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Immigration rates of species into communities are widely understood to influence
community diversity, which in turn is widely expected to influence the susceptibility
of ecosystems to species invasion. For a given community, however, immigration
processes may impact diversity by means of two separable components: the number
of species represented in seed inputs and the density of seed per species. The
independent effects of these components on plant species diversity and consequent
rates of invasion are poorly understood. We constructed experimental plant commu-
nities through repeated seed additions to independently measure the effects of seed
richness and seed density on the trajectory of species diversity during the develop-
ment of annual plant communities. Because we sowed species not found in the
immediate study area, we were able to assess the invasibility of the resulting
communities by recording the rate of establishment of species from adjacent vegeta-
tion. Early in community development when species only weakly interacted, seed
richness had a strong effect on community diversity whereas seed density had little
effect. After the plants became established, the effect of seed richness on measured
diversity strongly depended on seed density, and disappeared at the highest level of
seed density. The ability of surrounding vegetation to invade the experimental
communities was decreased by seed density but not by seed richness, primarily
because the individual effects of a few sown species could explain the observed
invasion rates. These results suggest that seed density is just as important as seed
richness in the control of species diversity, and perhaps a more important determi-
nant of community invasibility than seed richness in dynamic plant assemblages.
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A major goal of ecologists has been to understand the
factors that influence the structure and diversity of
ecological communities. While much emphasis has been
placed on understanding the factors that restrict com-
munities to certain subsets of species, such as competi-
tion and disturbance (MacArthur and Levins 1967,
MacArthur 1972, Connell 1978, Huston 1979, Tilman
1982) the role of species immigration in community
assembly dynamics remains poorly understood (Tilman
1993, Loreau and Mouquet 1999, Hubbell 2001, Brown

and Peet 2003). This is in part due to confusion over
what ‘‘immigration’’ actually means in relation to spe-
cies diversity. For example, in MacArthur and Wilson’s
(1967) classic theory of island biogeography, species
diversity is in part determined by rates of immigration
of new species, where, given a constant extinction rate,
species diversity is increased by the richness of immi-
grants (Simberloff and Wilson 1970, Tilman et al.
1997b). On the other hand, species diversity may also
be promoted by the density of arriving propagules,
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wherein certain species persist in sites where they would
not otherwise be self-maintaining, a phenomenon called
‘‘mass effect’’ (Shmida and Wilson 1985, Loreau and
Mouquet 1999). The density of propagule influx is also
important from the standpoint of recruitment limita-
tion, where the inability of a particular species to be
present in all favorable sites influences community
structure (Grime 1973, Tilman 1993, Tilman et al.
1997b).

The relationship between immigration and species
diversity is further complicated by the possibility that
propagule richness and propagule density interact to
control diversity in natural communities; these interac-
tions have generally been ignored in immigration-driven
diversity models and experiments. For example,
propagule density may control the intensity and timing
of interspecific interactions, which in turn control the
sensitivity of species diversity to propagule richness. In
experiments where seeded communities are assembled
by random draws from a common species pool,
propagule richness increases the probability of includ-
ing particularly dominant species that may themselves
decrease resident species diversity, a so-called ‘‘sam-
pling effect’’ (Aarssen 1997, Huston 1997, Tilman 1997,
Tilman et al. 1997a, Fridley 2001, Wardle 2001). The
ability of such a species to establish, however, should
depend in part on its sown density (Shmida and Ellner
1984, Kunin 1998). Thus, low or high levels of seed
density may decrease species diversity for a given level
of seed richness. To our knowledge, however, the inter-
active effects of seed richness and seed density on
species diversity have not previously been investigated.

While understanding the factors that control diver-
sity is an important step in understanding the structure
of communities, diversity itself may influence the func-
tioning of ecological communities. For example, species
diversity may place further limits on immigration by
decreasing the success of subsequent invaders (Elton
1958, MacArthur 1970, Levine and D’Antonio 1999),
an observation supported by recent experimental stud-
ies (Tilman 1997, Knops et al. 1999, Levine 2000,
Naeem et al. 2000, Prieur-Richard et al. 2000, Symstad
2000, Hector et al. 2001). Diversity may decrease inva-
sion by means of complementary resource use, where
more diverse assemblages use more total available re-
sources, and thus preclude the establishment of new
species (MacArthur 1970). When diversity is manipu-
lated as seeded richness, however, as it has been in
several experiments (Knops et al. 1999, Levine 2000,
Naeem et al. 2000), the negative diversity–invasibility
relationship may simply be the result of a sampling
effect for a particularly invasion-resistant species
(Wardle 2001). Because sampling effects should also
depend on the ability of a dominant species to estab-
lish, the influence of seeded richness on invasibility
should depend on seed density, whatever the mecha-
nism of invasion resistance.

