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idiosyncratic. effects of insect seed predators and fungal 
pathogens on predispersal responses varied with neither 
conspecific biomass nor phylogenetic diversity, suggest-
ing that—at least at the predispersal stage and for the insect 
and fungal seed predators we were able to exclude—the 
JCh is not sufficient to contribute to negative conspecific 
density-dependence for these dominant prairie species.
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Introduction

although plant species directly compete for a handful of 
resources, they coexist in large numbers. to explain this 
phenomenon, ecologists have proposed numerous hypoth-
eses to explain the maintenance of species diversity (Ches-
son 2000; Fargione and tilman 2002; tilman and Pacala 
1993; Wright 2002). a necessary condition for stable 
coexistence is that species limit themselves more than they 
limit other species, resulting in decreasing per capita or per 
biomass growth rates of each species as its population or 
biomass increases and increasing growth rates as a species 
becomes rare. If conspecific negative density- or biomass-
dependence limits each species more than it limits others, 
then it will promote stable coexistence and maintain plant 
diversity (Chesson 2000; tilman and Pacala 1993). here, 
we use “negative density-dependence” (nDD) as shorthand 
for this phenomenon. strong empirical evidence exists for 
nDD at early stages of plant recruitment, especially dur-
ing the seed to seedling stages (Comita et al. 2010; harms 
et al. 2000; Webb et al. 2006). One of the leading hypothe-
ses of species coexistence, the Janzen–Connell hypothesis 
(JCh), proposes that specialized natural enemies reduce 

Abstract numerous observational studies have docu-
mented conspecific negative density-dependence that is 
consistent with the Janzen–Connell hypothesis (JCh) 
of diversity maintenance. however, there have been few 
experimental tests of a central prediction of the JCh: that 
removing host-specific enemies should lead to greater 
increases in per capita recruitment in areas of higher host 
density or lower relative phylogenetic diversity. using spa-
tially randomized plots of high and low host biomass in a 
temperate grassland biodiversity experiment, we treated 
developing seedheads of six prairie perennials to factorial 
applications of fungicide and insecticide. We measured 
predispersal seed production, seed viability, and seed-
ling biomass. results were highly species-specific and 
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recruitment of plants in a density- or distance-depend-
ent manner (Connell 1971; Janzen 1970), such that seed 
or seedling survival increases with decreasing conspe-
cific density or with increasing distance from conspecific 
individuals.

empirical studies suggest that natural enemies, espe-
cially insect herbivores (hammond and Brown 1998; 
norghauer et al. 2006) and fungal pathogens (Bagchi 
et al. 2010; Petermann et al. 2008), may play a key role 
in maintaining plant diversity through nDD. however, 
few studies have experimentally manipulated the pres-
ence of natural enemies and the densities of plant hosts 
to determine the contribution of natural enemies to nDD 
for several co-occurring plant species (Freckleton and 
lewis 2006). studies that do not manipulate natural enemy 
abundance are open to alternative conjectures regarding 
the mechanisms underlying nDD, such as intraspecific 
competition (Bell et al. 2006; Dobson and Crawley 1994; 
Freckleton and lewis 2006; terborgh 2012). studies that 
do not simultaneously manipulate natural enemies and 
plant densities do not control for factors that may covary 
with natural density, such as soil characteristics. many of 
these studies focus on the seed and seedling stages follow-
ing dispersal; fewer studies determine the contribution of 
predispersal natural enemies to nDD (Kolb et al. 2007; 
maron and Crone 2006).

Predispersal natural enemies significantly reduce plant 
fecundity (Crawley 1992), but the relative importance among 
different groups remains unknown (maron and Crone 2006). 
ecologists have long debated the relative influence of differ-
ent groups of natural enemies on plant populations, focus-
ing on the roles of vertebrates and insects (maron and Crone 
2006), but the potential for pathogens to regulate plant popu-
lations and maintain diversity is becoming more widely rec-
ognized in natural systems (mordecai 2011). Because insects 
and pathogens have very different life histories, determining 
their relative importance can aid our understanding of the 
influence of predispersal natural enemies on plant popula-
tions and species coexistence (Beckman and muller-landau 
2011). Few studies have determined the interactive influence 
of insects and pathogens on plant production in natural com-
munities in which the surrounding community can mediate 
interactions between natural enemies and plants (but see 
Dickson and mitchell 2010); instead most previous studies 
were conducted with isolated plants in pots or focused on a 
single species (hatcher 1995; morris et al. 2007). Besides 
the direct effects of these natural enemies on plant fecun-
dity, interactions among plants, insects, and pathogens may 
be complex; for example, insects can facilitate plant damage 
by pathogens and vice versa (hatcher 1995). reduced plant 
fecundity due to natural enemies has implications for plant 
population dynamics and community diversity (Crawley 
1997).

