow unim-
peded growth and reproduction of plants from the
tallest functional group in the plots (bunchgrasses). To
minimize temperature and light effects, the frames were
left uncovered on both ends and up to ;1 m on both
sides (Fig. 1c). We measured photosynthetically active
radiation (PAR; lmol/m2/s) at the end of the two-year
experiment, after the plastic showed slight signs of
degradation, using a quantum sensor (LI-190; LI-COR,
Lincoln, Nebraska, USA) positioned ;60 cm above the
ground at 4–6 stratified subplot positions in four rain-
shelter plots located in large canopy gaps, with and
without rain shelters present. PAR transmission aver-
aged 81% (range! 74–84%). In addition, to test for any
effects of rain shelters themselves (beyond their effect on
soil moisture), we also irrigated 10 additional plots that
were also covered with rain shelters. Due to logistical
constraints, we could not manipulate fire intensity or
seed arrival in these plots, and therefore did not include
this treatment in the factorial analyses of species
richness. Rather, we primarily used this treatment to
test whether the effects of rain shelters on biomass,
presumably due to drought conditions, were ameliorated
when rain shelters were irrigated. The remaining 20 plots
were used as controls and received natural rainfall.
We manipulated seed arrival by adding seeds of 31

species of forbs and sedges from the local species pool to
one of the two subplots (Appendix A). The other
subplot was used as a control and received natural
immigration. We added field-collected seeds over a
period of 5 months (July–December) as seeds became
available, mimicking the timing of natural seed dispersal
for most species. The majority of our seed-addition
species are gravity- and wind-dispersed forbs, which
constitute the most species-rich functional group at the
study site (Platt et al. 2006). We added a total of 4650
seeds/subplot (9300 seeds/m2), at a median rate of 100
seeds"species#1"subplot#1 (200 seeds"species#1"m#2). Ap-
proximately half of the added seeds were wind-dispersed
forbs (4570 seeds/m2). Natural total seed densities at our
study site average 11 666 seeds/m2, approximately half
of which are wind-dispersed forbs (E. I. Johnson 2006,
unpublished data). Thus, we estimate that we approxi-
mately doubled local seed densities, both at the level of
the total pool of seed-addition species and for the most

common functional group (wind-dispersed forbs). Seeds
of all 30 species tested for germination were viable under
growth-chamber conditions, with a median germination
probability of 65% (range ! 12–98%; Appendix A; see
Myers and Harms 2009a for germination methods).

Data collection and analysis

We measured species richness, composition, densities
of seed-addition species, aboveground biomass, and soil
moisture. Species richness, composition, and densities of
stems or rosettes (depending on the species) were
measured in each of the 120 subplots in three censuses:
September–October 2007 (5 months postfire); August–
September 2008 (15 months postfire); and April 2009 (23
months postfire). In total, we recorded ;115 species, 80
genera, and 40 families in the subplots over the course of
the experiment. We sampled biomass in November 2007
(6 months postfire) by clipping all plants at ground level
in two stratified sample areas (0.25 m2 total) located
between the two subplots within each plot. Biomass
samples were dried at 758C for 48 h and then weighed. In
June 2008, we measured soil volumetric water content
(hereafter ‘‘soil moisture’’) after several rain-free days at
two soil depths (7.5 cm and 20 cm) in each plot using a
time domain reflectometer (Field Scout TDR 200;
Spectrum Technologies, Plainfield, Illinois, USA). In
each plot, we measured the mean soil moisture based on
four measurements taken 5–10 cm outside of the north
and south edges of each subplot.
We analyzed total species richness, richness of seed-

addition species, total density of seed-addition species,
biomass, and soil moisture using linear mixed-effects
models (lme function in the R nlme package; Pinheiro et
al. 2009). For species richness and density, we used
repeated-measures models to account for correlation
among subplot measurements across the three censuses.
Our model for total species richness included the three
treatments (fire intensity, soil moisture, seed arrival) and
census as fixed effects, and blocks and plots as random
effects. To analyze richness and density of seed-addition
species, we only used data from the seed-addition (high
seed arrival) subplots, which allowed us to explicitly
examine the effects of ecological filters on seed-addition
species that mostly recruited from seed (most seed-
addition species were absent or rare in the control
subplots). These models included the two filter treat-
ments and census as fixed effects, and blocks as random
effects. The same model structure was used for biomass,
whereas soil depth was included as an additional fixed
effect for soil moisture. When necessary, we log10- or
square-root-transformed response variables to meet the
assumptions of ANOVA. If transformation did not
improve homogeneity of variances, we used a heteroge-
neous variance model (varIdent function) and selected
the model with the lowest Akaike Information Criterion
(AIC).
There were no significant four-way (total species

richness) or three-way (all other response variables)
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interactions, nor were there any significant two-way
interactions between fire intensity and soil moisture
treatments for any response variable. For simplicity, we
therefore focus on and present figures showing interac-
tions between the ecological-filter and seed arrival
treatments, and we provide ANOVA results for all
two- and three-way interactions in Appendix B.
We analyzed effects of ecological filters on species

composition using the R vegan package (Oksanen et al.
2009). For these analyses, we focused on composition of
seed-addition species in the high seed arrival treatment
23 months postfire, because this allowed us to test for
effects of ecological filters in local communities assem-
bled from a standardized species pool. First, we created
a matrix of community similarity using the abundance-
based Bray-Curtis index. Second, we used analysis of
similarity (ANOSIM) to test for treatment differences in
community composition separately for the fire intensity
and soil moisture experiments. Third, we used nonmetric
multidimensional scaling (NMDS; isoMDS function) to
generate a two-dimensional ordination showing differ-
ences in community similarity among treatments. We
obtained similar results using the incidence-based
Jaccard’s index, so for simplicity, we only present results
based on the Bray-Curtis index.

RESULTS

Effects of ecological-filter treatments on biomass, space,
and soil moisture

Local fire intensity influenced aboveground biomass
(P , 0.0001) but not soil moisture (P ! 0.68), whereas
the soil moisture treatments influenced both variables (P

!0.001 for biomass, P, 0.0001 for soil moisture; Fig. 2;
Appendix B: Table B1). High-intensity fire decreased
mean biomass by ;40% relative to low-intensity
(control) fire (Fig. 2a), resulting in local communities
with decreased plant cover (Fig. 1b). Locally intense
fires also increased space in local communities; a median
of 50% of microsites (n ! 25, 10 3 10 cm grid cells/
subplot) contained no rooted plants five months postfire
in the high-intensity fire treatment, compared to a
median of only 3.5% in the low-intensity treatment
(Appendix D). Low soil moisture decreased mean
biomass by 35% relative to control plots, but high soil
moisture had no effect on biomass (Fig. 2b). Moreover,
biomass was similar between control and irrigated rain
shelter treatments, indicating that the decrease in
biomass under rain shelters reflected low soil moisture.
Rain shelters reduced soil moisture by 50–75% across
the two soil depths (20 cm and 7.5 cm, respectively),
whereas irrigation increased soil moisture by 75–145%
(Fig. 2d). Soil moisture was lower at shallow depths in
rain shelter plots, but was similar between depths in
irrigated plots (soil moisture3 soil depth interaction, P
, 0.0001; Fig. 2d). In summary, high-intensity fire
decreased biomass and increased space, rain shelters
decreased soil moisture and biomass, and irrigation
increased soil moisture but had no effect on biomass
over the short-term.

Interactive effects of seed arrival and ecological filters
on species richness and composition

Seed arrival increased total species richness regardless
of local fire intensity and soil moisture (P , 0.0001; Fig.

FIG. 2. Total aboveground dry biomass and soil volumetric water content (soil moisture) in the fire intensity treatments
(control with natural low-intensity fire vs. high-intensity fire) and soil moisture treatments (low, control, high, and irrigated rain
shelter). Biomass was measured six months postfire, and soil moisture was measured during dry summer conditions at two depths
(7.5 and 20 cm). Data are means 6 SE; n ! 30 (fire intensity), 20 (soil moisture), and 10 plots (irrigated rain shelter).
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3; Appendix B: Table B2). At the end of the experiment,
seed arrival increased mean total species richness by 25–
50% across ecological-filter treatments (Fig. 3). More-
over, seed-addition species constituted 40% of the total
mean species richness in high seed arrival communities,
but only 15% of the species richness in control
communities, indicating that the increase in total species
richness reflected recruitment of seed-addition species
that were initially absent or rare. Of the 31 seed-addition
species, 87% (27 species) were recorded in $1 of the seed-
addition subplots, and of those species, at least 10 reached
reproductive maturity from seed. Post hoc analyses
indicated that recruitment of seed-addition species (mean
plant density in seed-addition subplots at the end of the
experiment/estimated number of viable seeds added) was
not correlated with seed mass (linear regression, P! 0.74)
and also did not differ significantly between gravity- and
wind-dispersed species (ANOVA, P! 0.37).
Seed arrival and ecological filters interactively assem-