We created experimental plant communities of com-
mon herbs to explicitly test the different effects of seed
richness and seed density on community properties and
thus clarify the role that the primary components of
immigration play in structuring plant communities. By
following community development through a growing
season, we documented the changing interactions of
seed richness and density through time. We also al-
lowed surrounding vegetation to invade our experimen-
tal communities to test whether seed richness and
density had interactive effects on rates of species
invasion.

Methods

Experimental design

We constructed 100 75×75 cm experimental plots in
an old field at Mason Farm Biological Preserve, Chapel
Hill, North Carolina, USA. In these plots we con-
structed plant communities from seed with different
levels of seeded richness and density of seed per species.
We used three levels each of seed richness (3, 10, and 30
species) and density of seed per species (10, 100, and
1000 seeds), crossed in a fully factorial design. Each of
these 9 treatments and a bare plot treatment (no sown
seed) was replicated 10 times and randomly assigned to
a plot in a 10×10 plot grid separated by 1 m walk-
ways. Species composition for each seeded treatment
was randomly selected from a pool of 30 grass and herb
species (Table 1) that had been tested for seed viability
and were not already present in the surrounding vegeta-
tion. Replicates were not compositional replicates; that
is, no specific assemblage was grown more than once.

We established experimental communities on bare
soil that had been plowed and disked five weeks prior
to seeding. The experimental area was fenced in to
prevent deer and rabbits from disturbing the plots; no
herbivory was detected during the experiment. To mini-
mize species growing into plots from the local seed
bank, we allowed seed bank species to germinate in the
open soil for 3 weeks after plowing, and then applied
the short-lived, systemic herbicide Roundup (Monsanto
Corp., St. Louis, MO, USA). Because immigration in
natural systems is an ongoing process rather than a
one-time event, we elected to reapply the seed treat-
ments throughout the experiment such that each treat-
ment represents a different rate of immigration with
varied levels of seed richness and density. Thus, seeds
were added to plots in four applications at three-week
intervals, from June 1 to August 3, 1999, broadcasted
into plots by hand while taking care to keep all broad-
cast seed within the target plot. Each reapplication of
seeds had the same treatment number of species and
seeds per species as the original application, but the
species composition was randomly varied for each reap-
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Table 1. Experimental species. Botanical nomenclature follows Kartesz and Meacham (1999).

Species Family Growth habitSeed wt (mg)* Duration

ForbAgastache foeniculum Lamiaceae 0.47 Perennial
Amaranthus tricolor Amaranthaceae 0.6 Annual Forb
Anethum gra�eolens Apiaceae Forb1.7 Annual

ForbArtemisia absinthium Asteraceae 0.2 Perennial
Artemisia �ulgaris Asteraceae 0.16 Perennial Forb
A�ena sati�a Poaceae Graminoid34.09 Annual
Chenopodium ambrosoides ForbChenopodiaceae 0.1 Ann/Perennial
Chrysanthemum coronarium Asteraceae 1.6 Annual Forb
Fagopyrum esculentum Polygonaceae Forb22.2 Annual
Festuca o�ina Poaceae 0.4 Perennial Graminoid
Hypericum perforatum Clusiaceae 0.25 Perennial Forb
Lolium multiflorum Poaceae Graminoid5.15 Ann/Bien/Peren
Matricaria recutita ForbAsteraceae 0.047 Annual
Medicago sati�a Fabaceae 2 Ann/Perennial N-fixing forb
Nepeta cataria Lamiaceae Forb0.5 Perennial
Nicotiana alata Solanaceae 0.1 Perennial Forb
Nicotiana syl�estris Solanaceae 0.03 Perennial Forb
Oenothera biennis Onagraceae Forb0.4 Biennial
Panicum �irgatum Poaceae 1.28 Perennial Graminoid
Papa�er rhoeas Papaveraceae Forb0.2 Annual
Papa�er somniferum ForbPapaveraceae 0.32 Annual
Rudbeckia hirta Asteraceae Forb0.3 Ann/Bien/Peren