While the classical assumption of the JCh is that 
natural enemies are host specific, there is much empiri-
cal evidence suggesting that insects and pathogens can 
have broad host ranges. generalist natural enemies can 
promote nDD if they have differential effects across spe-
cies (hersh et al. 2012) or become locally adapted (Konno 
et al. 2011). Differential effects of generalist natural 
enemies on plant survival and growth may depend on the 
phylogenetic distance among hosts (gilbert and Webb 
2007; hersh et al. 2012; novotny et al. 2006). Observa-
tional studies suggest a role of nDD in maintaining local 
diversity by reducing the survival and growth of those 
seedlings and saplings that are surrounded by closely 
related neighbors (uriarte et al. 2004; Webb et al. 2006). 
although the mechanisms behind these observed pat-
terns are rarely identified, liu et al. (2012) recently pro-
vided experimental evidence that fungal pathogens reduce 
seedling survival of phylogenetically related species in a 
manner consistent with observed patterns. the measures 
of phylogenetic diversity used to describe the neighbor-
hood of a focal individual are typically calculated from 
the phylogenetic distance between neighboring plants and 
the focal species, irrespective of neighbor abundance (liu 
et al. 2012; Webb et al. 2006). however, weighting phy-
logenetic distance by the relative abundances of species 
present in a community may better explain the influence 
of neighbors on the performance of a focal plant (Cadotte 
et al. 2010).

using a natural enemy removal experiment within an 
11-year old biodiversity experiment, we quantified the 
extent of nDD due to insect seed predators and fungal 
pathogens on seed production, seed viability, and seedling 
biomass. Our design allowed us to ascribe our results to the 
actions of natural enemies and to experimentally isolate 
the effects of density (operationally measured as biomass 
due to the difficulty of identifying individuals in grassland 
systems) from other factors that may naturally covary with 
density in unmanipulated systems. For six temperate grass-
land plant species distributed across plots varying in host 
biomass and relative phylogenetic diversity, we collected 
seeds from seedheads treated with pesticides and measured 
the number of seeds produced per seedhead, seed mass, 
germination rates, and subsequent biomass of germinated 
seeds. With this experiment, we addressed the following 
questions:

1. What are the direct and interactive effects of insect 
seed predators and pathogens on seed production, seed 
viability, and seedling biomass of prairie plants?

2. Do predispersal insect seed predators, fungal seed 
pathogens, or their combination result in nDD across 
species—that is, do recruitment rates decrease with 
host biomass in the presence of natural enemies?
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3. Does phylogenetic diversity of neighboring plants rela-
tive to a focal species influence reductions in recruit-
ment rates due to natural enemies? If so, does weighting 
phylogenetic distance by species’ relative abundances 
better explain changes in recruitment rates?

Materials and methods

study site

Our seed predation experiment was nested inside a long-
term grassland biodiversity experiment at Cedar Creek 
ecosystem science reserve (CCesr), Bethel, minnesota, 
usa. the biodiversity experiment was explicitly designed 
to manipulate plant species richness, with which mean 
plant species biomass, although not expressly maintained, 
was negatively correlated. Of the 324 biodiversity experi-
ment plots seeded in 1994, 168 were maintained every 
year thereafter to contain one, two, four, eight, or 16 pre-
scribed species from a pool of 18 late-successional peren-
nial savanna species. apart from the 39 monocultures (i.e. 
1-species plots), to which the 18 species were assigned so 
as to span all of the species in the experiment, species for 
the remaining 129 plots were chosen randomly. Plots were 
9 × 9 m and separated by at least 4 m of frequently mowed 
vegetation. the entire experimental area, including aisles, 
was approximately 265 × 252 m. Plots were routinely 
weeded to remove non-prescribed species, but the densities 
of prescribed species were free to naturally vary. a more 
detailed description can be found in tilman et al. (2001) and 
at the CCesr website (http://www.cedarcreek.umn.edu/
research/exper/e120).