bled local communities (Fig. 3; Appendix B: Table B2).
High-intensity fire decreased total species richness (P ,
0.001), primarily in communities with low seed arrival
(fire intensity 3 seed arrival interaction, P , 0.002).
Under low seed arrival, high-intensity fire decreased total
species richness by 33% in the first growing season, but
this effect dissipated with time (fire intensity 3 time
interaction, P , 0.0001). Under high seed arrival, in
contrast, high-intensity fire had little to no influence on
total species richness. Moreover, high-intensity fire
increased richness of seed-addition species (P ! 0.01),
especially after the first growing season (fire intensity 3
time interaction, P! 0.006; Appendix C: Fig. C1), as well

as the total density of seed-addition species only after the
first growing season (fire intensity3 time interaction, P!
0.02; Appendix C: Fig. C2). Thus, high-intensity fire
decreased richness of resident species, but increased
recruitment and richness of immigrating species.
High and low soil moisture decreased total species

richness (P ! 0.01), primarily in communities with high
seed arrival (soil moisture3 seed arrival interaction, P!
0.02; Fig. 3; Appendix B: Table B2). Soil moisture also
influenced the richness and total density of seed-addition
species (P! 0.0002 for richness; P , 0.0001 for density).
Low soil moisture decreased richness and density of
seed-addition species by 30% and 65%, respectively,
whereas high soil moisture had little to no effect on
richness of seed-addition species but increased their total
density by 25% (Appendix C: Fig. C1, C2). In addition,
total density was positively correlated with soil moisture
at 7.5 and 20 cm in both the low-intensity fire (P ,
0.001, r2! 0.30–0.33, n! 30 seed-addition subplots) and
high-intensity fire (P , 0.0001, r2 ! 0.42–0.45, n ! 30)
treatments.
Local fire intensity and soil moisture influenced the

composition of seed-addition species (Fig. 4). Commu-
nities assembled following high-intensity fire were more
similar in species composition than communities assem-
bled following low-intensity fire, but the overall differ-
ence was small (ANOSIM, R! 0.04, P! 0.039; Fig. 4).
High soil moisture significantly increased similarity in
species composition relative to the low soil moisture and
control treatments (R ! 0.33, P ! 0.001), but there was
no strong difference in similarity between low soil
moisture and control treatments (Fig. 4).

FIG. 3. Total species richness in the seed arrival, fire intensity, and soil moisture treatments 5, 15, and 23 months postfire. Data
are means 6 SE; n ! 30 (fire intensity) and 20 (soil moisture) subplots. See Fig. 2 for a description of the treatments.
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DISCUSSION

Our results support the general hypothesis that
immigration from the species pool and niche-based
ecological filters interactively structure species-rich plant
communities. We found that seed arrival increased
species richness regardless of local fire intensity and soil
moisture, indicating that high-diversity groundcover
communities constitute relatively open-membership
assemblages. Although there is growing experimental
evidence that seed arrival from local and regional species
pools strongly limits local diversity in species-rich plant
communities (e.g., chalk grasslands [Zobel et al. 2000],
longleaf pine communities [Myers and Harms 2009a],
tropical forests [Paine and Harms 2009]), our study
provides insights into how multiple ecological filters
limit local species membership in both space (e.g.,
spatial variation in disturbance) and time (e.g., temporal
variation in resource availability). Moreover, we found
that communities assembled from a standardized species
pool were more similar in species composition in the
presence of some ecological filters (wet soil conditions,
and to a lesser extent, high-intensity fires), illustrating
conditions that may increase deterministic community
assembly in extremely species-rich communities.
Locally intense fires may function as an abiotic filter

that removes some resident species from local commu-
nities, as well as a process that influences the effects of
other ecological filters in postfire environments (e.g.,
competition and resource availability). Locally intense
fires decreased richness of resident species and above-
ground biomass (Figs. 2 and 3) and increased space
(microsite availability) in local communities (Appendix
D). To the extent that this biodiversity loss is
nonrandom with respect to species and their functional
traits, locally intense fires may function as an important
niche-based filter influencing community assembly. For
example, species with shallow root systems or seed
banks may experience higher mortality from increased
soil heating than species with deeper root systems or
seed banks (e.g., Odion and Davis 2000, Gagnon et al.
2010). In contrast, high-intensity fire may also remove
many rare (e.g., low biomass) species irrespective of their
functional traits. Although our results cannot distin-
guish between these alternative mechanisms, other
studies in this community demonstrate that populations
of some common, large-stature species are negatively
affected by locally intense fires (e.g., dominant bunch-
grasses [P. R. Gagnon, K. E. Harms, W. J. Platt, H. A.
Passmore, and J. A. Myers, unpublished data] and shrubs
[Thaxton and Platt 2006]). In this way, spatial variation
in local fire intensity may play an important role in the
coexistence of dominant and rare species (Thaxton and
Platt 2006, Myers and Harms 2009a), as well as in
creating recruitment opportunities for seeds that arrive
from the species pool.
We found that high-intensity fire influenced postfire

recruitment, richness, and composition of immigrating
species. Locally intense fires increased environmental

heterogeneity by creating a spatial mosaic of gaps in the
landscape (Fig. 1). Over the short term, high-intensity
fire can therefore play an important role in the
maintenance of species diversity by promoting recruit-
ment from the species pool. Over the longer term,
variation in local fire intensity may help maintain
diversity by enhancing individual performance (growth,
survival, and fecundity) of rare recruits in sites with low
densities of competitors (Chesson 2000), as well as by
promoting coexistence of species with different postfire
regeneration traits. The difference in community com-
position we observed in the fire intensity treatments is
consistent with this hypothesis: Communities assembled
following high-intensity fire were more similar in
composition of seed-addition species relative to com-
munities assembled following low-intensity fire, but the

FIG. 4. Ordination of seed-addition species composition
(Bray-Curtis similarity) in the fire intensity and soil moisture
treatments 23 months postfire derived from nonmetric multi-
dimensional scaling (NMDS; stress ! 0.18). Circles represent
replicate subplots (local communities) in the seed-addition
(high seed arrival) treatment; communities close together in
ordination space are more similar in their composition of seed-
addition species. See Fig. 2 for a description of the treatments.
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overall difference among these communities was small.
High-intensity fires may increase deterministic commu-
nity assembly by promoting recruitment of gap-depen-
dent species, e.g., species with traits that enhance relative
growth rates in resource-rich environments. Although
our experiment primarily focused on recruitment of the
most species-rich functional group at our study site
(gravity- and wind-dispersed forbs), it is likely that we
would have uncovered a stronger, deterministic effect of
disturbance if we had expanded our experimental species
pool to include greater functional diversity (Questad and
Foster 2008, Myers and Harms 2009a).
Our results suggest a key role for soil moisture as an

abiotic filter influencing community assembly, especially
through its effects on recruitment from the species pool.
We found that drought conditions reduced recruitment
and richness of immigrating species. In contrast, wet soil
conditions increased recruitment but decreased or had
little influence on species richness. These results support
the hypothesis that soil moisture plays an important role
in regulating seed and seedling recruitment in this and
other herbaceous-dominated communities (Kirkman et
al. 2001, Foster and Dickson 2004, Iacona et al. 2010),
but also suggest that positive effects of soil moisture on
species richness may be reduced under wet soil
conditions. Moreover, we found that communities
assembled under wet soil conditions were more similar
in species composition relative to communities assem-
bled under drought and control conditions. This result
suggests that high-rainfall conditions may function as a
niche-based filter that contributes to deterministic
community assembly in this species-rich community, a
process that may parallel effects of drought in aquatic
mesocosm communities (Chase 2007). The mechanisms
underlying this pattern may include niche-based differ-
ences in the tolerance of seeds and seedlings to soil
moisture (Silvertown et al. 1999), as well as fast growth
rates and competitive dominance of some immigrating
species under wet soil conditions. The higher variability
in community composition under low soil moisture, in
contrast, may have been more influenced by stochastic
loss of individuals and species owing to small population
sizes imposed by drought conditions, as well as by
smaller changes in soil moisture under rain shelters
relative to irrigated communities. The interactive effects
of seed arrival and soil moisture observed in our
experiment support the view that community invasibility
depends on the dynamics of local resource availability
(e.g., the ‘‘fluctuating resources hypothesis’’; Davis et al.
2000), even in relatively open-membership assemblages.
Our experiment provides mechanistic insights into the

assembly and maintenance of biodiversity in species-rich
communities. First, our results underscore the impor-
tance of synthetic models in community ecology that
integrate effects of dispersal and niche assembly to
understand the ecological conditions in which stochastic
and deterministic processes are expected to influence
community structure (e.g., Tilman 2004, Gravel et al.