ForbRumex acetosa Polygonaceae 0.9 Perennial
Trifolium incarnatum Fabaceae 3.2 Annual N-fixing forb
Trifolium pratense Fabaceae N-fixing forb1.8 Bien/Perennial
Trifolium repens Fabaceae 0.8 Perennial N-fixing forb
Urtica dioica Urticaceae Forb0.17 Perennial
Verbascum thapsus ForbScrophulariaceae 0.088 Biennial
Verbena hastata Verbenaceae Forb0.2 Bien/Perennial
Vicia �illosa Fabaceae 35.7 N-fixing forbBien/Perennial

* Note: Most seed weights were obtained from Kew Botanical Garden (Tweddle et al. 2002); where a choice was given, we
include seed weights measured using the orthodox method described in the database. A. Foeniculum and N. syl�estris seed
weights were calculated from data distributed by Johnny’s Seed Supply.

plication of seed. After the first sowing, ambient species
from the surrounding vegetation were allowed to in-
vade the experimental plots by purely natural means,
including vegetative spread from plot edges and walk-
ways (which were not cleared of vegetation), seed dis-
persal, and any late-emerging species from the soil seed
bank. All recorded invading species are listed in Table
2. The experimental plots were watered as needed
throughout the experiment to prevent desiccation.

For each plot we recorded the percent cover of each
species at 3, 6, 9, and 12 weeks after first sowing.
Maximum cover per species was 100%; thus, total cover
and total richness were partly correlated.

Data analyses

To test the effect of seed richness and density on
realized diversity (here defined as the number of species

Table 2. Invading species. Botanical nomenclature follows Kartesz and Meacham (1999).

Galinsoga ciliataAcalypha rhomboides Phytolacca americana
Geranium carolinianum Poa pratenseAcer rubrum
Geum canadense Polygonum punctatumAllium �ineale

Portulaca oleraceaHelenium flexuosumAmaranthus hybridis
Hieraceum grono�ii Rhus glabraAmbrosia artemisiifolia

Robinia pseudoacaciaIpomaea sp.Barbarea �ulgaris
Boehmeria cylindrica Juncus tenuis Rosa multiflora

Lactuca biennis Rubus sp.Campsis radicans
Lespedeza cuneataChenapodium album Rumex crispus

Commelina communis Sida rhombifoliaLigustrum sinense
Cynodon dactylon Microstegium �imenium Solanum americanum

Mollugo �erticillata Solanum carolinenseCyperus sp.
Oxalis stricta Sorghastrum nutansDatura stramonium

Stellaria mediaPaulownia tomentosaDigitaria ischaemum
Phyllanthus amarus Trifolium campestreEchinachloa crusgalli

Verbena urticifoliaFestuca sp. Physalis �irginiana
Viola sp.
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per plot) and invasibility over time, we performed a
repeated measures analysis using the MIXED proce-
dure of SAS version 8.0 (SAS Institute 1999). The
repeated measures analysis used a mixed-model ap-
proach with unstructured covariance (i.e., no model for
how data should covary with time). Denominator de-
grees of freedom were calculated using the general
Satterthwaite approximation, which allows an accurate
F approximation (Littell et al. 1996). Separate analyses
were performed for two dependent variables: total
cover of invasive species (representing ‘‘invasibility’’)
and realized plot richness (representing ‘‘community
diversity’’). Realized plot richness included sown spe-
cies and any invading species. These two statistical
models initially included quadratic terms for seed rich-
ness and seed density and all possible two-way interac-
tion terms (and 3-way for quadratic variables), which
were subsequently evaluated using backward elimina-
tion. Sown seed richness and seed density were ana-
lyzed as quantitative (rather than class) variables in
order to test for polynomial effects of seed richness and
density on diversity and invasibility. An overall estima-
tion of the effects of experimental treatments on invasi-
bility was performed with an ANOVA using total cover
of invaders at the final time period.

An important and uncontrolled covariate in our
study was total seed density per plot, as we indepen-
dently manipulated seed richness and density per spe-
cies in an additive design. For example, treatments of
30 species and 10 seeds per species were sown with 300
total seeds per time period, whereas for 3 species/10
seed treatments only 30 seeds were sown. To control for
this covariate post hoc, we partitioned the data into
those 40 plots where overall seed density was either 300
or 3000 seeds per plot (i.e. plots of seeded richness of 3
or 30 combined with appropriate values of density per
species – 10, 100, or 1000). We then used total seed
density as a predictor variable alongside seed richness
to predict total invasive cover in ANOVA.