Field treatments

In 2005, we selected six species based on the availability of 
sufficient monoculture replication (table 1). For most spe-
cies in the biodiversity experiment there were only one or 
two monoculture plots; we used all species for which there 
were three monoculture plots except for one, Andropogon 
gerardii, which had two monoculture and a two-species 
plot in which its woody species competitor was almost 
entirely absent (which made it a de facto monoculture). For 
each of the six species we randomly selected three 16-spe-
cies plots (hereafter “polycultures”) from the 35 polycul-
tures in the larger biodiversity experiment, with the stipu-
lation that they contained the focal species and were not 
already assigned to some other focal species. In total, 36 
plots (18 monocultures and 18 polycultures) were used for 
our natural enemy removal experiment.

In each plot, we selected eight seedheads for treatment, 
each belonging to a separate plant. seedheads were defined 

as complete inflorescences with all seeds connected to a 
single stem at the base of a plant. along either the north 
or south side of the plot, we set eight temporary flags 1 m 
in from the edge and 1 m from each other as seedheads 
emerged from mid-July to august. We selected the nearest 
seedhead to each flag within a plot and randomly assigned 
it to one of four treatments, namely, insecticide, fungicide, 
insecticide and fungicide, or water (controls). Plots con-
tained two replicate seedheads per treatment.

after flowering, between mid-July and mid-august, 
seedheads were saturated weekly with the respective treat-
ment using spray bottles. We used a 3 % concentration of 
mavrik aquaflow (Wellmark International, schaumburg, 
Il), a pyrethroid insecticide with the active ingredient tau-
fluvalinate (22.3 % by volume) and a 1 % concentration of 
Captan (Bonide Products, Inc., Oriskany, ny), a phthalim-
ide fungicide (50 % by volume). the insecticide mavrik 
aquaflow has a low toxicity to honey bees (Johnson et al. 
2006). We were careful to postpone the insecticide treat-
ment on the insect-pollinated species until they were fin-
ished flowering.

We based our methods on a study conducted at Cedar 
Creek by K. Kitajima and D. tilman (unpublished data). 
Kitajima and tilman applied insecticide to seedheads of 
five dominant grasses in four old-fields in which host spe-
cies had high biomass and found that the insecticide treat-
ment significantly reduced the proportion of developing 
insect seed predators within florets compared to controls. In 
untreated seedheads, these researchers found 1- to 2-mm-
long orange or white larvae identified as Diptera (likely 
from the Cecidomyiidae family) and 2- to 4-mm-long lar-
vae identified as Lepidoptera (likely from the Microlepi-
doptera group) that had grown in place of seeds with their 
mouthparts at the base of the floret, presumably consum-
ing resources intended for the developing seed. similarly, 
mitchell (2003) identified several host-specific fungi that 
attack species in this system, including Phyllosticta sp., 
Colletotrichum sp., and Puccinia andropogonis. Kitajima 
and tilman’s comparison with control seedheads revealed 
that seed predation reduced potential seed yields by over 
75 % in Agropyron repens and Schizachyrium scoparium 
and by 39 and 15 % in Andropogon gerardii and Sorghas-
trum nutans, respectively (unpublished data).

as seeds ripened from august to september, we visited 
plots three times a week and harvested seedheads, along 
with >10 cm of stem, once they were fully mature but 
before seeds dispersed (on a few occasions, we noticed that 
some seeds appeared to have dispersed before collection, 
but these never constituted more than a small fraction of the 
total seeds on the seedhead, as estimated from the remain-
ing structures). however, nine seedheads along with their 
supporting structures were entirely missing before collec-
tion (1 Andropogon gerardii, 1 Schizachyrium scoparium, 1 

http://www.cedarcreek.umn.edu/research/exper/e120
http://www.cedarcreek.umn.edu/research/exper/e120
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Sorghastrum nutans, 2 Liatris aspera, and 4 Petalostemum 
purpureum) and were thus not included in analyses.

seeds per seedhead, greenhouse germination, 
and greenhouse seedling biomass

Collected seedheads were stored dry at room temperature 
and ambient humidity for several weeks to after-ripen. We 
separated seeds from stems and vegetative materials and 
hand-counted the apparent number of seeds per seedhead. 
We then weighed seeds collected from each seedhead and 
divided this value by the total number of seeds to calculate 
mean mass per seed for each seedhead. the number was 
“apparent” because we did not hull seeds to visually quan-
tify seed predation by insects or fungi. thus, some seed 
hulls likely contained insects or seeds consumed by fungi.