2006, Chase 2007). Although dispersal assembly is
generally predicted to play an important role in high-
diversity communities that contain large numbers of rare
species and that are assembled from large species pools
(e.g., Hubbell 2001, Chase 2003), our results suggest that
niche-based recruitment limitation imposed by multiple
ecological filters constrains effects of seed arrival on
community assembly in space and time. In contrast,
previous studies in species-rich plant communities,
predominantly focused on tree-dominated communities
in tropical forests, have largely examined components of
niche and dispersal assembly in isolation from one
another (e.g., Condit et al. 2006, Wills et al. 2006, John
et al. 2007), thereby limiting our ability to understand
how these processes interact in community assembly
(e.g., Tuomisto et al. 2003, Myers and Harms 2009a,
Paine and Harms 2009). In high-diversity pine savannas,
we propose that dispersal assembly generally plays an
important role in structuring groundcover biodiversity,
but that the importance of dispersal assembly can be
tempered by multiple niche-based processes, including
spatial variation in local fire intensity, heterogeneous
soil moisture conditions, and competition from some
dominant guilds (Myers and Harms 2009a). Second,
frequent fire in this ecosystem, and spatial variation in
local fire intensity, play important roles in limiting
abundances of common species (Thaxton and Platt
2006; P. R. Gagnon, K. E. Harms, W. J. Platt, H. A.
Passmore, and J. A. Myers, unpublished data) and
promoting recruitment of rare species from the species
pool (Fig. 3). In this way, fire may play a similar
ecological role as grazers in species-rich chalk grasslands
and natural enemies in tropical forests (Silvertown
2005), suggesting some intriguing commonalities in the
general mechanisms that maintain extremely diverse
plant communities.
Our results also have applied implications for

restoration and conservation of threatened longleaf pine
ecosystems. Today, most remnant longleaf pine com-
munities exist in a fragmented landscape and are largely
isolated from one another (e.g., Keddy et al. 2006).
Restoration and biodiversity conservation in these
fragments require prescribed fire, and in many cases,
reintroduction of plant species from the regional species
pool using seed introductions (Walker and Silletti 2006)
or corridors to facilitate dispersal among fragments
(Damschen et al. 2006). Our results suggest that seed
introductions are likely to have the largest effect on
recruitment and local biodiversity when seeds are added
in years in which sites are burned and rainfall is less
likely to limit seed germination and seedling establish-
ment. Moreover, to the extent that the maintenance of
diversity is promoted by heterogeneity in local fire
intensity, land managers can manipulate pre-fire fuel
loads to create a mixture of postfire conditions.
Synergistic effects involving fire, rainfall, and immigra-
tion from the regional species pool will likely play an
increasingly important role in the conservation of
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biodiversity in the face of climate change (e.g., increased
droughts and extreme rainfall), habitat loss (smaller
communities and species pools), and fragmentation
(reduced dispersal and genetic diversity).
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in catalyzing a “grazing succession” that culmi-
nates into enhanced access to high-quality forage
by native ruminants in the Serengeti ecosystem
(18, 20, 21).

We suggest that the net effects of species in-
teractions in all ecological systems are a result of
both competitive and facilitative effects, with the
net effect being the one that is quantitatively
greater. One paradigm of interspecific facilitation
is that it tends to be greater in more stressful en-
vironments (22). This paradigm arose from plant
facilitation research in which the main mecha-
nism of facilitation was lessening of environ-
mental stress (24). Our results suggest that other
types of facilitation will produce different pat-
terns, depending on the underlying mechanism.
Here, the net facilitation was during superficially
less “stressful” conditions. Similarly, in another
examination of trophic interactions in this study
system, it has been suggested that competition is
greater in sites characterized by lower productivity
(25). We extend this pattern to demonstrate that a
decrease in competition occurs with temporal as
well as spatial increases in productivity and that
this trend can be so great that it results in not
simply less competition but actual facilitation be-
tween two key herbivore guilds. The net effect of
these competitive and facilitative forces will be
driven by the relative proportions of “dry” and
“wet” times throughout the year and probably by
additional factors, such as herbivore densities and
ecosystem productivity.
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Understanding spatial variation in biodiversity along environmental gradients is a central theme in
ecology. Differences in species compositional turnover among sites (b diversity) occurring along
gradients are often used to infer variation in the processes structuring communities. Here, we show
that sampling alone predicts changes in b diversity caused simply by changes in the sizes of species
pools. For example, forest inventories sampled along latitudinal and elevational gradients show the
well-documented pattern that b diversity is higher in the tropics and at low elevations. However,
after correcting for variation in pooled species richness (g diversity), these differences in b diversity
disappear. Therefore, there is no need to invoke differences in the mechanisms of community
assembly in temperate versus tropical systems to explain these global-scale patterns of b diversity.

Some of the most striking and frequently
documented patterns in ecology are that
species richness in local communities gen-

erally declines with increasing latitude and ele-
vation, such that the diversity of many clades
peaks in lowland, tropical areas (1, 2). The mech-

anisms underlying these gradients are often dif-
ficult to distinguish because multiple processes
operating at multiple scales may govern geo-
graphic variation in diversity (3). For example,
declines in diversity with elevation and latitude
could result from deterministic community

Table 2. Cover of different grass parts (means T SEM, n = 3 experimental blocks) in plots cattle accessed
exclusively (C) or shared with wild herbivores excluding (WC) or including (MWC) megaherbivores. Column
means listed in bold fonts and bearing different superscripts are statistically different (P < 0.05, Tukey’s
post hoc test).

Live leaves
(hits/100 pins)

Dead leaves
(hits/100 pins)

Live stems
(hits/100 pins)

Dead leaves
(hits/100 pins)

Dry season
C 88.7 T 9.1 147.6 T 7.0 15.4 T 2.9 76.6 T 8.7
WC 75.9 T 3.3 131.5 T 6.1 18.2 T 2.2 76.1 T 5.6
MWC 80.7 T 16.1 139.4 T 31.8 10.9 T 1.8 62.4 T 12.2
F 0.5 0.2 1.8 1.4
P 0.7 0.8 0.3 0.3

Wet season
C 181.1 T 12.3 64.8 T 6.1 33 T 5.5 42.1a T 2.8
WC 175.6 T 4.6 58.2 T 1.3 27.9 T 4.6 33.7b T 2.7
MWC 160.8 T 6.6 61.8 T 8.9 21.5 T 4.2 31.6b T 2.2
F 1.4 0.3 1.2 18.1
P 0.3 0.8 0.4 0.01
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assembly processes at local scales (4, 5). Alterna-
tively, spatial variation in local diversity could de-
pend on processes that operate at larger scales (e.g.,
speciation, extinction, and biogeographic disper-
sal), which trickle down to affect diversity in the
embedded localities (6, 7). One way to disentangle
such multiscale effects is to examine patterns of
diversity across scales, with a particular focus on
b diversity (a measure of compositional differences
among samples), which links local (a) to larger-
scale (g) diversity (8–11). Differences in b diversity
along biogeographic gradients have been inter-
preted as reflecting differences in the ecological
processes acting along these gradients, includ-
ing variation in the range size (11) and dispersal
ability (9) of species and in the strength of local
processes, such as habitat filtering (8).

As an example of how b diversity decreases
with latitude and elevation, and the corresponding
changes in a and g diversity, we use two data sets
of woody plants. The first is from 197 locations
along a latitudinal gradient spanning more than
100° (12, 13), and the second is a similar set of
eight locations spanning a 2250-m elevational
gradient in Carchi, Ecuador (14, 15). We define a
diversity as the species richness of a single 0.01-ha
subplot, g diversity as the total richness of the

10 subplots (totaling 0.1 ha) at a location, and b
diversity as the heterogeneity in species composi-
tion (16) among the 10 subplots of 0.01 ha each
established at each location, measured as the mul-
tiplicative b partition (b ! 1! a=g) (17, 18). This
spatial scale is smaller than has been used in many
other studies of b diversity, but it is appropriate to
capture responses to fine-grained environmental
heterogeneity (19), as well as the local neighbor-
hood interactions that are known to strongly in-
fluence community assembly in temperate (20)
and tropical (21) forests, although it does not cap-
ture coarser-grained environmental effects.

In these data sets, sampled woody plant di-
versity at both smaller (a diversity) and larger
(g diversity) spatial scales declines with increasing
latitude (Fig. 1A) (12, 22) and elevation (Fig.
1B) (14). Because g diversity declines more rap-
idly along both gradients than does a diversity,
b diversity therefore declines with increasing lat-
itude (Fig. 1C) and elevation (Fig. 1D). Thus, these
data sets, although collected at small spatial scales,
show the same patterns typically seen in larger-
scale analyses (8).

Although a common explanation for these de-
clines in b diversity would help explain latitudinal
and elevational diversity gradients, caution is needed
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Fig. 1. Latitudinal and elevational trends inmean a and g diversity for woody plants (A andB) drive a significant correlation between latitude and b diversity (C)
and elevation and b diversity (D). b diversity is measured as the b partition (b = 1 ! a/g).