The potential for ‘‘sampling effects’’ (Wardle 2001)
as the cause of a diversity–invasibility relationship in
this experiment was high because seed richness treat-
ments of 30 species were identical in species composi-
tion. If one species formed highly invasion-resistant
stands, for example, this effect would be present in all
30-species treatments but only a small, random fraction
of 3- and 10-species treatments. To determine whether
this occurred for particular species, we examined the
individual effects of each species on total final cover of
invasives (measured in the last time period) in single
factor ANOVAs conducted separately for each species
(using all 90 plots). We then included a dummy variable
for presence or absence of one species that proved
particularly important in this analysis (Fagopyrum escu-
lentum) in the full ANOVA model predicting invasibil-
ity (in which total density was controlled), and varied
the order of listed terms in Type I SS to assess whether

seeded richness could significantly predict invasibility
after the effects of F. esculentum had been accounted
for, and vice-versa. For this analysis we noted the sum
of squares of invasibility accounted for by each vari-
able, also called a factor’s ‘‘magnitude of effect’’ (Wel-
don and Slauson 1986).

We assessed the relationship between the total cover
of invasives and the realized diversity of experimental
species, and the realized abundance of experimental
species (while controlling for total seed density per plot
as a dummy variable by using the restricted dataset
with 300 and 3000 seeds per plot) in the final time
period using a linear regression model. Analyses (other
than the repeated measures tests described above) were
conducted using the PROC GLM procedure in SAS
(SAS Institute 1999).

Results

Effects of seed richness and seed density per
species on overall community diversity

Total community richness (seeded plus volunteer spe-
cies) generally increased with time and with each level
of seeded richness (Fig. 1A). A major exception was the
decrease in diversity in plots of 30 sown species between
3 and 6 weeks after initial sowing, probably due to a
filtering process of seedlings of species that successfully

Fig. 1. Effects of seed richness (A) and seed density (B) on
overall plot species richness over time. Bars represent means
�1 s.e.
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Table 3. Repeated measures results for the effects of seed density and richness on total species richness over time based on a
mixed model approach with unstructured covariance. Degrees of freedom are calculated using the general Satterthwaite
approximation (Littell et al. 1996). Type 3 tests of fixed effects shown.

Pr�FEffect Num. DF Den. DF F

Seed density 1 0.740384 0.11
Seed richness 1 86 �0.000157.14
Time 3 �0.000187 35.63
Seed density×seed richness 1 84 5.35 0.0231
Seed richness×time 3 87 35.99 �0.0001
Seed density×time 3 0.000887 6.11
Seed density2 1 84 0.04 0.8403
Seed richness×seed density2 1 0.013184 6.42

germinated but could not fully establish. The isolated
effects of seed density per species were less apparent
over time (Fig. 1B), but in general diversity was highest
at the intermediate seed density. Repeated measures
ANOVA revealed significant interactions between seed
richness and density in the control of diversity, and of
those variables over time (Table 3). Fig. 2 demonstrates
this interaction and the unimodal nature of the seed
density effect on diversity, and how this unimodal
relationship was affected by seed richness (last term in
model in Table 3). Seed density per species had little
effect on diversity in the first time period when plants
were small; as the communities developed, the effect of
density depended on seed richness, where intermediate
seed densities promoted diversity at all but the lowest
richness level.

Effects of seed richness and seed density on
invasibility

Seed richness and seed density both negatively affected
total cover of invasive species (Fig. 3, Table 4), and
largely in additive fashion, but only after enough time
had passed to allow species from the surrounding vege-
tation to invade. The cover of invasive species relative
to that of native species increased over time with all
treatments (Fig. 4). The highest cover of invaders oc-
curred in the least species–rich plots where species were
planted with only 10 seeds; the lowest cover of invaders
occurred with maximum levels of seed richness (30) and
seed density (1000 seeds per species; Fig. 3). Neither
seed richness nor seed density was a very strong predic-
tor of invasion, however; by the final time period, seed
richness alone could account for 22% of the variance in
invasive cover among plots, and seed density could
account for 24%. As a more conservative estimate using
the 40-plot data subset where the effects of total seed
density per plot could be accounted for, seed richness
could explain only 10% of the variation in invasive
cover (although still significant, p�0.05), whereas that
for total seed density was 20% (p�0.01).