next, to assess differences in seed viability due to natu-
ral enemy treatments, we tested germination on 30 apparent 
seeds per seedhead wherever possible. apparent seeds that 
contained insects or seeds consumed by fungi would not ger-
minate, providing a means to indirectly measure seeds con-
sumed by predators. For approximately 80 % of our seed-
heads, we were able to allocate 30 seeds to the germination 
assay. For those seedheads with fewer seeds, we allocated 
as many seeds as we could to the germination assay while 
reserving three seeds in the event that we needed them for 
subsequent assays. For approximately 95 % of our seed-
heads, we were able to allocate at least 15 seeds to the germi-
nation assay. In total, we tested germination on 7,038 seeds.

all germination procedures followed the guidelines of 
the association of Official seed analysts (aOsa 1999). to 
test germination, we first scarified seeds of our two legume 
species by blowing them twice against coarse (240D) sand-
paper using compressed air (25 PsI; D. Vellekson, Dept. of 
agronomy & Plant genetics, university of minnesota). We 
then evenly distributed seeds from a single seedhead on the 
top of two sheets of anchor steel Blue seed germination 
Blotter (anchor Paper Company, st. Paul, mn) in a petri 
dish (diameter 8.5 cm) and saturated the paper with a 0.2 % 
(concentration) KnO3 solution, following which the petri 
dishes were frozen for 1 day and then stored at 5 °C for 
3 weeks to break dormancy. the petri dishes were placed 
in a greenhouse in blocks by species and randomly within 
species, all of which were randomly moved at least once 
a week. We monitored the seeds daily for 2 weeks, main-
taining the blotter paper at saturation, removing fungally 
attacked seeds (there were few), and planting germinated 
seeds in seedling pots (4 × 4 cm; depth 5 cm) by seedhead 
(i.e., seedlings that germinated from the same seedhead 
were planted together). In total, 2,905 seeds germinated.

We grew these seedlings for 4.5 weeks in unsterilized 
soil collected from CCesr in the greenhouse with ample 
light (16 h day−1) and water. We harvested all of the 

seedlings of all of the species at the same time and before 
roots outgrew their pots. In total, 1,719 seedlings survived. 
We separated shoots from roots, washed roots, and dried all 
material to constant mass. For seedlings from a given seed-
head, we weighed shoots together and roots together and 
then divided our measured value by the number of seed-
lings to arrive at mean individual seedling biomass. here, 
we report total (i.e., root + shoot) seedling biomass.

neighbor densities and phylogenetic distances

We based conspecific density on aboveground biomass 
data obtained from the biodiversity experiment (table 1). 
specifically, a 0.1 × 6-m section of vegetation was clipped 
in 2005 from all of our 36 plots, sorted to species, dried, 
and weighed. Based on the aboveground biomass from the 
biodiversity experiment, we excluded one entire plot from 
our analyses because the biomass of the focal species was 
more than 11 standard deviations above the mean of the 
other 35 plots (excluded plot: Liatris, 387 g m−2; mean of 
remaining plots: 46 g m−2; maximum of remaining plots: 
128 g m−2).

using the phylogeny available for Cedar Creek (Cad-
otte et al. 2009), we constructed two measures of relative 
phylogenetic diversity: (1) average phylogenetic diver-
sity and (2) abundance-weighted phylogenetic diversity 
for our focal species. For individuals of focal species t 
in plot j, average phylogenetic diversity was calculated 

as mPDt,j =

∑n
s=1 ds,t

/

n
, where n is the number of all 

species planted in plot j and ds,t is the phylogenetic dis-
tance between species s and the focal species t. abun-
dance-weighted phylogenetic diversity was calculated as 

aPDt,j =

∑n
s=1 As,jds,t

/

∑n
s=1 As,j

, where As,j is the above-

ground biomass of species s in plot j. For monocultures, 
mPDt,j and aPDt,j equal zero; as plots become more diverse, 
phylogenetic diversity increases either relative to the num-
ber of species (mPDt,j) or weighted by abundance (aPDt,j). 
Phylogenetic distances (ds,t) were calculated from the phy-
logeny available in Cadotte et al. (2009) using the picante 
package in r (Kembel et al. 2010).

statistical analyses

using generalized linear mixed models, we analyzed the 
influence of plant density and relative phylogenetic diver-
sity on reductions in early plant recruitment due to natural 
enemies. response variables included the number of appar-
ent seeds per seedhead, the number of seeds germinated, 
and seed and seedling biomass (root + shoot, mg). the 
number of seeds germinated was analyzed with binomial 
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errors and the number of apparent seeds per seedhead was 
analyzed with Poisson errors; in each case, individual-level 
random effects were included to account for overdispersion 
(maindonald and Braun 2010). seed and seedling biomass 
were square-root transformed and analyzed with normal 
errors. Pesticide treatments, species, covariates, and rel-
evant interactions were included as fixed effects with plot-
level random effects. Covariates describe the surrounding 
neighborhood of the focal species and include conspecific 
density and a measure of relative phylogenetic diversity 
(either average or abundance-weighted). We standard-
ized covariates by subtracting the mean across species and 
dividing by one standard deviation to make coefficient esti-
mates easier to interpret (gelman and hill 2007).