23 SEPTEMBER 2011 VOL 333 SCIENCE www.sciencemag.org1756

REPORTS

 o
n 

Se
pt

em
be

r 2
2,

 2
01

1
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

http://www.sciencemag.org/


before ascribing any possible ecological mecha-
nisms to these declines in b diversity. It is widely
recognized that b diversity is a simple function of a
and g diversity regardless of how it is calculated
(e.g., multiplicative,b ! g=a; additive,b ! g ! a;
or b partition,b! 1! a=g), and, therefore, is not
independent of variation in either a or g diversity
(16, 23, 24). Even supposed “ true”measures of b
diversity (25) can vary simply because of changes
in g diversity (26). Because g diversity varies along
both latitudinal and elevational gradients, its influ-
ence on a and b diversity must be accounted for
before any ecological explanations are offered.

To account for effects of variation in g di-
versity, we first explored the relation between g
diversity and b diversity in the absence of any
process other than random sampling. We found
that expected b diversity increased with g diver-
sity, which can be shown algebraically for the

multiplicative b partition (Fig. 2A) (27), or with a
simple simulation model using a wide variety
of other traditional b diversity metrics (fig. S2).
This expected relation between b diversity and
g diversity holds regardless of the specific scales
used to measure a and g diversity (e.g., Fig. 2A).

Furthermore, in the woody plant data sets
presented here, the correlation between g diver-
sity and observed b diversity along either the lat-
itudinal (Fig. 2B) or elevational (Fig. 2C) gradient
was consistent with the pattern expected, solely on
the basis of random sampling of individuals from
the species pool. Because of this consistency, it is
not yet parsimonious to infer that ecological mech-
anisms (e.g., niche-based processes or habitat
associations) drive the observed differences in
community structure along these biogeographic
gradients. Instead, a null modeling approach is first
needed to determine if b diversity deviates from the

expectations of a random (stochastic) assembly
process andwhether themagnitude of the deviation
varies along latitudinal and elevational gradients.

Using the woody plant data sets, we com-
pared observed patterns of b diversity to patterns
generated by a null model. The null model ran-
domly shuffles individuals among subplots while
preserving g diversity, the relative abundance
of species at the location, and the number of
individuals per subplot (28). This explicitly cor-
rects for g dependency (fig. S4) and provides ex-
pected values of b diversity for each site based
solely on random sampling from the species pool.

It was surprising that the null model analysis
revealed that b diversity is generally greater than
expected at nearly all locations along both latitu-
dinal and elevational gradients (Fig. 3). This sug-
gests that species tend to bemore aggregatedwithin
local subplots than expected by chance (29). Ag-
gregation across the range of species pools, climates,
and forest types in our study could be explained
by habitat filtering (30), dispersal limitation (31),
and/or priority effects (32). However, the magni-
tude of the deviation did not vary systematically
along latitudinal or elevational gradients (Fig. 3, C
and D). In other words, after correcting for differ-
ences in species pool size, b diversity was the same
both at tropical and temperate sites and at high- and
low-elevation sites. This means that the net out-
come of local community assembly processes is
consistent (in terms of their effect on b diversity)
across these gradients (33) at the scale of our study.

Taken together, our results indicate that var-
iation in b diversity across broad biogeographic
gradients is more likely to be driven by g diver-
sity than by differences in the mechanisms of
community assembly (e.g., niche versus neutral)
(32, 34); range size and dispersal; or density-
dependent interactions (21, 35). Therefore, there
may be no need to invoke different local assem-
bly processes when trying to explain latitudinal
or elevational differences in b diversity. Instead,
a more plausible explanation is that variation in
biogeographic or regional processes sets the
size of the species pool (3), and the combined
influence of local processes acts in a consistent
way across large-scale diversity gradients (33)
to produce the patterns of species turnover that
are ubiquitous in the natural world.

Fig. 2. The relation between b and g
diversity (A) expected algebraically,
based on the mean probability that a
species occurs in a subplot when sam-
pled from a larger species pool where
abundances follow a lognormal distri-
bution. Curves representb-diversity values,
measured as the b partition (1 ! a/g),
for 10 subplots each composed of n
individuals, as indicated. Similar rela-
tions are observed in empirical data
from woody plants along a latitudinal
(B) and elevational (C) gradient. See
supporting online material for simu-
lations showing similar relations for other common measures of b diversity and for samples generated from uniform abundance distributions.

Fig. 3. Patterns in observed (red) and expected (black) b diversity of woody plants along a latitudinal (A)
and an elevational (B) gradient and patterns in the b deviation, a standard effect size of b-diversity
deviations from a null model that corrects for g dependence, with either latitude (C) or elevation (D).
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A Role for Snf2-Related
Nucleosome-Spacing Enzymes in
Genome-WideNucleosomeOrganization
Triantaffyllos Gkikopoulos,1 Pieta Schofield,1,2 Vijender Singh,1 Marina Pinskaya,3 Jane Mellor,3

Michaela Smolle,4 Jerry L. Workman,4 Geoffrey J. Barton,2 Tom Owen-Hughes1*

The positioning of nucleosomes within the coding regions of eukaryotic genes is aligned with
respect to transcriptional start sites. This organization is likely to influence many genetic processes,
requiring access to the underlying DNA. Here, we show that the combined action of Isw1 and Chd1
nucleosome-spacing enzymes is required to maintain this organization. In the absence of these
enzymes, regular positioning of the majority of nucleosomes is lost. Exceptions include the region
upstream of the promoter, the +1 nucleosome, and a subset of locations distributed throughout
coding regions where other factors are likely to be involved. These observations indicate that
adenosine triphosphate–dependent remodeling enzymes are responsible for directing the
positioning of the majority of nucleosomes within the Saccharomyces cerevisiae genome.

Chromatin has the potential to influence all
genetic processes that act on the under-
lying DNA. The application of genomic

technologies to study chromatin organization has
revealed a striking alignment with respect to
transcribed genes, consisting of a nucleosome-
depleted region upstream of the transcriptional
start site (TSS) followed typically by an array of
nucleosomes whose positioning decays with
progression into the coding region (1–3). This

organization appears to be a conserved feature of
the organization of eukaryotic genomes, and an
assortment of factors have been proposed to
contribute to its establishment (2, 3).

Prime candidates are remodeling enzymes
related to the yeast Snf2 protein that have been
shown to be capable of repositioning nucleo-
somes (4). Of these enzymes, ISWI- and Chd1-
containing remodeling enzymes have been shown
to be particularly effective in repositioning nu-
cleosomes in vitro (5–7). These enzymes share
structural motifs that may adapt them for the
purpose of nucleosome spacing (8), exhibit sen-
sitivity to an epitope in the N-terminal tail of his-
tone H4 (9, 10), and have been shown to alter
chromatin at specific loci in vivo (11–15). This
prompted us to investigate the extent to which
deletion of any one of these proteins contributes
to the overall organization of nucleosomes in vivo.
To do this, we took advantage of recently pub-

lished data for ISW1 (14) and ISW2 (15) and our
own data for a strain in which the CHD1 gene
had been deleted. Numerous alterations to chro-
matin structure are apparent in each strain. How-
ever, when the average chromatin structure with
respect to TSSs is aligned for all yeast genes, the
individual deletions were observed to have rela-
tively minor effects (Fig. 1, A to C).

The phenotypes associated with deleting in-
dividual ISW1, ISW2, or CHD1 genes are relative-
lyminor, whereas deletion of all three genes results
in synthetic phenotypes (6). This led us to inves-
tigate chromatin organization in strains deleted for
all combinations of these enzymes. Micrococcal
nuclease digestion of chromatin isolated from these
strains indicated the presence of spaced nucleo-
somes, except in the case of the isw1D, chd1D and
isw1D, isw2D, chd1D strains (fig. S1). To charac-
terize chromatin organization in these strains in
more detail, nucleosomal DNA fragments were
isolated and subject to paired-end sequencing.

The locations of nucleosome dyads were es-
timated as the midpoint of each paired-end read.
A plot illustrating how the dyads map to a rep-
resentative chromosomal locus (chromosome I
coordinates 100,000 to 120,000) is illustrated in
fig. S2. In the wild-type strain, a clear periodic
enrichment of nucleosomal dyads is observed
with amean spacing of ~15 base pairs (bp). In the
isw1D, chd1D and isw1D, isw2D, chd1D strains,
many nucleosomes were observed to be less or-
ganized than in the wild-type strain. However, it
is also notable that while many nucleosomes lose
positioning relative to the TSS in the triple mutant,
a subset of nucleosomes are retained. Alignment of
nucleosomal dyads with the TSS reveals that nu-
cleosome organization is grossly perturbed in these
strains (Fig. 1, D and E). Especially prominent is a
loss of nucleosome positioning through the coding
regions while depletion of nucleosomeswithin the
vicinity of the -1 nucleosome is unaffected. The
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Abstract
Theoretical models predict that effects of dispersal on local biodiversity are influenced
by the size and composition of the species pool, as well as ecological filters that limit

local species membership. We tested these predictions by conducting a meta-analysis of
28 studies encompassing 62 experiments examining effects of propagule supply (seed

arrival) on plant species richness under contrasting intensities of ecological filters (owing
to disturbance and resource availability). Seed arrival increased local species richness in a

wide range of communities (forest, grassland, montane, savanna, wetland), resulting in a
positive mean effect size across experiments. Mean effect size was 70% higher in
disturbed relative to undisturbed communities, suggesting that disturbance increases

recruitment opportunities for immigrating species. In contrast, effect size was not
significantly influenced by nutrient or water availability. Among seed-addition

experiments, effect size was positively correlated with species and functional diversity
within the pool of added seeds (species evenness and seed-size diversity), primarily in

disturbed communities. Our analysis provides experimental support for the general
hypothesis that species pools and local environmental heterogeneity interactively

structure plant communities. We highlight empirical gaps that can be addressed by future
experiments and discuss implications for community assembly, species coexistence, and

the maintenance of biodiversity.