The presence or absence of several species explained
a large proportion of the variance of total invasive

cover that could otherwise be attributed to seed rich-
ness (Fig. 5), particularly that of A�ena sati�a, F.
esculentum, Trifolium pratense, T. incarnatum and Vicia
�illosa. These five species had relatively large seed sizes
and the last three species are, notably, nitrogen-fixers

Fig. 2. Effects of seed richness and seed density on overall
plot species richness in three time periods. Bars represent
means �1 s.e.
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Fig. 3. Effects of seed richness and seed density on cover of
invaders in three time periods. Bars represent means �1 s.e.

Fig. 4. Effects of seed richness (A) and seed density (B) on
relative cover of invasive species over time. Bars represent
�1 s.e.

of seeded richness as a predictor of total invasive cover
before and after accounting for the presence or absence
of F. esculentum in experimental communities (note that
p-value estimates are unwarranted here because of the
reduction of statistical power associated with the factor
listed last in the model, as richness and presence of any
particular species were highly correlated). The 10% SS
accounted for by seed richness (after total seed density)
was reduced (6%) after accounting for F. esculentum
(Table 5), suggesting that, even when only one species
was included in this analysis, richness appeared to
influence invasibility largely by sampling effects.

The regression of realized richness of experimental
species on cover of invasive species (while controlling
for total seed density) in the final time period provided
further evidence that species richness did not have a
significant effect on invasion. While the overall model is
significant (p�0.05, R2=0.25), the realized richness of
experimental species only explained 4.6% of the varia-
tion in invasive cover, and this was not a significant
effect (p�0.10; Table 6).

Discussion

Considered in isolation, community diversity (measured
species richness per plot) was enhanced by seed rich-
ness, consistent with other experimental studies in
which propagules were added in the form of increased

(Table 1). The effect of A. sati�a is somewhat enigmatic
because it never occurred at high relative abundance.
The effect of F. esculentum was expected because of its
large relative abundance in the plots in which it oc-
curred. We therefore chose to compare the importance

Table 4. Repeated measures analysis showing the effect of
seed richness and density on the total cover of invasive species
based in a mixed model approach with unstructured covari-
ance. Degrees of freedom are calculated using the general
Satterthwaite approximation (Littell et al. 1996). Type 3 tests
of fixed effects shown.

Num. FEffect Den. Pr�F
DFDF

Seed density 1 86 20.61 �0.0001
86Seed richness 39.45 �0.00011
86Time 119.25 �0.00013

�0.000114.17863Seed richness×time
86Seed density×time 8.21 �0.00013

0.0851Seed density2 3.03861
0.00036.93863Seed density2×time
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Fig. 5. An assessment of
sampling effects. Percent
variation in total abundance of
invasive species during the final
time period explained by
factors when alone in the
model divided by SS for the
full model. Factors with a
significant effect (p�0.05) on
invasibility when alone in the
model are shown.

Table 5. ANOVA results (Type I SS) showing the effect of total seed density per plot (rather than seed density per species), seed
richness and presence of F. esculentum on invasibility (total cover of invasives) in the last time period. Order 1 shows the results
when F. esculentum is placed last in the model, while order 2 shows the results when seed richness is placed last in the model.
The overall model error and R2 are the same for both orders.

R2 Coeff Var Root MSE Mean cover of invasives (%)

0.32 39.61 42.10 106.30

Source DF SS Mean Square F value Pr�F

Model 3 0.00329557.03 9852.34 5.56
Error 36 63809.37 1772.48
Corrected Total 39 93366.40

Order 1 DF Pr�FType I SS Mean Square F value

Total seed density 1 18922.50 18922.50 10.68 0.002
Seed richness 1 9486.40 0.039486.40 5.35

0.43Fagopyrum esculentum 1 1148.13 1148.13 0.65

Order 2 Pr�FDF Type I SS Mean Square F value

Total seed density 1 18922.50 18922.50 10.68 0.002
Fagopyrum esculentum 1 4605.78 0.124605.78 2.60
Seed richness 1 6028.75 0.076028.75 3.40

Table 6. Regression results for the relationship between invasibility (total cover of invasives) and the realized richness of
experimental species (while controlling for total seed density) in the final time period. For the overall model R2=0.25, p�0.05,
coefficient of variation=40.96, root MSE=43.54, and mean cover of invasives=106.30%.