model selection was performed using akaike Informa-
tion Criterion (aIC) on a set of candidate models varying 
in covariates describing the focal species’ neighborhood 
[models 1–6 in electronic supplementary material (esm) 
table s1; Burnham and anderson 2002]. We compared the 
selected model to models with two- and three-way interac-
tions removed to determine whether model complexity could 
be reduced (models 7, 8 in esm table s1). For the best-fit 
model, we provide the coefficient of determination (R2), 
which is the square of the correlation coefficient between fit-
ted and observed values. to compare models, linear mixed 
models differing in fixed effects were fit by maximum likeli-
hood estimation, and the most parsimonious model was refit 
with the restricted maximum likelihood method to estimate 
parameters. We used the laplace approximation of likeli-
hoods to estimate parameters of fixed- and random-effects 
(Bolker et al. 2009) and the lme4 package in r (Bates et al. 
2011; r Development Core team 2011).

Results

all measures of plant performance varied among species 
and were differentially affected by pesticide treatments 
and neighborhood indices. the most parsimonious models 
of all plant responses analyzed included a measure of phy-
logenetic diversity. Variation in germination was the only 
response best explained by both phylogenetic diversity, 
specifically standardized abundance-weighted phyloge-
netic diversity (aPD), and conspecific density (R2 = 0.98, 
esm table s2). For the other plant responses, the most 
parsimonious models included standardized aPD for seed 
mass (R2 = 0.77, esm table s3) and standardized aver-
age phylogenetic diversity (mPD) for apparent seed num-
ber (R2 = 1.00, esm table s4) and seedling biomass 
(R2 = 0.72, esm table s5). although the best models did 
not include two-way interactions between pesticide treat-
ments and neighborhood indices nor three-way interactions 
among species, pesticide treatments, and neighborhood 

indices, there was some support for including these 
two-way interactions in models of all plant responses 
(1.7 < ΔaIC < 5.8) as well as the three-way interactions 
in models of seedling biomass (ΔaIC = 2.1). this result 
suggests that each response was affected by local phyloge-
netic diversity but that the influence of pesticide treatments 
on plant performance was less affected by variation in local 
phylogenetic diversity and plant density.

Direct and interactive effects of natural enemies on plant 
performance

Pesticide treatments increased at least one measured 
response for five of the six species. Insecticide treat-
ment, either alone and in combination with fungicide, 
increased the germination of Andropogon gerardii seeds 
(Fig. 1). Fungicide treatment increased seed germination 
of Sorghastrum nutans at low aPD, while the combination 
of fungicide and insecticide had less of an effect (Fig. 1). 
Fungicide treatment, both alone and when applied with 
insecticide, increased germination of Liatris aspera seeds, 
while the application of insecticide alone slightly decreased 
germination of Liatris aspera at high aPD (Fig. 1). the 
application of insecticide alone increased germination of 
Lespedeza capitata, but had less of an effect when applied 
with fungicide (Fig. 1). the combination of insecticide and 
fungicide slightly increased germination of Petalostemum 
purpureum seeds compared to controls (Fig. 1).

Pesticides had little effect on species seed mass; however, 
application of the insecticide and fungicide combination 
increased seed mass of Liatris aspera compared to controls 
while each of these pesticides applied separately had no 
effect (Fig. 2). application of insecticide and the combina-
tion of insecticide and fungicide increased seed number of 
Sorghastrum nutans, and the application of fungicide alone 
and in combination with insecticide increased seed number 
of Lespedeza capitata, especially at lower mPD (Fig. 3). 
the application of both insecticide and fungicide in combi-
nation increased seedling biomass of Andropogon gerardii 
but not when each pesticide was applied separately, while 
fungicide treatment decreased seedling biomass of Sorghas-
trum nutans compared to controls, with less of an effect 
when applied with insecticide (Fig. 4).  