Keywords
Community assembly, disturbance, immigration, propagule supply, seed addition, seed
dispersal, seed limitation, species coexistence, species diversity, species pool.

Ecology Letters (2009) 12: 1250–1260

I N TRODUCT ION

Dispersal plays a central role in a wide range of ecological
processes, including community assembly, the maintenance
of biodiversity, species coexistence, biological invasions, and
ecosystem function (e.g., Chase 2003; Levine & Murrell
2003; Stachowicz & Tilman 2005; Zobel et al. 2006). One of
the first models to invoke a direct role for dispersal as a key
determinant of local biodiversity was MacArthur & Wilson!s
(1967) Theory of Island Biogeography. A fundamental
prediction of this theory is that island species richness
should be positively related to rates of immigration from
mainland species pools. This seminal work set the stage for
"regional! hypotheses of community diversity, which postu-
late that local communities in species-rich regions should
have higher diversity than communities in species-poor

regions (Ricklefs 1987; Taylor et al. 1990; Cornell & Lawton
1992; Eriksson 1993; Zobel 1997). These concepts helped to
lay the foundation for the burgeoning field of metacom-
munity ecology (Leibold et al. 2004). In particular, neutral
models of biodiversity have invoked a strong role for
immigration as one of the main determinants of local
biodiversity (Bell 2000; Hubbell 2001). In many of
these models, local diversity is primarily controlled by
immigration from the broader geographical species pool. In
contrast, other models propose that "ecological filters!
imposed by local biotic and abiotic conditions influence
dispersal-diversity relationships (e.g., Elton 1958; Grime
1979; Keddy 1992; Diaz et al. 1998; Huston 1999; Davis
et al. 2000; Mouquet & Loreau 2003; Leibold et al. 2004).
The extent to which these filters interact with species pools
has implications for understanding community assembly

Ecology Letters, (2009) 12: 1250–1260 doi: 10.1111/j.1461-0248.2009.01373.x
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and biodiversity conservation in the face of habitat loss,
fragmentation, and climate change.

Despite widespread interest in the role of dispersal in
community assembly, we still lack a synthetic empirical
understanding of how species pools and ecological filters
interact to structure local biodiversity. To date, experimental
tests of the role of propagule supply in natural communities
have largely focused on terrestrial plants, with a concurrent
growing number of experiments in animal and microbial
communities (e.g., Cadotte 2006; Lee & Bruno 2009). In
plant populations, there is strong evidence for propagule
limitation (Eriksson & Ehrlen 1992; Turnbull et al. 2000;
Moles & Westoby 2002; Clark et al. 2007). In a meta-analysis
of 159 plant species, Clark et al. (2007) found that
populations of most species examined were seed limited,
especially in disturbed microsites. Although these patterns
suggest an important role for propagule supply at the
population level, they do not necessarily scale-up to
predictable community-level consequences. For example,
increased propagule supply could result in decreased or
unchanged local diversity if immigrating species were to out-
compete resident species for limiting space or resources. In
contrast, propagule arrival could increase species diversity if
immigrating species were to recruit into sites unoccupied by
resident species or were to promote recruitment of other
species. In a combined meta-analysis of nine plant and 28
animal experiments, Cadotte (2006) found support for the
hypothesis that dispersal increases mean local diversity.
Among plant studies, however, there was no relationship
between local species diversity and dispersal, possibly owing
to the small number of experiments used in the analysis
and ⁄or because only one predictor variable (dispersal rate)
was examined. Collectively, these studies underscore the
need to better understand the mechanistic consequences of
propagule supply at the community level, especially the
extent to which propagule arrival interacts with ecological
filters to structure local biodiversity.

Ecological filtering occurs when biotic or abiotic factors
limit the membership of species in a local community. Biotic
filters, notably competition and predation, can influence
effects of dispersal on local diversity in at least two
important ways. First, increased immigration can reduce
local diversity by introducing competitively dominant
species or generalist predators into local sites or commu-
nities (Mouquet & Loreau 2003). Coexistence of compet-
itively dominant and inferior species can occur, however, if
competitively dominant species are dispersal limited (i.e., via
!competition-colonization trade-offs;" Tilman 1994), if com-
petitively inferior species disperse short distances to take
advantage of nearby sites before dominant species arrive
(!spatial successional niches;" Bolker et al. 2003), or if rates
of competitive exclusion are delayed owing to community
wide recruitment limitation (inferior species win sites by

forfeit; Hurtt & Pacala 1995). Second, increased immigra-
tion may have no effect on diversity if local communities are
!saturated" with species. Here, invasion of diverse local
communities may be reduced because of more intense
competition for limiting resources (Elton 1958).

Abiotic filters are hypothesized to impose strong con-
straints on local species membership. Classic examples
include models of community diversity proposed by Grime
(1979) and Huston (1999), in which the importance of
species pools in structuring diversity is influenced by
productivity. This !shifting limitations hypothesis" (Foster
et al. 2004) predicts that diversity is mostly limited by
immigration from species pools at intermediate productivity,
whereas establishment limitation imposed by competition
for limiting resources becomes more important at high
productivity. These concepts have given rise to the idea that
community invasibility depends on the dynamics of resource
availability (e.g., the !fluctuating resource hypothesis;" Davis
et al. 2000), in which invasion is more likely when processes
such as disturbance increase space and resources for
colonizing species. Disturbance can function both as an
ecological filter (e.g., by directly removing resident species
from local communities) or as a process that influences the
intensity of other ecological filters (e.g., by altering limiting
resources). In this way, locally patchy disturbance can
promote coexistence of competing species by increasing
!niche dimensionality" within local communities (Harpole &
Tilman 2007). In addition, the ability of species to exploit
heterogeneity in resources may also depend on !species pool
dimensionality" (Questad & Foster 2008), i.e., the diversity
of functional groups and traits present in the potential
species pool. These ideas have led to the general hypothesis
that !species diversity will be greatest in communities with
the most environmental heterogeneity, minimal dispersal
limitation, and a functionally diverse species pool (Questad
& Foster 2008)."

We present a meta-analysis that synthesizes results from
28 studies encompassing 62 experiments that explores how
propagule supply (seed arrival) interacts with ecological
filters to structure local plant species richness. We tested
three main hypotheses. First, we tested whether seed arrival
increases local species richness across experiments that did
not manipulate the intensity of ecological filters. Second, we
tested whether the effect of seed arrival on local species
richness was positively related to species-pool diversity,
measured in terms of both species diversity (richness and
evenness) and functional diversity (functional group rich-
ness, evenness, and seed-size diversity) within the pool of
species added to local communities in seed-addition
experiments. Third, we tested the hypothesis that ecological
filters influence the relationship between seed arrival and
local species richness. For this hypothesis, we compared the
effect of seed arrival under different intensities of ecological
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filters (owing to disturbance, nutrient availability, or water
availability) as well as relationships between local species
richness and species-pool diversity in disturbed and undis-
turbed communities. We show that local species richness is
generally limited by seed arrival across a wide range of plant
communities. Moreover, we demonstrate that the strength
of the positive relationship between seed arrival and species
richness is enhanced by disturbance—a pervasive process
that strongly influences ecological filters—as well as species
and functional diversity within the pool of arriving seeds.
We highlight some empirical gaps that can be addressed by
future experiments and discuss the implications of our
results for biodiversity theory.

MATER IA L S AND METHODS

We searched the literature using Web of Science (Thompson
Reuters) for experiments that manipulated seed arrival in
communities and measured plant species richness and ⁄or
diversity. Our search included all studies published through
December 2008 that contained the keywords !seed addition,"
!seed sowing," or !seed augmentation," in combination with
the keywords !richness" or !diversity." We used the following
criteria to select studies for our meta-analysis: (1) sample
sizes, means, and standard deviations (or standard errors)
for species richness and ⁄or diversity were reported in the
paper or provided by the authors on request; (2) experi-
ments contained a control treatment where seed arrival was
not manipulated; and (3) the richness and identity of species
used in the seed-arrival treatment was known. Most studies
reported species richness, but very few reported species
diversity or evenness. Therefore, we used species richness as
the response variable in our meta-analysis.