Parameter Estimate Pr� �t�Error t

Intercept 146.89 14.30 10.27 �.0001
Total seed density (dummy variable) −0.01 0.030.006 −2.25
Realized richness of experimental species −3.31 0.142.19 −1.51
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species richness (Houle and Phillips 1989, Tilman 1997,
Zobel et al. 2000). Considered jointly with the effects of
seed density on community diversity, however, a more
complex result emerges that demonstrates the impor-
tance of interactions between seed richness and seed
density. Our seed richness and density treatments ap-
peared to interact to influence diversity in two main
ways. First, for any level of seed richness, a minimum
threshold density of seed per species is required for each
species to successfully establish with a high likelihood
(given appropriate adaptations for a particular site).
Some species may even be able to persist at a site with
a high seed influx density even if they cannot be self-
maintaining within the site (i.e. mass effects sensu
Shmida and Ellner 1984). At these density levels, com-
munity diversity increases with seeded richness. Second,
there is an upper threshold for seed density above
which certain species dominate the assemblage and thus
reduce diversity, similar to what is seen with plant
assemblages in the hump-backed relationship between
density and diversity described by Grime (1973, 1979).
This explains the change in seed richness effect on
diversity from linear to unimodal with increasing seed
density (Fig. 2B). If the effects of seed density on
realized richness were considered in isolation, ignoring
interactions between seed richness and density, the im-
portance of seed density as a determinant of commu-
nity diversity would not be immediately apparent (Fig.
1B). Therefore, we strongly suggest that a full mecha-
nistic analysis of how ‘‘immigration’’ processes affect
species diversity in natural communities must include
both richness and density components.

It is likely that seed size played a role in determining
community composition in our experiment, particularly
in the densest treatments. In other studies, large seeded
species have been shown to have a short-term competi-
tive advantage over smaller seeded species (Burke and
Grime 1996, Turnbull et al. 1999). In our experiment,
the species with the greatest effect on invasibility typi-
cally had the largest seed size. We observed that these
species (such as Fagopyrum esculentum) created dense
canopies, particularly in plots with the highest seed
density treatments. This was similar to the findings of
Turnbull et al. (1999), who experimentally demon-
strated that large seed mass species were the most
successful in plots with high sown seed density (83%
individuals), while in low seed density plots they com-
prised only 49% of individuals. In our experiment, large
seeded species may have heightened the level of compe-
tition in high density treatments (reducing the measured
richness) and allowed for a sampling effect wherein the
richest plots may have had a higher likelihood of
containing large seeded species.

The interaction between the immigration components
of seed richness and seed density has consequences for
community structure and composition, which them-
selves influence other ecosystem properties such as inva-

sibility. By allowing the surrounding vegetation to
invade our experimental plots over the course of the
growing season, we were able to measure the indirect
effects of seed richness and density on community
invasibility as the total cover of invasive species at the
conclusion of the experiment. Our results showed that
the effects of seed richness and density appeared to
operate in additive fashion to reduce invasion. If com-
munity diversity (represented by seeded richness) acts to
repel species invasion, an increase in population densi-
ties should increase this effect, whether by intensifying
the degree to which species complement each other in
resource use (MacArthur 1970, Tilman 1997) or by
enhancing the probability of a highly invasion-resistant
species dominating (Wardle 2001). Our results appear
more consistent with the latter, sampling effect explana-
tion, for two major reasons. First, after the effect of the
presence or absence of a single species (F. esculentum)
on invasibility was accounted for, seed richness could
explain very little of the variance in invasion success
among plots (and indeed could only explain 10% of the
variance even without accounting for F. esculentum).
Second, there was no significant correlation between
realized community diversity and invasion success after
accounting for total seed density. Because such a ‘‘sam-
pling’’-type process could occur in natural systems
when diversity is initially maintained by seed influx to a
particular community (with a particularly successful
competitor more likely to arrive in more diverse seed
influx), this may be a legitimate means by which natural
diversity could limit species invasion, at least for annual
or highly unstable systems that are largely immigra-
tion–driven (Fridley 2001). For more extinction–driven
systems in which disturbance and immigration rates
exert less control over community structure, resource
complementarity is expected to play a greater role in
both community diversity and the community’s suscep-
tibility to invasion by new species.

Part of the importance of seed density to community
diversity and invasibility in this experiment could be
attributed to our short experimental duration, where
the effects of large seeded species should be especially
prominent. Dominance by these quick growing species
might eventually give way to slower-growing perennial
species and communities that are less structured by
immigration than extinction processes. Therefore, our
results are most immediately applicable to dynamic or
less stable communities where recent immigrants are
important contributors to community biomass. In addi-
tion, we did not account for variations in seed germina-
tion rates when calculating seed density, which may
have influenced the outcome of the experiment by
giving an advantage to species with high germination
rates.