Influence of density-dependence on plant performance

the probability of germination increased with standardized 
conspecific density for Andropogon gerardii and Liatris 
aspera seeds and decreased with standardized conspecific 
density for Schizachyrium scoparium seeds (Fig. 1). stand-
ardized conspecific density had little effect on the germina-
tion of Sorghastrum nutans, Lespedeza capitata, and Peta-
lostemum purpureum seeds.
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Influence of phylogenetic diversity on plant performance

standardized phylogenetic diversity weighted by abun-
dance (aPD) explained variation in percentage germination 
(Fig. 1) and seed mass (Fig. 2), while standardized average 
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phylogenetic diversity (mPD) explained variation in seed 
number (Fig. 3) and seedling mass (Fig. 4). the probability 
of germination of Schizachyrium scoparium and Sorghas-
trum nutans seeds decreased with standardized aPD, whereas 
that of Liatris aspera seeds increased as neighborhoods 
became more diverse, as reflected by the positive relationship 
between germination and standardized aPD (Fig. 1). stand-
ardized abundance-weighted phylogenetic diversity had little 
effect on the germination of Andropogon gerardii, Lespedeza 
capitata, and Petalostemum purpureum seeds. seed mass 
decreased with standardized aPD for Sorghastrum nutans 
and otherwise had little effect on the seed mass of other spe-
cies (Fig. 2). seed number decreased with standardized mPD 
for Lespedeza capitata and Liatris aspera and increased with 
standardized mPD for Petalostemum purpureum, with lit-
tle relationship for other species (Fig. 3). seedling biomass 
decreased with standardized mPD for Sorghastrum nutans 
and Liatris aspera and was little affected by standardized 
mPD for Andropogon gerardii, Schizachyrium scoparium, 
Lespedeza capitata, and Petalostemum purpureum (Fig. 4).

Discussion

Direct and interactive effects of natural enemies on plant 
performance

there is evidence that species respond differentially to 
natural enemies within natural communities (Beckman 

and muller-landau 2011; Dickson and mitchell 2010). 
In our study, application of insecticide, fungicide, or their 
combination increased one of the measures of seed pro-
duction, seed viability, or seedling biomass in five of the 
six species studied. For two species, pesticides reduced 
seed viability or seedling biomass. In a previous study of 
the four most common grasses at the same site, pesticide 
treatments applied to whole plots had negative to posi-
tive effects on seed production depending on the species 
(Dickson and mitchell 2010). similar species-specific 
responses in seed production to pesticide treatments have 
been found in other systems, such as a neotropical forest 
(Beckman and muller-landau 2011). In contrast to a pre-
vious study at the same site (Dickson and mitchell 2010), 
we found interactive effects between insects and pathogens 
for several species, including Liastris aspera, Sorghas-
trum nutans, Lespedeza capitata, and Petalostemum pur-
pureum. this variation in the direction and magnitude of 
interactive effects among species is consistent with results 
reported in a recent meta-analysis determining interactive 
effects between types of enemies which included studies 
with a range of plant life histories and environments and 
measured plant responses (morris et al. 2007). Interactive 
effects of insects and pathogens on plant fecundity may 
furthermore depend on interannual variation in the effects 
of insect seed predators and pathogens, which has been 
documented for several species (Dickson and mitchell 
2010; Kolb et al. 2007).

given the current wide-spectrum activity of the chemi-
cals that must be used, enemy removal experiments of 
insects and microbes are blunt instruments (Crawley and 
Pacala 1991) that may have unintentional effects. Pesticides 
may have phytotoxic effects on plants or remove non-target 
organisms, such as mutualists (Paul et al. 1989; siemann 
et al. 2004). although in our study the fungicide treatment 
increased germination, Sorghastrum nutans produced less 
individual seedling biomass under the fungicide treatment, 
perhaps because the fungicide removed beneficial endo-
phytes (Clay and schardl 2002) that would have helped 
the seedlings acquire nutrients or defend against soil-borne 
enemies or due to the potential of pesticides to be phyto-
toxic (Paul et al. 1989; siemann et al. 2004).

Influence of density-dependence on plant performance

In general, reductions in plant performance due to natural 
enemies did not increase with host biomass as would be 
expected for nDD. For most species, pesticide treatments 
increased plant performance consistently across neighbor-
hoods varying in conspecific plant densities. For Lespedeza 
capitata and Sorghastrum nutans, the fungicide increased 
seed production or viability in less diverse neighborhoods, 
but models including interactions between pesticides and 
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neighborhood had less support than models excluding these 
two-way interactions. the severity of foliar disease at the 
same location increased with lower plant species richness, 
which was partly due to increased host biomass (mitchell 
et al. 2002). Our results indicate that the JCh, at least at the 
predispersal stage for the species examined here and for the 
enemies that we were able to exclude, is not sufficient to 
maintain diversity in our system by itself.