We conducted our analysis in MetaWin version 2.0
(Rosenberg et al. 2000) using standard methods described in
Gurevitch & Hedges (2001). Following Cadotte (2006), we
first calculated an unbiased standardized effect size (Hedge"s
d) and variance for each experiment (Gurevitch & Hedges
2001). Hedge"s d measures the mean difference in the
response (species richness) between experimental and
control treatments, standardized by the pooled standard
deviation and adjusted for small sample size. Most studies
did not report means and standard deviations (or standard
errors) in the text or tables. For these studies, we used
graphical software (DataThief III Version 1.5; http://
datathief.org/) to extract these summary statistics from
figures. Some studies used two levels of seed addition
(control, addition), whereas others varied the number of
species and ⁄or seed densities added using several treatment
levels (Table 1). For the latter studies, we used results from
the treatment with the highest species richness and density
of added seeds. Similarly, when studies used multiple
treatment levels for an ecological filter (e.g., nutrient

addition), we used results from the highest treatment level.
When results were reported for multiple sampling dates in a
single paper or in separate papers, we used results from the
most recent date or paper. To test hypothesis 1 (seed arrival
increases local species richness), we used a mixed-effects
model (Gurevitch & Hedges 2001) to calculate a combined
mean effect size and 95% confidence interval (CI) for 32
experiments that did not manipulate the intensity of
ecological filters. We rejected the null hypothesis if the
95% CI did not overlap zero.

We tested hypothesis 2 (local species richness is positively
related to species and functional diversity within the pool of
species added to local communities) using continuous,
mixed-effects models (i.e., weighted regressions). For each
of our five continuous measures of species-pool diversity
(species richness, species evenness, functional group rich-
ness, functional group evenness, and seed-size diversity; see
below), we tested whether the slope of the relationship
between effect size and each variable was significantly
different from zero based on P-values for the between-class
homogeneity statistic QB (Gurevitch & Hedges 2001). For
this analysis, we used data from 17 control experiments in
studies that manipulated disturbance (i.e., undisturbed
communities) to later compare to results from disturbed
communities (see hypothesis 3 below). The results based on
these 17 experiments were similar to results based on 29
experiments that did not manipulate ecological filters; for
simplicity, we do not present the latter. We used the Dunn-
Sidak method (Gotelli & Ellison 2004) to adjust the Type 1
error rate (a) based on five tests each for undisturbed
(hypothesis 2) and disturbed (hypothesis 3, below) commu-
nities. However, we note that adjustments for multiple
comparisons did not change the overall qualitative results.
For significant regressions, we calculated the proportion of
variation explained by the model (i.e., r2) by dividing QB

(heterogeneity explained by the model) by QT (total
heterogeneity) (M.S. Rosenberg, personal communication).

For each species added as seed in each study, we
extracted the seed mass, numbers of seeds added, and ⁄or
the total mass of seeds added. We excluded the one study
conducted in a forest (Paine & Harms 2009) because the
seed densities (24 seeds ⁄m2) and species added (all woody
species) were considerably different than those added in the
other studies, all of which were conducted in communities
dominated by herbaceous species (‡ 1950 seeds added ⁄m2)
(Table 1). For many studies, we obtained seed mass data
from the literature or the Royal Botanic Gardens Seed
Information Database (Liu et al. 2008), which we then used
to convert the total mass of seeds added for each species to
numbers of seeds. To account for differences in plot size
among studies, we standardized the number of seeds added
per 1 m2 (Table 1). For each experiment, we extracted the
species richness of added seeds (Table 1) and calculated the
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species evenness of added seeds using Simpson!s evenness
(Magurran 2004). We quantified functional diversity in two
ways. First, we calculated functional group richness and
evenness for species grouped into six standard functional
types: non-legume forbs, legume forbs, C3 grasses, C4

grasses, woody, and "other graminoids! (sedges and rushes).
Second, we calculated functional diversity of seed mass
using FDvar (Mason et al. 2003). This index measures the

variation in a functional trait weighted by species! abun-
dances, is unaffected by species richness in the sample, and
ranges from 0 to 1 (Mason et al. 2003). We will refer to this
measure generally as "seed-size diversity.!

We tested hypothesis 3 (ecological filters influence the
relationship between seed arrival and local species richness)
in two ways. First, we used categorical, mixed-effects models
to test for differences in mean effect size between control

Table 1 Twenty-eight studies testing effects of seed arrival and its interaction with ecological filters on plant species richness

Study Habitat Location
Seed
treatment* N spp.#

N seeds ⁄m2 ⁄ year$
N
exp§

Ecological filter variables
(N exp)–Median Total

Brown & Fridley (2003) Grassland USA-NC Density, sr 30 1777 53 333 1
Dickson & Foster (2008) Grassland USA-KS Addition 49 300 14 700 4 Disturbance (1) nutrient (1)

water (1)
Eskelinen & Virtanen (2005) Mountain Finland Addition 14 3200 44 800 2 Disturbance (1) predation
Foster & Dickson (2004) Grassland USA-KS Addition 32 400 12 800 3 Disturbance (1) water (1)
Foster et al. (2004) Grassland USA-KS Addition 34 400 13 600 2 Disturbance (1) productivity
Foster & Tilman (2003) Savanna USA-MN Addition 23 274 43 317 1
Fraser & Madson (2008) Grassland USA-OH Addition 20 150 3000 1 Predation
Houseman & Gross (2006) Grassland USA-MI sr 45 1600 122 700 1 Productivity
Kalamees & Zobel (2002) Grassland Estonia Removal 1 Competition
Kellogg & Bridgham (2004) Wetland USA-IN Addition 28 2 Disturbance (1) predation
Klanderud & Totland (2007) Mountain Norway sr 27 3019 93 225 1 Temperature
Lord & Lee (2001) Wetland USA-NH Addition 8 3 Disturbance (2)
MacDougall & Wilson (2007) Grassland Canada Density 5 7500 37 500 4 Disturbance (2) nutrient (1)

predation
Mouquet et al. (2004) Grassland France Addition 8 2775 92 841 1
Myers & Harms (in press) Savanna USA-LA Addition 38 200 11 980 4 Disturbance ⁄ competition (2)
Myers & Harms (unpub. data) Savanna USA-LA Addition 31 200 9300 3 Disturbance (1) water (1)
Paine & Harms (2009) Rainforest Peru Density, sr 8 3 24 1
Questad & Foster (2008) Grassland USA-KS Addition 13 150 1950 2 Disturbance (1)
Reynolds et al. (2007) Grassland USA-MI Addition 46 842 83 014 4 Disturbance (1) nutrient (1)
Russell & Roy (2008) Grassland USA-KS Addition 18 320 5760 3
Stein et al. (2008) Grassland Germany Addition 60 300 14 800 1 Productivity
Stevens et al. (2004) Grassland USA-PA Addition 30 1739 235 165 3 Disturbance (1) nutrient (1)
Suding & Gross (2006) Grassland USA-MI Addition 22 935 63 017 2 Disturbance (1)
Tilman (1997) Savanna USA-MN sr 54 2931 1323 575 1
Wilsey & Polley (2003) Grassland USA-TX Addition 20 2111 80 971 4 Disturbance (2)
Xiong et al. (2003) Wetland UK Addition 18 400 9600 4 Disturbance (2) water (1)
Zobel et al. (2005) Grassland Estonia Addition 25 1040 26 000 1
Zobel et al. (2000) Grassland Estonia Addition 15 1500 22 500 2 Disturbance (1)

*Addition, seed-addition experiment where species were added to plots at a single density; density, seed-addition experiment where species
were added to plots at varying densities; sr, seed-addition experiment where species were added to plots at different levels of species richness;
removal, flowers clipped around plots to reduce seed rain.
#Maximum number of species added in seed-addition experiments.
$Median number of seeds ⁄ species and total number of seeds added in seed-addition experiments.
§Total number of experiments used in the meta-analysis.
–Numbers in parentheses indicate the number of experiments used to test the ecological filter hypothesis (hypothesis 3); some filters and
experiments could not be used because the requisite data were not available or because of low sample size. Ecological filter variables:
disturbance, disturbance manipulated through reduction of total plant cover and ⁄ or litter and ⁄ or increased soil disturbance; distur-
bance ⁄ competition, disturbance manipulated by removing guilds of competitors; nutrient, fertilization; predation, predators excluded with
cages; productivity, study conducted across a natural productivity gradient; temperature, temperature increased; water, irrigation, experimental
drought, or natural water gradient.
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and treatment groups within studies that manipulated the
intensity of ecological filters (Table 1). We performed
separate analyses for three ecological filter variables for
which requisite data were available from ‡ 4 experiments:
disturbance (n = 19–21), nutrient availability (n = 4), and
water availability (n = 4). Our disturbance category includes
experiments that manipulated microsite availability either
directly (e.g., manual removal of biomass or litter) or
indirectly (e.g., fire). Thus, we use disturbance in a broad
sense as both an ecological filter, as well as a process that
influences the intensity of other ecological filters. Second,
we used the weighted regression methods described above
to test for positive relationships between effect size and
each of the five continuous measures of species-pool
diversity in disturbed communities (n = 18 experiments
with requisite data); we did not perform regressions for the
other ecological filters due to small sample size.