In conclusion, results of our experiment clearly high-
light the need for separating the density and richness
components of immigration processes as determinants
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of community composition and structure. Several main
points deserve emphasis. First, seed density and rich-
ness interact to control both diversity and invasibility.
While seed richness influenced community diversity,
seed density proved important in limiting both diversity
and invasibility in our experiment. The influence of
density on diversity and invasibility was related; there
were high levels of competition in the densest plots
which excluded both sown species and invaders. We
strongly recommend that studies assessing the role of
immigration processes on community diversity distin-
guish between richness and density of seed. Second,
examined in isolation, seed richness appeared to have a
negative effect on community invasibility, in agreement
with several other experimental studies (Tilman 1997,
Hector et al. 2001). However, this was largely due to a
sampling effect resulting from the design of the experi-
ment in which the plots of highest seed richness con-
tained all species from the species pool, including the
large seeded, competitive species such as F. esculentum.
Third, we found that invasibility was strongly related to
seed density (both total density and seed density per
species) while the effect of seed richness on invasibility
was less evident, suggesting that seed or propagule
density is a more important determinant of community
invasibility than seed richness in dynamic plant assem-
blages. Based on these observations, we agree with the
general suggestion that the processes controlling species
invasion in communities are ultimately determined by
the processes that govern resident community composi-
tion and structure (Moore et al. 2001, Wardle 2001),
and particularly whether communities are driven largely
by immigration or extinction processes (Brown and
Peet 2003).

Acknowledgements – RLB was supported by Grants-in-Aid of
Research from Sigma Xi, the Curriculum in Ecology at UNC,
and the Graduate School at UNC. JDF was supported by a
NSF Graduate Research Fellowship and the Graduate School
at UNC. We wish to thank the staff of the North Carolina
Botanical Garden and the North Carolina State University
Phytotron, Alan Johnson and Mike Sears for logistical sup-
port, Jack Weiss for statistical advice, and Robert Peet, Peter
White, and members of the UNC Plant Ecology Lab for
helpful advice and comments.

References
Aarssen, L. W. 1997. High productivity in grassland ecosys-

tems: effected by species diversity or productive species? –
Oikos 80: 183–184.

Brown, R. L. and Peet, R. K. 2003. Diversity and invasibility
of southern Appalachian plant communities. – Ecology 84:
32–39.

Burke, M. J. W. and Grime, J. P. 1996. An experimental study
of plant community invasibility. – Ecology 77: 776–790.

Connell, J. H. 1978. Diversity in tropical rainforests and coral
reefs. – Science 199: 1302–1310.

Elton, C. S. 1958. The ecology of invasions by plants and
animals. – Methuen.

Fridley, J. D. 2001. The influence of species diversity on
ecosystem productivity: how, where, and why? – Oikos 93:
514–526.

Grime, J. P. 1973. Control of species density in herbaceous
vegetation. – J. Environ. Manage. 1: 151–167.

Grime, J. P. 1979. Plant strategies and vegetation processes. –
John Wiley & Sons.

Hector, A., Dobson, K., Minns, A. et al. 2001. Community
diversity and invasion resistance: an experimental test in a
grassland ecosystem and a review of comparable studies. –
Ecol. Res. 16: 819–831.

Houle, G. and Phillips, D. L. 1989. Seed availability and biotic
interactions in granite outcrop plant communities. – Ecol-
ogy 70: 1307–1316.

Hubbell, S. P. 2001. The unified neutral theory of biodiversity
and biogeography. – Princeton Univ. Press.

Huston, M. A. 1979. A general hypothesis of species diversity.
– Am. Nat. 113: 81–101.

Huston, M. A. 1997. Hidden treatments in ecological experi-
ments: re-evaluating the ecosystem function of biodiversity.
– Oecologia 110: 449–460.

Kartesz, J. T. and Meacham, C. A. 1999. Synthesis of the
North American Flora CD-Rom Version 1. – North Caro-
lina Botanical Garden, Univ. of North Carolina.

Knops, J. M. H., Tilman, D., Haddad, N. M. et al. 1999.
Effects of plant species richness on invasion dynamics,
disease outbreaks, insect abundances, and diversity. –
Ecol. Lett. 2: 286–293.