We found species-specific responses in germination to 
densities of conspecifics. Observational studies of nDD in 
tropical forests (Comita et al. 2010) and experimental stud-
ies investigating negative feedbacks by pathogens in tem-
perate grasslands (Klironomos 2002) and tropical forests 
(mangan et al. 2010) have shown that nDD at the postdis-
persal stage is stronger for rarer species than abundant spe-
cies, whereas the most common species experience positive 
feedbacks with mutualistic microorganisms (Klironomos 
2002; reynolds et al. 2003). this might also be true for our 
prairie system at the predispersal stage as most of the spe-
cies included in this study are dominant. Only one species, 
Schizachyrium scoparium, experienced decreased germina-
tion with increasing conspecific density. Because conspe-
cific density did not interact with pesticide treatments, this 
result suggests another mechanism other than JCh is con-
tributing to nDD at the predispersal stage in this species. 
For example, Castelli and Casper (2003) previously found 
that an arbuscular mycorrhizal (am) fungus specific to S. 
scoparium reduced its biomass after inoculation. a nega-
tive feedback between S. scoparium and its specific am 
fungi could contribute to the pattern observed here, reduc-
ing the viability of mature seeds as densities of S. scopar-
ium increase.

For Andropogon gerardii and Liatris aspera, germina-
tion increased with conspecific densities, suggesting a posi-
tive density-dependence. Various mechanisms can result 
in positive density-dependence, such as predator satiation 
(Bonal et al. 2007), increasing pollen availability (Wage-
nius et al. 2007), or mutualistic interactions with micro-
organisms (Bever et al. 2010). Insect seed predators can 
become satiated due to limited egg production or a con-
strained growing season. however, because pesticide treat-
ments did not interact with plant densities, it is unlikely that 
predator satiation contributed to positive density-depend-
ence. Andropogon gerardii, a self-incompatible, wind-
dispersed plant, is unlikely to be pollen limited because 
of its high abundance, as was shown by a pollen addition 
study in northfield, minnesota (mcKone et al. 1998). In 
contrast, Liatris aspera is a self-incompatible plant, and its 
bee pollinators move among nearest neighbors such that 
plant density may affect pollen dispersal distances (levin 
1968; levin and Kerster 1969). In general, increasing local 
conspecific density of plants is expected to reduce pollen 
limitation (Knight et al. 2005), and the benefit of increasing 

pollen availability may outweigh potential reductions in 
fecundity due to natural enemies (Jones and Comita 2010). 
Positive feedbacks between mutualistic microorganisms 
may contribute to this positive density-dependence (reyn-
olds et al. 2003). however, hartnett et al. (1993) found that 
the increased benefit of mycorrhizal fungi on Andropogon 
gerardii biomass (compared to soil with no mycorrhizae) 
decreased with neighborhood density. If positive density-
dependence outweighs negative density-dependence at high 
densities, species coexistence will be destabilized.

Influence of phylogenetic diversity on plant performance

Our analyses showed that all measures of plant perfor-
mance were affected by relative phylogenetic diversity but 
that there was less support for models that included inter-
actions between pesticide treatments and phylogenetic 
diversity. Because natural enemies in many communities 
are not specialized on one host and instead have a phylo-
genetic signal in their host plants (gilbert and Webb 2007; 
novotny et al. 2006), we expected more support for mod-
els that included interactions between phylogenetic diver-
sity and pesticides. therefore, although natural enemies 
may partly explain variation in plant performance based on 
phylogenetic relatedness among plants, phylogenetic diver-
sity may be capturing other mechanisms that affect plant 
performance.