We also examined four additional covariates that could
influence effect sizes: (1) study length; (2) plot size; (3) local
community richness (mean species richness in control
plots); and (4) a potential source of publication bias (ISI
journal impact factor; Web of Science). We tested the
significance of each continuous variable using the weighted
regression methods described above and data from exper-
iments that did not manipulate an ecological filter (n = 29
with requisite data), undisturbed communities (n = 17), and
disturbed communities (n = 18).

RESUL T S

We found a total of 28 studies encompassing 62
experiments (Table 1). Twenty-seven of the studies
increased seed arrival through experimental seed addition,
whereas one study (Kalamees & Zobel 2002) reduced seed
arrival by removing flowers. The median plot size used for
experimental treatments was 1 m2 (range = 0.002–9 m2).
Across seed-addition experiments, the median percentage
of added species that were absent from ‡ 1 control (no
seed addition) plot was 81% (range = 40–100%; n = 20
studies with available data). Thus, most seed-addition
species were likely members of the broader (regional)
species pool, although most studies also added members of
the local species pool (species occurring naturally in control
plots). The studies spanned a wide range of habitat types
(forest, grassland, montane and alpine communities,
savanna, and wetland), but most (64%) were conducted
in grasslands. Of the 28 studies, 75% examined how seed
arrival interacts with one or more ecological filters to
influence local species diversity. The most common
ecological filter variable examined was disturbance (17
studies), followed by nutrient availability (4), water avail-
ability (4), predation (4, 3 of which included requisite
controls), productivity (3), and temperature (1).

Hypothesis 1: seed arrival increases local species richness

Seed arrival significantly increased local species richness
(Fig. 1a). Among all 62 experiments, 70% had significantly
positive effect sizes (95% CI!s did not overlap zero) and
only one study had a significantly negative effect size.
Among the 32 experiments that did not manipulate an
ecological filter, the combined mean effect size was
significantly positive (Fig. 1a).

Hypothesis 2: local species richness is positively related to
species-pool diversity

In undisturbed communities, the effect of seed arrival on
local species richness was positively influenced by species
evenness in the pool of species added in seed-addition
experiments (P = 0.0287, r2 = 0.26, a = 0.05), but not
species richness or functional diversity (richness, evenness,
or seed-size diversity; P ‡ 0.220) in the seed pool (Fig. 2,
top panels; see Table S1 in Supporting Information).
However, the significant relationship between effect size
and species evenness became marginally non-significant
after adjusting for multiple tests (adjusted a for five
tests = 0.01). In summary, we found that local species
richness was strongly limited by seed arrival and positively
related to species evenness in the seed pool.

Hypothesis 3: ecological filters influence the seed
arrival-species richness relationship

Seed arrival had a stronger positive effect on species
richness in disturbed relative to undisturbed communities
(Fig. 1b; see Table S1). Disturbance significantly increased
the mean effect size by 73% (Fig. 1b; P = 0.015; n = 19–21
experiments). In contrast, nutrient addition decreased the
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Figure 1 Mean effect size (Hedge!s d ± 95% confidence interval)
of seed arrival on local plant species richness (a) in experiments
where ecological filters were not manipulated and in response to
(b) disturbance, (c) nutrients, and (d) water availability. P-values
from categorical, mixed-effects models testing for differences in
mean effect sizes among control and treatment groups are shown
in panels b–d (see Table S1 for homogeneity statistics).
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mean effect size, but not significantly (Fig. 1c; P = 0.279;
n = 4 studies). There was also no significant effect of water
availability on mean effect size (Fig. 1d; P = 0.936; n = 4
studies).

In disturbed communities, effect size was positively
related to species evenness and seed-size diversity in the
pool of species added in seed-addition experiments (Fig. 2,
bottom panels; see Table S1). Moreover, the positive
relationship between effect size and species evenness was
stronger in disturbed (P = 0.0002, r2 = 0.45) relative to
undisturbed (P = 0.0287, r2 = 0.26) communities (Fig. 2).
This pattern was further supported by a negative relation-
ship between effect size and the total density of seeds
added ⁄m2 ⁄ year in disturbed (weighted regression;
P = 0.0004, r2 = 0.43), but not undisturbed (P = 0.1009),
communities. In contrast, there were no strong relationships
between effect size and species richness (P = 0.9553),
functional richness (P = 0.5136), or functional evenness
(P = 0.0779) in the seed pool (Fig. 2, bottom panels). In
summary, local species richness was more strongly limited
by seed arrival in disturbed relative to undisturbed commu-
nities. In addition, effect size was more strongly related to
species evenness, and only related to seed-size diversity, in
disturbed communities.

Potential covariates influencing effect sizes

Across 29 experiments that did not manipulate an ecological
filter, we found no relationship between effect size and study
length (P = 0.6600), plot size (P = 0.2859), local community
richness (P = 0.6852), or journal impact factor (P = 0.8160).

There were also no relationships between effect size and
these variables in undisturbed or disturbed communities
(n = 17–18 experiments, P ‡ 0.274 in all regressions).

D I SCUSS ION

Propagule supply and local species richness

Our meta-analysis provides strong support for the hypoth-
esis that local plant species richness is limited by seed arrival
from local and regional species pools. We found that seed
arrival significantly increased local species richness in a wide
range of communities, including forest, grassland, savanna,
wetland, and montane communities. All but one of the
studies (Kalamees & Zobel 2002) manipulated seed arrival
by experimentally adding seeds from local and ⁄or regional
species pools, suggesting an important influence for
immigration from species pools in local community
assembly. Enhancement of local diversity via immigration
can be explained by a variety of mechanisms, including the
presence of recruitment opportunities (available microsites)
in unsaturated communities, satiation of seed and seedling
predators (Turnbull et al. 2000), facilitation of immigrating
species by resident species (Bruno et al. 2003), and reduction
in local extinction owing to mass effects (Leibold et al.
2004). The importance of species pools in structuring local
communities is widely recognized (Ricklefs 1987; Taylor
et al. 1990; Cornell & Lawton 1992; Eriksson 1993; Zobel
1997; Leibold et al. 2004), but much of the empirical
evidence comes from correlative studies of large- and small-
scale diversity patterns (e.g., Ricklefs & Schluter 1993; Partel
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Figure 2 Relationship between effect size (Hedge!s d ) and the species richness, species evenness (Simpson!s evenness), functional group
richness, functional group evenness, and seed-size diversity (FDvar) of plant species added to local communities in seed-addition experiments.
The relationships are plotted for 17 experiments in undisturbed communities (top) and 18 experiments in disturbed communities (bottom).
Summary statistics from weighted regressions are shown for relationships with P < 0.05 (see Table S1 for homogeneity statistics).
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et al. 1996; Caley & Schluter 1997). Even though it is not
practical in most situations to manipulate regional species
richness and observe the consequences for local species
richness, the propagule-arrival experiments summarized
here provide useful insights into what happens locally when
immigration from, or the size of, species pools increase(s).

We found little evidence for negative effects of seed
arrival on local species richness, a pattern inconsistent with
competition-colonization trade-off models of species coex-
istence (e.g., Tilman 1994). A key assumption of these
models is that arrival of dominant competitors results in
competitive exclusion of resident species, thereby reducing
local diversity. The absence of this pattern in our analysis
may simply reflect that the duration of most experiments
was too short to observe competitive exclusion. Alterna-
tively, propagule arrival and competition may influence
components of community structure other than species
richness, such as species relative abundance (e.g., Mouquet
et al. 2004). In our analysis, most studies only reported
species richness, so we were unable to assess treatment
effects on species relative abundance and evenness. We
advocate that, when possible, future experimental studies
decompose effects of propagule supply on species diversity
into both species richness and evenness components. The
lack of negative effects of immigration on species richness
could also be attributed to species selection, i.e., dominant
competitors may not have been added to local communities
as seed-addition species, or were added at low enough
densities to preclude strong competitive effects. This
explanation seems less likely, however, given that positive
relationships were generally observed within studies that
manipulated levels of species richness in the seed-addition
pool (Tilman 1997; Brown & Fridley 2003; Houseman &
Gross 2006; Klanderud & Totland 2007) and the large
numbers of species (median of 25 species) and seeds
(median of >800 seeds ⁄ species ⁄m2) added.