Kunin, W. E. 1998. Biodiversity at the edge: a test of the
importance of spatial ‘‘mass effects’’ in the Rothamsted
Park grass experiments. – Proc. Natl. Acad. Sci. USA 95:
207–212.

Levine, J. 2000. Species diversity and biological invasions:
relating local process to community pattern. – Science 288:
852–854.

Levine, J. M. and D’Antonio, C. M. 1999. Elton revisited: a
review of evidence linking diversity and invasibility. –
Oikos 87: 15–26.

Littell, R. C., Milliken, G. A., Stroup, W. W. and Wolfinger,
R. D. 1996. SAS System for Mixed Models. – SAS
Institute.

Loreau, M. and Mouquet, N. 1999. Immigration and mainte-
nance of local species diversity. – Am. Nat. 154: 427–440.

MacArthur, R. H. 1970. Species-packing and competitive
equilibrium for many species. – Theor. Popul. Biol. 1:
1–11.

MacArthur, R. H. 1972. Coexistence of species. – In: Behnke,
J. (ed.), Challenging biological problems. Oxford Univ.
Press, pp. 253–259.

MacArthur, R. H. and Levins, R. 1967. The limiting similar-
ity, convergence, and divergence of coexistng species. –
Am. Nat. 101: 377–385.

MacArthur, R. H. and Wilson, E. O. 1967. The theory of
island biogeography. – Princeton Univ. Press.

Moore, J. L., Mouquet, N., Lawton, J. H. and Loreau, M.
2001. Coexistence saturation and invasion resistance in
simulated plant assemblages. – Oikos 94: 303–314.

Naeem, S., Knops, J. M. H., Tilman, D. et al. 2000. Plant
diversity increases resistance to invasion in the absence of
covarying extrinsic factors. – Oikos 91: 97–108.

Prieur-Richard, A.-H., Lavorel, S., Grigulis, K. and Dos
Santos, A. 2000. Plant community dynamics and invasion
by exotics: invasion of Mediterranean old fields by Conyza
bonariensis and Conyza candensis. – Ecol. Lett. 2: 412–
422.

SAS Institute. 1999. SAS Version 8.00. – SAS Institute, Inc.
Shmida, A. and Ellner, S. P. 1984. Coexistence of plant species

with similar niches. – Vegetatio 58: 29–55.
Shmida, A. and Wilson, M. V. 1985. Biological determinants

of species diversity. – J. Biogeogr. 12: 1–20.
Simberloff, D. S. and Wilson, E. O. 1970. Experimental zoo-

geography of islands: a two-year record of colonization. –
Ecology 51: 934–937.

OIKOS 102:1 (2003) 23



Symstad, A. 2000. A test of the effects of functional group
richness and composition on grassland invasibility. – Ecol-
ogy 81: 99–109.

Tilman, D. 1982. Resource competition and community struc-
ture. – Princeton Univ. Press.

Tilman, D. 1993. Species richness of experimental productivity
gradients: how important is colonization limitation? –
Ecology 74: 2179–2191.

Tilman, D. 1997. Community invasibility, recruitment limita-
tion, and grassland biodiversity. – Ecology 78: 81–92.

Tilman, D., Knops, J., Wedin, D. et al. 1997a. The influence
of functional diversity and composition on ecosystem pro-
cesses. – Science 277: 1300–1302.

Tilman, D., Lehman, C. L. and Thomas, K. T. 1997b. Plant
diversity and ecosystem productivity: theoretical consider-
ations. – Proc. Natl. Acad. Sci. USA 94: 1857–1861.

Turnbull, L. A., Rees, M. and Crawley, M. J. 1999. Seed mass
and the competition/colonization trade-off: a sowing exper-
iment. – J. Ecol. 87: 899–912.

Tweddle, J. C., Turner, R. M. and Dickie, J. B. 2002. Seed
information database (release 3.0, Jul. 2002) http://
www.rbgkew.org.uk/data/sid.

Wardle, D. A. 2001. Experimental demonstration that plant
diversity reduces invasibility-evidence of a biological mech-
anism or a consequence of sampling effect. – Oikos 95:
161–170.

Weldon, C. W. and Slauson, W. L. 1986. The intensity of
competition versus its importance: an overlooked distinc-
tion and some implications. – Q. Rev. Biol. 61: 23–44.

Zobel, M., Otsus, M., Liira, J. et al. 2000. Is small-scale
species richness limited by seed availability or microsite
availability? – Ecology 81: 3274–3282.

24 OIKOS 102:1 (2003)