We found that predispersal responses of certain species 
were reduced as neighborhoods became more diverse, inde-
pendent of the relative abundance of neighboring species. 
seed number decreased with standardized average phylo-
genetic distance mPD for Lespedeza capitata and Liatris 
aspera, and seedling biomass decreased for Sorghastrum 
nutans and Liatris aspera. the positive effects of less 
diverse neighborhoods may suggest positive feedbacks 
between mutualistic microorganisms (reynolds et al. 
2003), the production of higher quality seed in low diver-
sity plots, or other such causes. For seed mass and germina-
tion the most parsimonious models included standardized 
phylogenetic distance weighted by plant abundance aPD. 
Sorghastrum nutans seed mass and percentage germination 
of Schizachyrium scoparium and Sorghastrum nutans seeds 
decreased with aPD. If the dispersal abilities of mutual-
ists on Schizachyrium scoparium or Sorghastrum nutans 
are short, relative abundance would be more important for 
contributing to positive feedback between mutualists and 
these two species than for plant species harboring micro-
organisms with better dispersal abilities, although this is 
very speculative. For two species, more diverse phyloge-
netic neighborhoods increased plant performance based 
on the presence of species, mPD, for seed number of Peta-
lostemum purpureum and based on the abundance of spe-
cies, aPD, for germination of Liatris aspera. For both these 
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species, the severity of foliar fungal disease decreased 
with species richness, but only for P. purpureum did dis-
ease severity decrease with species richness of plots after 
accounting for increased disease severity due to higher con-
specific abundance with lower species richness (mitchell 
et al. 2002). Our results suggest that taking into account 
not only the diversity of the neighbors present, but also the 
abundance and evolutionary relatedness of neighbors can 
account for variation in plant performance.

Implications for plant populations and communities

there is no evidence that any of the populations in our biodi-
versity experiment, regardless of biomass, had been growing 
exponentially in the 11 years since the experiment was estab-
lished, suggesting that there are mechanisms other than mor-
tality due to predispersal natural enemies that suppress the 
per capita rates of change in areas of high conspecific bio-
mass. If our experimental communities are “propagule satu-
rated,” such that no amount of additional seed or seedlings 
can increase the biomass of a given species (Cornell 1999), 
then the negative effect of predispersal seed predation might 
ultimately be of no consequence for population dynamics. 
Just a relatively small number of healthy seeds might be suf-
ficient to establish new adults in place of dead ones. how-
ever, several studies at our site (Fargione and tilman 2005; 
Foster and tilman 2003; tilman 1997) and in grasslands in 
general (Clark et al. 2007; turnbull et al. 2000; Zobel and 
Kalamees 2005) have demonstrated that many communities 
are “unsaturated”: adding seed or seedlings tends to increase 
the cover or biomass of resident and non-resident species. In 
an unsaturated community, the negative effect of predisper-
sal seed predation will contribute to population dynamics.

a suite of mechanisms are likely structuring communi-
ties and maintaining diversity in concert (adler et al. 2007; 
Chesson 2000; Fargione and tilman 2002), although no 
one has, to date, clearly demonstrated their relative magni-
tudes and identities in any given system. the role of phylo-
genetic relatedness among taxa in structuring communities 
has received an increasing amount of attention in recent 
years (Cavender-Bares et al. 2009; Webb et al. 2002). From 
patterns of phylogenetic community structure, we can infer 
processes important for community assembly, but because 
several mechanisms can result in similar patterns, addi-
tional information is required to distinguish competing 
hypotheses. manipulative studies of plant diversity can help 
elucidate mechanisms underlying coexistence and com-
munity assembly in plants. the manner in which natural 
enemies contribute to phylogenetic structure within a plant 
community depends on their host range and the evolution 
of plant defensive traits—i.e., whether traits are phyloge-
netically conserved or convergent (Cavender-Bares et al. 
2009). In this system, we found that predispersal natural 

enemies reduce recruitment rates from seed production to 
seedling establishment and therefore influence population 
dynamics of these prairie species. however, although phy-
logenetic relatedness between focal plants and neighbors 
affected plant performance, we found little support that nat-
ural enemies contribute to nDD and diversity maintenance 
at the predispersal stage.

summary

In this study we tested whether the removal of natural ene-
mies had greater effects on per capita recruitment in areas 
of higher host biomass, one of the crucial predictions of the 
JCh of diversity maintenance (Freckleton and lewis 2006). 
unlike observational studies, where unmeasured correlated 
variables may influence results, we had the advantage of 
using areas of high and low host biomass which, although 
not explicitly maintained, were experimentally created 
and randomly distributed in space (Freckleton and lewis 
2006). We found species-specific responses at the predis-
persal stage to insect seed predators and pathogens and to 
their interactive effects. Plant species also had differential 
responses to neighborhood phylogenetic diversity and den-
sities of conspecifics. however, the effects of predispersal 
natural enemies were not sufficiently negative to cause a 
decrease in per capita recruitment with host biomass, a nec-
essary requirement for stable coexistence, suggesting that, 
at least at the predispersal stage and for the insect and fun-
gal seed predators which we were able to exclude, the JCh 
is not sufficient to maintain diversity for these six dominant 
prairie species by itself.
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