Species-pool diversity and ecological filters

We found that the effects of seed arrival and species-pool
diversity on local species richness were positively influenced
by three factors: (1) evenness of species in the seed pool; (2)
disturbance; and (3) seed-size diversity in the seed pool.
Positive effects of seed-pool evenness may reflect a reduction
in both local extinctions caused by demographical stochas-
ticity (fewer rare species in the pool) and competitive effects
of dominant species or functional groups within the pool.
Disturbance increased the mean effect size by 73%, and the
positive effects of species evenness and seed-size diversity on
local species richness were stronger in disturbed relative to
undisturbed communities. These results strongly support the
hypothesis that disturbance plays a key role in mediating
effects of species pools on local community assembly.

To understand the mechanistic causes and consequences
of these patterns, it is important to consider the timing of
disturbance relative to the timing of seed arrival. In most of
the experiments used in our analysis, disturbance was
manipulated prior to seed-arrival treatments. These studies
therefore demonstrate an important role for disturbance in
reducing post-dispersal establishment limitation imposed by
factors such as space limitation, competition for limiting
resources, and low niche dimensionality in local communi-
ties. Disturbance also influences recruitment from the soil
seed bank, which can potentially obscure effects of seed
arrival on species richness. In most of the disturbance
experiments summarized here, it is not possible to
distinguish the relative importance of these mechanisms,
although some studies have directly manipulated interspe-
cific competition (Myers & Harms in press), seed bank
recruitment (Kalamees & Zobel 2002), and niche dimen-
sionality (Questad & Foster 2008).

The positive relationship between species richness and
seed-size diversity in disturbed (but not undisturbed)
communities supports the hypothesis that species diversity
should be highest in communities with environmental
heterogeneity and a functionally diverse species pool
(Questad & Foster 2008). Questad & Foster (2008)
experimentally tested this hypothesis by creating a func-
tionally redundant and functionally complementary species
pool and measuring their effects on local plant diversity in
the presence and absence of spatio-temporal heterogeneity
imposed by disturbance. They concluded that a combination
of high species-pool dimensionality (higher functional
diversity) and niche dimensionality (environmental hetero-
geneity) maintained species coexistence by facilitating
species sorting in heterogeneous environments. Our general
finding of a positive relationship between local species
richness and seed-size diversity in disturbed communities is
consistent with this idea, suggesting that coexistence via
species sorting may be a widespread mechanism in plant
community assembly. Seed size is widely recognized as a key
functional component of plant ecological strategies linked to
species! regeneration niches (Westoby et al. 2002). Higher
variation in seed size in the potential species pool can
therefore allow more species to exploit "windows of
opportunity! (Davis et al. 2000) created when disturbance
increases environmental heterogeneity in local communities.
Our analysis illustrates the utility of examining functional
biodiversity in species pools as a continuous variable
measured in terms of a single key trait. Extending this
framework by examining multiple functional traits provides
a promising avenue for future observational and experi-
mental studies.

Our review highlights the need to better understand how
additional ecological filters interact with seed arrival to
structure biodiversity. Although a wide range of ecological
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filters has been examined (related to disturbance, nutrient
availability, water availability, competition, predation, pro-
ductivity, temperature; Table 1), the small number of
experiments available for most ecological filters limits our
ability to draw general conclusions. The lack of effects of
nutrient or water availability observed in our analysis
probably reflected small sample size (n = 4 experiments).
In contrast, these abiotic filters could have both positive and
negative effects on seed and seedling recruitment, resulting
in no net effect on species richness. Of the three studies that
examined effects of productivity and seed arrival on local
species richness (Foster et al. 2004 [see also Foster 2001];
Houseman & Gross 2006; Stein et al. 2008), all demon-
strated an interaction between the two factors, whereby
positive effects of seed arrival declined at high productivity.
These studies provide support for the shifting limitations
hypothesis (Foster et al. 2004) based on the models of
Grime (1979) and Huston (1999). Finally, we second the call
by Turnbull et al. (2000) for more experiments addressing the
interactive effects of natural enemies (e.g., seed predators)
and seed limitation on plant populations and their commu-
nity-level consequences. In the studies we examined, some
natural enemies positively affected recruitment of dispersing
species by reducing plant biomass and competition (Eskeli-
nen & Virtanen 2005), whereas others negatively affected
dispersing species via seed predation (Fraser & Madson
2008). Future experiments that disentangle effects of natural
enemies can help to clarify the conditions under which
propagule arrival influences biodiversity.

Where do we go from here? Limitations and empirical
gaps

Natural levels of seed rain
An important limitation of most current seed-addition
experiments is that natural levels of seed rain are not
reported or unknown (Turnbull et al. 2000; Clark et al.
2007). To our knowledge, the highest level of seed rain
reported for grasslands is 19 700 seeds ⁄m2 ⁄ year (North-
American tall-grass prairie; Rabinowitz & Rapp 1980), and
numbers are known to vary widely among communities
(e.g., 3820–10 000 seeds ⁄m2 ⁄ year in European grasslands;
Jakobsson et al. 2006; Poschlod & Jordon 1992 in Zobel
et al. 2000). Among the studies included in our review, 50%
used total seed densities that exceeded 20 000 seeds ⁄m2 ⁄ -
year and 39% used densities exceeding 40 000 seeds ⁄m2 ⁄ -
year, i.e., more than double the seed rain reported by
Rabinowitz & Rapp (1980). High seed densities are useful
when the goal of the experiment is to saturate most
microsites with seeds or if seed viability is especially low,
although seed viability data are infrequently reported.
However, adding seeds at densities that occur well outside
natural levels of seed rain can result in an overestimate of

the importance of species pools in limiting observed local
diversity. In addition, most studies added seeds in a single
dispersal event, thereby removing interspecific differences in
the timing of dispersal, a process that can have important
influences on community assembly. Although studies of
natural seed rain may require significant investments in time,
resources, and the selection of appropriate seed traps (e.g.,
Chabrerie & Alard 2005), they will greatly improve both the
design and interpretation of seed-addition experiments.

The role of dispersal in species coexistence vs. diversity limitation
The relative roles of dispersal in limiting vs. maintaining
community diversity has received little attention, but has
important implications for understanding community assem-
bly, species coexistence, and biodiversity patterns at multiple
scales (Vandvik & Goldberg 2005, 2006). Vandvik &
Goldberg (2005, 2006) suggested an approach that partitions
diversity into components that are independent of, main-
tained by, or limited by dispersal. This distinction is
important, because it helps to clarify differences in the way
dispersal has been conceptualized in the literature, e.g., in
spatial models of species coexistence (Amarasekare 2003;
Levine & Murrell 2003) vs. models based on dispersal
limitation from regional species pools (e.g., MacArthur &
Wilson 1967; Hubbell 2001). In this context, the seed-
addition experiments used in our analysis generally provide
insight into the extent to which community diversity is limited
by dispersal (i.e., immigration; Vandvik &Goldberg 2005). In
contrast, seed-arrival experiments that directly manipulate
seed shadows are better suited towards understanding how
dispersal maintains species coexistence (Stoll & Prati 2001;
Levine & Murrell 2003). The utility of these complementary
approaches does not necessarily reflect processes operating at
different spatial scales. For example, metacommunity models
predict that arrival of dominant competitors from the
regional species pool reduces local diversity (Leibold et al.
2004). To resolve the general question of how dispersal
facilitates species coexistence and limits diversity, we need
better empirical data on several fronts, including the extent to
which dispersal limitation differs among species (Clark 2009),
interspecific trade-offs between dispersal ability and other
ecological traits (Levine & Murrell 2003), functional mech-
anisms influencing interspecific responses to ecological
filters, and how stochasticity in propagule arrival influences
community assembly (Chase 2003; Turnbull et al. 2008).

CONCLUS IONS

Our review of experimental studies indicates that local plant
species richness is generally limited by propagule supply, and
that the consequences of propagule arrival for local diversity
can be strongly influenced by ecological filters, such as those
mediated by disturbance. Three important implications
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emerge from our meta-analysis. First, current experimental
studies in plant communities suggest a fundamental role for
species pools in local community assembly, species coexis-
tence, and biodiversity. Positive effects of species pools on
local biodiversity suggest that many communities are
unsaturated with species and open to invasion by both
native and exotic species. At the same time, propagule
supply imposes a strong limit to local diversity that can
potentially have cascading effects on community stability
(e.g., increased local extinctions) and ecosystem function
(e.g., changes to primary productivity; Zobel et al. 2006; Lee
& Bruno 2009). Second, a comprehensive understanding of
the role of dispersal-based processes in community ecology
will require synthetic approaches that explore how dispersal
and environmental heterogeneity interact to structure
communities. Theoretical and empirical contributions in
this area will become increasingly important in the face of
global environmental change owing to rapid habitat loss,
fragmentation, and climate change. Finally, we need more
empirical studies that test the mechanisms proposed to
explain dispersal-diversity patterns, including the impor-
tance of functional trait diversity in local and regional
species pools. The experimental studies reviewed here
provide a useful framework from which we can build and
expand on to help reconcile many outstanding questions in
community ecology.
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